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0.3 Abstract

Ion velocities and temperatures, plasma density, potential, and electron temperatures are

measured in a 13.56 MHz helicon produced argon plasma upstream from a grounded plate

inside a 10 cm ID cylindrical Pyrex vacuum chamber. The plate is held at ψ = 0o → 60o

relative to the background axial magnetic field in the system. For the ψ = 0o experiment,

two distinct helicon discharge equilibria are observed at 500 W rf power, 900 G magnetic

field, and a neutral pressure of 3 → 4 mTorr. Both modes exhibit a localized region of

hot electrons (Th ≈ 10 eV, Tc ≈ 3.5 eV). For the first mode the hot electrons are confined

by a localized potential structure and the density decreases monotonically towards the

grounded plate. For the second mode the hot electrons cool off gradually in space due to

heat conduction generating a downstream density peak and no major potential structures

are observed. It is found that the type of discharge mode is determined by the location of

the grounded plate, the length of the presheath, and the rf electron heating mechanism.

For the ψ = 16o → 60o plate positions, ion flow to the boundary where a 1 kG

magnetic field is obliquely incident is measured at 1, 3, and 6.5 mTorr neutral pressure

and 450 → 750 W rf power. The results are compared to the magnetic presheath models

put forth by Chodura [Phys. Fluids 25, 1628 (1982)], Riemann [Phys. Plasmas 1, 552

(1994)], and Ahedo [Phys. Plasmas 4, 4419 (1997)]. Ion flows in the x − z plane follow

the magnetic field lines within the limit v⊥/v|| ≤ 25%. The 1 mTorr dataset is used to

benchmark a one-dimensional fluid model for the ion flow in the presheath. Definitions

of the “magnetic presheath” are discussed. The fluid model in conjuction with the data

show that the ion velocities in the ~E × ~B direction can be 10% → 40% of cs for the

angles investigated. Ion flow to fusion experiment boundaries and Hall thruster walls is

discussed.
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Chapter 1

Introduction

In most scientific and industrial applications plasmas come in contact with bounding sur-

faces such as the wall of a fusion experiment or an electric propulsion device. In many

cases potential structures form to balance the net fluxes of charges leaving the plasma to

the boundary. These regions are called sheaths and presheaths [1]. While sheaths and

presheaths around surfaces in relatively cold plasmas have been studied for some time

[2, 3, 4, 5, 6, 7, 8, 9], the role of the presheath and its interactions with hotter, magnetized

and collisional plasmas is not well understood. Understanding these boundaries is critical

to solving major problems such as erosion of divertor surfaces [10] and Hall thruster chan-

nel walls [11], which limit the lifetimes of the respective apparatus. To a lesser extent this

boundary is important for understanding probe characteristics in magnetized plasmas [12].

In fusion experiments, regions near the walls contain strong, obliquely incident magnetic

fields, and significant ion-neutral collisions and ionization. In these regions measured

heat loads to the walls from plasma flows disagree with computer models and emission

spectroscopy diagnostics [13, 14]. Understanding these regions is also critical for set-

ting the proper boundary conditions for fusion turbulence [15] and MHD [16] codes. For

Hall thrusters magnetic fields are obliquely incident on the thruster wall. Modern simu-

lations do not accurately predict the level of the experimentally observed channel erosion
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[17, 18, 19]. For probe measurements in space [20] and strongly magnetized fusion plas-

mas [21], the particle fluxes to the probes depend on the details of the potential structures

at the probe’s magnetized plasma boundary.

In order to investigate presheaths in collisional, magnetized plasmas with electron tem-

peratures (Te) hot enough for significant ionization (νiz ∼ νc, where νiz,c is the ionization/ion-

neutral collision frequency respectively), ion velocity distribution functions (IVDFs), plasma

densities and potentials, and electron temperatures are measured in a helicon plasma up-

stream from a grounded plate. Helicons are radio frequency (rf) plasma sources generated

by resonant interaction of an electromagnetic wave with a preexisting plasma [22]. They

often produce plasmas with similar parameters to those at the edges of fusion experiments

(ne,n ≈ 1012 → 1013cm−3, Te ≈ 5 → 10 eV, where ne,n is the electron/neutral density)

and require a background magnetic field to operate [23]. The angle of the plate normal

relative to this field (ψ) is varied from 0o → 60o.

For the ψ = 0o experiment the presheath structure is found to play a critical role in

determining the overall helicon discharge equilibria, and in certain situations the location

of a localized double layer structure in the plasma. Both discharge modes exhibit localized

hot electrons (Te ≈ 10 eV). The discharge equilibria is determined by the location of the

hot electrons, driven by the electron heating mechanism, the location of the downstream

grounded boundary, and the length of the presheath of the boundary, which is determined

by the ion-neutral collision length (λ) and the ionization frequency. For the discharge

mode that exhibits the double layer, the double layer exists to confine the hot electrons. In

the mode with no double layer the electrons cool via heat conduction in space.

The ψ = 16o → 60o experiments show that presheath structures in the presence of

obliquely incident magnetic fields are highly sensitive to experimental and plasma param-

eters such as collision and ionization frequencies, magnetic field strength and angle of

incidence. Simple theories in these cases are not good predictors for the length and struc-
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ture of the presheath [24]. Finally the ion velocity in the ~E × ~B direction is found to be

significant even when the magnetic field angle of incidence is close to normal, which must

be properly accounted for when assessing ion induced erosion and sputtering, flow driven

instabilities, and boundary conditions for computer models.

In the next chapter all relevant background information will be presented. Chapter 3

describes the experimental setups and information on the diagnostics. Chapter 4 shows

and discusses the results of the ψ = 0o experiment, and chapter 5 gives the results of the

ψ = 16o → 60o experiments. Conclusions are presented in chapter 6.
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Chapter 2

Background information

2.1 Sheaths

To understand the plasma boundary it is instructive to look at the electric field due to

an infinite charged planar surface in vacuum and plasma. The electric field and electric

potential in all space due to such an object is given by Poisson’s equation (displayed in

one dimension for planar geometry and SI units)

d2φ

dx2
= −en(x)

εo
(2.1)

where φ is the electric potential, e is the fundamental charge in Coulombs, n(x) is the

density of charges, and εo is the permittivity of free space. In vacuum n(x) = 0 and thus

the electric field E = −dφ/dx is constant everywhere, and φ changes linearly away from

the surface.

In a plasma the right hand side of equation 2.1 is no longer zero because the plasma

by definition contains charged particles. These particles will move to shield the electric

field from the charged plane. These particles will have a distribution of energies, often

described by the Maxwell-Boltzmann relation given in equation 2.2

fe,i =

√
me,i

2πTe,i
exp

(
−me,iv

2
e,i

2Te,i

)
(2.2)
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where fe,i is the electron/ion distribution function, me,i is the electron/ion mass, Te,i is

the electron/ion temperature in units of energy, and ve,i is the electron/ion velocity in a

single dimension. Because of the their distribution of energies, some particles will escape

the electric potential well generated by the charged wall. The plasma will not completely

shield out the wall’s electric field, which will still be non-zero close to the wall. This

region is non-neutral, contrary to a typical undisturbed plasma. This non-neutral region is

called the plasma sheath, a term first coined by Irving Langmuir [25].

The potential and density structure in the sheath can take different analytical forms for

different plasma parameters (the matrix sheath, the collisional sheath etc). One common

formulation, the Child-Langmuir sheath, is derived here. The entrance to the sheath in this

example is defined to be at x = 0 and the plasma potential at this point is defined to be

φ(x = 0) = 0. In this situation, the sheath thickness is much less than the ion mean free

path such that the sheath is considered to be collisionless. The difference between the wall

potential and the plasma potential is much greater than the electron temperature in units

of energy (eφ/Te � 1). As a result the potential in the sheath is negative enough that the

electron density in the sheath is considered to be negligible (ne(x) ≈ 0) compared to the

ion density (ni(x)). The ions are considered to be perfectly cold (Ti = 0). Furthermore

the electric field at 0 is also considered to be small (E(x = 0) ≈ 0).

Because the ions do not suffer any collisions in the sheath, the ion flux is conserved

throughout. Thus the ion current density throughout the sheath is constant (J(x) = J(x =

0) = J0) and the ion density in the sheath is given by

ni(x) =
Jo

evi(x)
=

J0

e
(
−2eφ(x)
Mi

)1/2
(2.3)

Inserting this into Poisson’s equation (equation 2.1), integrating twice and solving for the

plasma potential one obtains

φ(x) =

(
9J0x

2

4ε0

√
Mi/2e

)2/3

(2.4)
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which is the well known form of space-charge-limited current collection [26]. The sheath

region is often scaled to the Debye length λD =
√
ε0Te/n0e2. This model fits experimental

data well for many low temperature, collisionless, single ion species plasma sheaths with

perfectly absorbing walls [5].

2.2 Presheaths

2.2.1 The necessity of the presheath

In order to solve for the potential structure outside of the electron-free sheath, the elec-

tron density must be taken into account. The full classical equilibrium electron energy

distribution function yields the Boltzmann relation for the electron density

ne(x) = n0exp[eφ(x)/Te] (2.5)

where n0 is the bulk plasma density. Inserting this and 2.3 into Poisson’s equation one

obtains

d2φ

dx2
= − 1

ε0

 J0

e
(
−2eφ(x)
Mi

)1/2
− n0exp

(
eφ(x)

Te

) (2.6)

which is not solvable analytically. However, after multiplying by dφ/dx, integrating once,

and looking near the limits dφ/dx ≈ 0 and φ� 1 one obtains the condition

vi(x = 0) >
√
Te/Mi ≡ uB (2.7)

which is called the Bohm sheath criterion (positive velocity is towards the boundary).

This was first recognized by Langmuir [27] and calculated by Bohm [28]. Explicitly, the

condition maintains that the ions must enter the non-neutral sheath region with a speed

directed towards the wall that is greater than or equal to the ion sound speed (cs) when the

ion temperature is negligible with respect to the electron temperature.
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This result implies that there must be some electric field outside of the electron-free

sheath that accelerates ions to this speed. This electric field must be relatively small (com-

pared to the other terms in equation 2.6 after it is integrated once) in order to satisfy the

assumptions from the previous derivation. Furthermore this electric field must exist in a

region where the electron density is non-negligible and is given by equation 5.3. This

region of accelerating electric field and significant electron density is called the presheath.

The necessity of the presheath can be understood if one looks at how the electron and

ion densities change in the sheath. Electron density will follow the Boltzmann relation

(equation 5.3), whereas the ion density is given by flux conservation (equation 2.3). If

ions start off at a speed directed towards the wall less than the sound speed, then at some

point in the sheath the electron density will be greater than the ion density. This effect

is shown in figure 2.1 where y0 = Miv
2
i /2Te. Thus the sheath potential profile will not

K-U Riemann 

We conclude this interpretation with the lin- 
earization 

0 1  I 
X 

0 1 

Figure 3. Electron and ion denstiy variation in the sheath 
for yo > b and yo < 1. 

no shielding is possible. This can be seen analytically 
from the expansion 

of equation (9) for x +  0, resulting in a contradiction 
if 2y0 < 1. 

The necessary condition 

y o 3 4  

01 

for the formation of a shielding sheath is known as the 
‘Bohm criterion’. It was derived and formulated by 
Bohm (1949) (under the somewhat unfortunate notion 
‘criterion for a stable sheath’ (Hall 1961)). Similar 
statements have already been given by Langmuir 
(1929, p98O). 

To understand the physical reason, it is illustrative 
(Chen 1974, chapter 8.2) to compare the variation of 
the electron and ion densities (see figure 3 and 
equations (5) and (7)). Both n, and ni decrease with 
increasing x ,  n, according to the Boltzmann factor, 
and ni due to the ion acceleration at constant current 
density. Only for sufficiently fast ions exceeding the 
‘Bohm velocity’, U > uB, the ion density ni falls more 
slowly than n, near the sheath edge (x’ 0), so that a 
positive space-charge shielding the negative wall dis- 
tortion from the neutral plasma can be built up. To 
stress this aspect the Bohm criterion can be written in 
the form 

(cf equations (5) and (7)), which is very suitable for 
generalization. 

496 

of Poisson’s equation at the sheath edge. For po > 0 
(fulfilled Bohm criterion) the presumed exponentially 
damped distortions corresponding to Debye shielding 
are obtained. In contrast, po < 0 (violated Bohm cri- 
terion) yields only oscillatory solutions contradicting 
the boundary condition (8). These oscillations are the 
cause of the widely used but misleading interpretation 
of Bohm’s criterion as a criterion for a sheath with 
monotonic potential variation. In general, the Bohm 
criterion enables statements to be made about the local 
sheath formation near the sheath edge but not on the 
global sheath structure. 

2.2. Sheath and presheath: two-scale theory 

The description of the screening by the sheath is not 
satisfactory and cannot be complete: it ends at a (as 
yet hardly defined) ‘sheath edge’, which cannot be 
identified with the undisturbed plasma. According to 
the Bohm criterion the ions enter the sheath region 
with a velocity uk 3 uB = (kTe/mi)’’2. Usually we have 
T, 9 Ti and this implies the need for an electric field 
in the plasma region preceding the sheath in order to 
accelerate the ions to this high velocity. I follow the 
majority of authors and caii this piasma region, where 
the accelerating field overcomes the ion inertia, the 
)resheath’-a notion introduced by Hu and Ziering 
(1966). With respect to the controversial nomenclature 
mentioned in the introduction the universal role of 
ion inertia for the presheath mechanism which was first 
recognized by Persson (1962) should be emphasized. 

Depending on the particular physical situation, the 
presheath may be a part of the boundary layer (e.g. 
the Knudsen layer of the collision-dominated plasma) 
or the entire plasma (e.g. the collision free, low-press- 
ure column). In any case, an extension L ,  large com- 
pared with the Debye length AD, is assumed: 

L P A ,  = EL. (14) 
The sheath analysis would otherwise include the pre- 
sheath, and the Bohm criterion would have to be ful- 
filled at the entrance of the presheath. Remembering 
that the Bohm criterion originates from ion continuity 
and energy conservation (equations (3) and (4)) (at 
least) one of these equations must be violated on the 
presheath scale. Therefore, L will usually be deter- 
mined by the ion mean free path, by the ionization 
length or by the geometry of the system. 

To consider the problem on the presheath scale it 
is natural to use the corresponding space coordinate 

and to write Poisson’s equation in the form 
(15) X Z/L = E 5  

A characteristic feature of this differential equation is 

Figure 2.1: Electron and ion densities in the sheath with different starting ion velocities

[29].

decrease monotonically (as can be seen from equation 2.1). This contradicts the condition

that electron density is much less than the ion density in the sheath. For a physical and
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mathematically sound solution the ions must enter the electron-free region with a velocity

of at least the sound speed [1].

2.2.2 Presheaths in weakly collisional plasmas

The presheath has been extensively reviewed by Riemann [3, 29] for the cases where

λ/λD � 1 in the absence of a magnetic field. Riemann solves Poisson’s equation nu-

merically for both the sheath and presheath regions. When solving for the sheath region

Riemann derives and numerically solves equation 2.4. Solving for the presheath region,

Riemann solves Poisson’s equation, using the Boltzmann relation for the electron density.

For the ion density Riemann uses

ni(x) =
J0

evi(x)
(2.8)

In the presheath solution Riemann requires that the ion mean free path be less than or on

the order of the length of the presheath. Thus vi(x) is not solved for by energy conservation

as the ions undergo collisions in the presheath and do not conserve energy. Instead he

solves for the ion velocity by solving the ion momentum equation

Mivi(x)
dvi
dx

= −edφ
dx
− νcMivi(x) (2.9)

where νc is a frictional collision frequency that does not include ionizing collisions [3].

Riemann shows that the resulting numerical solution for the presheath approaches a singu-

larity as the ion velocity approaches
√
Te/Mi, or the ion sound speed for Ti � Te. Close

to this singularity he shows that in this region the plasma potential changes as

φ(x) = −Te
e

√
x0 − x
λ

(2.10)

where x0 is the location of the sheath-presheath transition. Riemann defines the “inside

edge” of the presheath to be where his solution reaches this singularity.
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Physically the plasma potential does not reach a singularity in any plasma experiment.

Riemann resolves this by deriving a “matching” solution between his presheath and sheath

solutions. To accomplish this he normalizes his governing equations (equations 2.1 and

2.9) to an arbitrary scaling factor and looked near the limit where λD/λ → 0, where λ is

the ion collision length. He shows that this “intermediate” solution matches his solutions

to the presheath and the sheath to continuously solve for the plasma potential and density

in space around a boundary in a weakly collisional plasma [3]. Riemann also claims that

the length of this transition region scales as λ1/5λ
4/5
D .

In this paper, we present experimental measurements
of plasma potential which resolve the structure of the
presheath, the transition region of the sheath, and the
electron-free region of the sheath. By operating with
plasma densities the order of 107 cm!3, !D

! " 0:02 !
0:06, and by varying neutral pressure, 0:2< !

L < 0:6
(see Table I). Experiments were performed in multidipole
argon plasma [15] (diameter # 19 cm, height # 33 cm).
Electrons emitted from dc biased hot filaments produced
the plasma. This configuration was chosen because of its
low noise and flexibility. Presheath measurements were
made on the axis of a flat 7.5 cm diameter stainless steel
plate which was placed inside of the uniform plasma and
located 10 cm from the chamber walls and 16 cm away
from the chamber top. The plate was biased at !30 V
with respect to the grounded walls. The density n and Te
were varied by changing the filament heating voltage VH

and bias voltage VB. The plasma potential was determined
with an emissive probe in the limit of zero emission [16]
because this approach provides the best resolution of the
plasma potential (as small as 0.2 V) and results in a mini-
mum perturbation. Laser induced fluorescence measure-
ments [17] of plasmas with densities " 109 cm!3 in the
device found bulk plasma ion temperatures of approxi-
mately 0.04 eV and ion temperatures close to the plate #
0:1 eV, compared to Te " 1 eV, so Ti # 0 is a reasonable
approximation.

Representative data for the plasma potential profile on
the axis of the disk are given in Fig. 1(a) for an argon
neutral pressure of 0.44 mTorr. The presheath and both
sheath structures become apparent when examined on
their separate scales as shown in Figs. 1(b)–1(d). The
plasma potential scale is examined in more detail in
Fig. 1(b). The majority of the plasma potential variation
in the presheath was found to obey the asymptotic theory
given in Eq. 1 by Riemann [7]. The fits found ‘ " 7 cm.
The fit deviates in the bulk plasma where the large-scale

TABLE I. Characteristic values of experimental parameters.

Pressure
(mTorr)

Plasma
density at

sheath edge
(107 cm!3)

Electron
temperature

(eV )

Collision
length (cm)=

Debye
length (cm)

Potential
drop in the
presheath

(V)

Potential
drop in the
transition

region
(V)

1.0 6.5 0.5 3:0=0:07 0.55 0.4
0.8 5.0 0.7 4:6=0:09 0.65 0.45
0.65 2.9 0.8 6:5=0:12 0.75 0.5
0.48 0.9 1.4 7:0=0:29 1.3 0.9
0.3 0.36 2.3 11:0=0:6 1.75 1.7
0.44 0.65 2.0 7:0=0:40 1.6 1.4
0.44 2.1 2.4 7:0=0:25 2.0 1.7
0.44 4.9 2.2 7:0=0:16 1.9 1.2

FIG. 1. Emissive probe potential measurements over all of
the plasma (a), presheath (b), and transition region of the
sheath (c), electron-free sheath (d), for 0.44 mTorr with a
plasma electron density of 2:1$ 107 cm!3. The lines show
the fitted profiles.

FIG. 2. The measured transition length vs Riemann’s transi-
tion length.

VOLUME 89, NUMBER 14 30 SEPTEMBER 2002
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Figure 2.2: Presheath transition region length versus λ1/5λ
4/5
D [4].

These numerical results were confirmed experimentally by Oksuz and Hershkowitz

[4] and are shown in figure 2.2. In this work, an emissive probe was used to measure

plasma potential normal to a biased plate in a quiet, low temperature plasma generated

in a multidipole chamber. Neutral pressure and primary electron energy were varied to

change λ and λD. The presheath region was fitted to the numerical solution given by

equation 2.10 and the sheath region was fitted to the solution given by equation 2.4. The
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region between the inner and outer boundaries of the the aforementioned solutions was

defined to be the intermediate regime, and the length of this region was shown to scale

with λ1/5λ
4/5
D [3, 4].

In a collisionless presheath (λ is greater than the size of the system) to be acceler-

ated to the sound speed, the potential drop across the presheath must be at least Te/2e,

from conservation of energy and from the requirement that the ions enter the sheath at the

Bohm speed. In a system where λ is less than the experimental size scale, the ions will un-

dergo several collisions in the presheath. Riemann [29, 30] claims that in this “collisional”

regime the plasma potential drop can be determined transcendentally from

1

2
− 1

2
exp

(
2eφ(x)

Te

)
− eφ(x)

Te
=
x

λ
(2.11)

Koch and Hitchon [31] observe this effect numerically. They show that as λ becomes

shorter than half the size of the experimental apparatus that the potential drop needed to

accelerate ions to the sound speed increases by at least a factor of 2.

Hershkowitz et al. [33] show mathematically that in weakly collisional presheaths ion

flow velocity can be described by a “mobility-limited” model. This model assumes that in

the presheath ions are described by the continuity equation 2.3 and the fluid equation 2.9.

The authors assume that in the presheath ne ≈ ni and thus the ion density is also given

by the Boltzmann relation (equation 5.3). Using these equations Hershkowitz et al. [33]

show that the ion velocity can be given by the quadratic equation 2.12

vi =
eE

Miν

(
1− v2

i

c2s

)
(2.12)

where E is the electric field in the presheath and cs =
√

(Te + Ti)/Mi is the ion sound

speed.

Oksuz et al. [32] demonstrate experimentally using laser-induced fluorescence (LIF)

and emissive probes in the presheath of a biased electrode in a quiet Argon plasma, that

when λ is small compared to the size of the apparatus and when the plasma potential drop
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across the presheath is Te/2e or more, the ions still are not accelerated to the sound speed

due to collisional friction with neutrals. These data are shown in figures 2.3 and 2.4, where

vd is the ion drift velocity and cs is the ion sound speed.

Laser induced fluorescence has been used for many
years to determine plasma characteristics. The LIF technique
for velocity measurements takes advantage of the Doppler
effect. If the metastable ion is moving parallel to the laser
beam with velocity v , the laser light at frequency ! can be
absorbed when

"!#
v
c !!

v
$
, %2&

where c is the speed of light. The laser had a scanning range
from 668.55 to 668.675 nm, so the maximum measurable
metastable argon ion velocity is 5.3"104 m/s in this system.
Determining the zero velocity for the Ar II from the LIF data
in the bulk plasma and measuring the Doppler frequency
shift yielded the ion distribution function in the drifting
plasma.

III. EXPERIMENTAL RESULTS

The plasma density was measured to be approximately
5"1010 cm#3 with a Langmuir probe. Emissive probe mea-
surements were made to determine the plasma potential pro-
file. Representative results corresponding to an electron tem-
perature Te!1.1 eV are given Fig. 2. The expected
maximum ion energy, at the closest position to the plate that
was measured, is limited to the energy the ions pick up in
falling through the presheath to approximately Te/2, assum-
ing no reduction in velocity from collisions. The ion tem-
perature is expected to be in between room temperature and
the electron temperature %i.e., 0.025–2.0 eV&. For Maxwell-
ian distribution functions, the ion temperature is given by

Ti!
mc2"!2

8 ln 2!0
2 . %3&

Here, m is the ion mass Ti is the ion temperature, "!, !0 are
the full width at half maximum and the centerline frequency
of the Gaussian-shaped ion distributions. It was assumed that
the metastable ions are a good indicator for the plasma ions.
For the small chamber, the location of zero drift velocity was
found to be 4.9 cm from the plate from the emissive and
Mach probes data. The ion temperature at zero drift velocity
was found to be 0.039 eV. With the exception of points '1
cm from the plate the one-dimensional fluid velocities were

determined from the first moment of the distribution func-
tion, normalized by the area under the distribution curve,

vd!
(#)

) v f %v &dv
(#)

) f %v &dv
. %4&

The ion temperature was calculated using

Ti!
(#)

) m%v#vd&2 f %v &dv
(#)

) f %v &dv
. %5&

In the small chamber, data were taken by giving a small
scattering angle to the plate to eliminate reflected laser ef-
fects. Unfortunately, for distances '1 cm, reflected laser
light was not fully eliminated, so data for negative velocity
are not meaningful. LIF measurements on the axis of a cir-
cular plate for a neutral pressure of 1 mTorr argon are given
in Fig. 3. One prominent feature is the broadening of the
distribution function as the ions approach the plate. It ap-
pears that there is a large contribution from charge exchange
neutrals, close to the plate. The ion temperature was found to
be 0.039$0.008 eV, 5 cm from the plate. The electron tem-
perature in the smaller chamber was 1.85 eV, which corre-
sponds to a Bohm velocity of 2.15"103 m/s. At the 4 cm
location, the ion temperature increased to 0.056$0.017 eV.
The peak velocity shifted from #100 to 311 m/s and the
fluid velocity increased to 155 m/s. At the 1 cm location, the
ion temperature changes to 0.081$0.01 eV and the peak
velocity reaches 1.24"103 m/s, which is almost 64% of
Bohm velocity. The drift velocity is 1.08"103 m/s, which is
less than the peak velocity and almost 50% of the Bohm
velocity.

LIF measurements on the axis of a circular plate in the
large chamber for a neutral pressure of 1 mTorr argon are
given in Fig. 4. Data were taken with a hole in the plate to
eliminate laser reflections. Unfortunately, the hole also al-
lows ions to leak in from the direction opposite to the laser,
so again data for negative velocity are not meaningful.

In the large chamber, the 8 cm point was identified as the
location of zero velocity. The ion temperature at this location
0.035$0.010 eV was colder than in the small chamber but
agreed within the experimental uncertainty. Both appeared to
be slightly warmer than room temperature. As the ions get
closer to the metal target plate, the ion temperature increased

FIG. 2. The normalized plasma potential vs position. Note that the plate is
located at 0.0 cm.

FIG. 3. LIF data on the axis of an electrically floating circular plate from 1
to 8 cm for the small chamber.

1731Phys. Plasmas, Vol. 8, No. 5, May 2001 Laser induced fluorescence of argon ions . . .
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Figure 2.3: Plasma potential in the presheath versus distance from Oksuz et al. [32].

as it did in the small chamber. In the large chamber, the
electron temperature was 1.1 eV, which corresponds to an
ion sound velocity of 1.66!103 m/s, so the ions enter the
presheath of the plasma with a velocity approximately equal
to 15% of the Bohm velocity, which is similar to results from
the small chamber. At 0.5 cm, the closest location at which
measurements could be made, the ion temperature increased
to 0.13"0.02 eV, the ion peak velocity reached to 1.12
!103 m/s, and the ion fluid velocity was 846 m/s. In both
chambers, the plasma densities were high and the sheath
thicknesses were very small.

The Mach numbers calculated from the average flow ve-
locities and the peak velocities versus position are shown in
Figs. 5 and 6, respectively. The data are in good agreement.
The Mach numbers calculated from the average LIF flow
velocities are also compared with the Mach numbers found
from the Mach probe in the small chamber in Fig. 5. These
data are also in good agreement.

The ion temperature increases as the ions get closer to
the plate. The change in the ion temperature is shown in Fig.
7. The ion velocity distribution takes on a different shape
near 1 cm. Two peaks are apparent. The ‘‘peak’’ which has
the higher ion velocity reaches 64% of the ion sound velocity
at approximately 1 cm from the plate. The slow peak is cen-
tered at zero velocity. The negative part of the peak in this
case is the result of the reflected laser light from the plate.
The emissive probe results show that at the same location the

potential drop is more than half of the electron temperature
but the ion velocity is much less than the Bohm velocity.

IV. DISCUSSION AND CONCLUSIONS

The experiments performed in two different size cham-
bers showed similar results in the presheath region of the
metallic collector. At the closest points measured, 1 cm from
the plate in the small chamber and 0.5 cm from the plate in
the large chamber, the ions did not reach the Bohm velocity
in the weakly collisional plasma. In both plasmas, the poten-
tial drop from bulk plasma to the location where the ion
velocities are measured is greater than Te/2e . If the ion mo-
tion were collisionless, the measured potential changes
would correspond to ion velocities greater than the Bohm
velocity. Presheath plasma potential drops greater than Te/2
are in agreement with previous predictions5,6 and somewhat
similar to the experimental result found in the previous LIF
experiment.11 Unlike that experiment, the Mach probe data
agree with the LIF data. It is expected that the sheath thick-
ness is the order of the Debye length for the #5 V floating
wall and the Debye length is very small (!D$10#2 cm).
Therefore, the presheath/sheath boundary is still approximate
0.5 cm from the location of the closest measurement. Fitting
to the presheath potential given by Riemann,3

"%
Te
e !x

!
,

FIG. 4. LIF data on the axis of an electrically floating circular plate from 0.5
to 8 cm for the large chamber.

FIG. 5. Mach numbers calculated from the average flow velocities vs posi-
tion for each chamber and Mach probe data from the small chamber.

FIG. 6. Mach numbers calculated from the peak velocities for each position
for each chamber.

FIG. 7. Ion temperature vs position for each chamber.
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Figure 2.4: Ion drift velocity in the presheath versus distance in two different vacuum

chambers from Oksuz et al. [32].
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2.2.3 Presheaths in magnetized plasmas

The presheaths discussed until now have had scale lengths determined by experimental

dimensions and ion collision lengths. In magnetized systems, the ion gyro radius (ρi)

adds another scale length that can determine the presheath length. “Magnetized” plasmas

refer to those where ρi and ρe (the electron gyro radius) are less than the relevant scale

sizes of the system, such as the radius of the experimental vacuum chamber. The reigning

paradigm for understanding the magnetized plasma boundary was proposed by Chodura

[24] in 1982. Chodura modeled the plasma boundary using a particle-in-cell (PIC) method

where a magnetic field was obliquely incident to an absorbing surface. He modeled an un-

magnetized sheath boundary and criterion and thus set the ion velocity normal to the wall

to equal the sound speed at the sheath-presheath interface. Chodura found that neglecting

collisions and ionization, the ions had to enter the simulation space with a velocity equal

to the sound speed along the magnetic field lines. Thus he postulated that the presheath

consists of two structures, both quasineutral: one to accelerate the ions to the sound speed

along the magnetic field, the collisional presheath, and one to accelerate them to the sound

speed normal to the wall. He deemed this latter structure the “magnetic presheath” [24].

He also showed that the extent of the magnetic presheath in his simulations was equal to
√

6(cs/ωci)sinψ, where ωci is the ion cyclotron frequency and ψ is the angle between the

magnetic field and the normal to the boundary.

Riemann [34] extended this work to include the effects of ion-neutral charge exchange

collisions using a fluid model. From the numerical integration of his fluid equations he

found that in the presence of collisions, the ion sonic point along the magnetic field ap-

proached the sheath edge - that is the magnetic presheath, as defined by Chodura [24]

became shorter. Figure 2.5 shows Riemann’s calculated ion drift velocity along the mag-

netic field (the ‘x’ direction is very nearly the direction of the magnetic field in this model).

For ν → 0 the point where vx = cs goes to −∞; that is the parallel velocity must equal
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,,2+82 1 v 
U= 1 +,,2+82 vt V= V+82 U, 

s 
W=--;22U, 

" +8 
(31) 

[Note that, for 0=0, Eq. (31) reproduces the initial con-
dition (30) used in Sec. IV.] For v;;;'O(o) , this approxima-
tion (with - - 10) yields suitable starting values for the 
numerical integration of Eqs. (13 )-(15). It fails, however, 
for v..(o. 

The reason for this failure becomes evident by check-
ing the self-consistency of the approximation. Introducing 
Eq. (31) into Eq. (13) (with v..(8), we find that the ne-
glect of the inertia term UW' is only justified for 

1 (8)2 
:;; . (32) 

For reasonable starting values the inertia term parallel to 
the magnetic field must therefore not be neglected in the 
case v..(o. Keeping this term, but neglecting inertia and 
friction in the EXB direction (uv' -0 and vv-->O), we ob-
tain, from Eq. (14), 

u=OW, (33) 

i.e., the ion flow is composed of a motion along the mag-
netic field lines and of an EXB drift. Engaging Eqs. (13) 
and (15), we find, for the parallel motion, 

(34) 

or, after integration, 

)=-i (35) 

The corresponding EXB velocity is given by 
u' v w 

v C1+02)u ol-(1+02)w2' (36) 

Equations (34) and (36) exhibit a singularity at the 
sonic point u2 +w2=(1+02)w2=1 of the flow alon&, the 
magnetic field lines. Correspondingly, the solution 
according to Eq. (35) has two different branches, with 
u2 + w2 < 1 and with u2 + w2 > 1. Only the subsonic branch 
u2 + w2 < 1 yields a reasonable physical approximation. It 
represents the counterpart to the collision-free approxima-
tion of Sec. III, which is restricted to the supersonic range 
u2+w2;;;.c2>1 (see the next section). To check the self-
consistency of the approximation, we have to compare the 
terms uv' and vv neglected in Eq. (14) with ow. Applying 
Eqs. (34) and (36), we find, for a distinctly subsonic flow 
[w< 1 and 1- (1 +02)w2=0(1)], that v<o is the only va-
lidity condition. 

The numerical evaluation of Eqs. (13)-(15) can now 
be performed as follows. For v;;;.0(8), we choose an initial 
value u..( 1 and use Eq. (31) to find the corresponding 
initial values v and w. In the opposite case v<o, we choose 
an initial value w<0.5 and compute the corresponding 
components u and v from Eqs. (33) and (36). Starting 
from these initial values, we apply a Runge-Kutta proce", 
dure to integrate Eqs. (13) -(15). The integration is con-
tinued until we run into the singularity u = 1. The position 
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FIG. 2. Potential profiles In(v/cs) = for 8=tan a=O.Ol and 
various values ofv=v/cux ; p;=c/cux ' Broken lines: B, Behnel's ap-
proach (a=O, v=v/cux=O.03); C, Chodura's approach (v=O, 
c=vn!cs=l, see Sec. III). 

ofthis singularity defines the sheath edge, and the orig-
inal space coordinate is obtained simply by shifting, 

VI. RESULTS AND DISCUSSION 
Numerical results of the calculations described in Sec; 

V for 0=0.01 (i.e., a;::::0.6°) are presented in Figs. 2-4. 
Figure 2 shows the normalized potential x= -eUlkTe or 
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FIG. 3. Velocity component Vx (approximately the B direction) for 
8=tan a=O.Ol and various values of v=v/cux ; p;=c/cux ' 
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Figure 2.5: Calculated ion drift velocity along the magnetic field line versus distance from

the boundary (normalized to ρi) [34]. δ = tan(90o − ψ).
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FIG. 4. Velocity component Vy (the EXB direction) for 8=tan a=O.Ol 
and various values of v=v,!c.>x; p;=c/c.>x' 

[see Eq. (16)] the normalized flow velocity u=v/cs to the 
wall. The corresponding perpendicular components Vx 
(main magnetic field direction) and Vy (EXB direction) 
are displayed in Figs. 3 and 4. The potential profiles (Fig. 
2) exhibit the expected sheath edge field singularity at the 
wall (z=O). This singularity is related to the Bohm crite-
rion and to the sound barrier Vz=Cs of the flow to the 
walI. 2,4 The intrinsic presheath indicated by a strongly in-
homogeneous potential variation has an extension of sev-
eral ion gyroradii. Far away from the wall we find a loga-
rithmic potential and a corresponding linear density 
variation. This results from the fact that the ion transport 
requires a small field to overcome friction if the ion current 
density is constant. (The transition to a field-free plasma 
region can only be described if ionization and/or geometric 
effects are accounted for. 14) 

For Behnel's result (0=0) is ap-
proached very closely. This is demonstrated by the broken 
line B (Fig. 2), which corresponds to the curve v/0=3; 
the corresponding curves for v/o> 10 cannot be resolved 
from the exact results within drawing accuracy. With de-
creasing collision frequency, the potential drop increases 
due to the decreasing mobility in the E direction (i.e., 
nearly perpendicular to B). The growing electric field re-
sults in an increasing EXB velocity component Vy (see Fig. 
4). Simultaneously, the velocity Vx along the magnetic field 
lines increases (Fig. 3), and for the trans-
port parallel to the magnetic field becomes dominant. 

If the ratio v/o is further decreased, the potential drop 
is now reduced due to the growing transport coefficient in 
the B direction. For the flow in the x direction 
(along the magnetic field lines) becomes supersonic at the 
wall (z=O), and with fading friction (v<o) the sonic point 

=cs is gradually shifted into the plasma region 
(z< -p;). In the limiting case v/o .... O, finally, the sonic 
point moves to z .... - 00, and Chodura's result with c= 1 
[VII =c .. see Eq. (18) and the discussion after Eq. (23)] is 
approached. This is shown by the broken line C in Fig. 2. 

Figures 5-7 show the results corresponding to Figs. 
2-4 for a ten times larger value of 0=0.1 The 
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obvious similarity of Figs. 2 and 5, 3 and 6, and 4 and 7 
shows distinctly that (i) t;=z/ Pi = zillxics is the appropri-
ate length scale to display the profiles, and that (ii) 
V/O=V/illx is the decisive parameter governing the shape 
of the curves. This is true because (i) Pi represents the 
characteristic extension of the strongly inhomogeneous re-
gion, where the perpendicular flow velocity Vz=Cs required 
by the Bohm criterion, is generated by magnetic deflection 
of the ion orbits, and because (ii) v/o characterizes the 
share of the motion across the magnetic field in the total 
ion transport to the wall. This conclusion is supported by 
Fig. 8, where we present the velocity components VxO and 
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FIG. 6. Velocity component Vx (approximately the B direction) for 
o=tan a=O.1 and various values of v=v,!c.>x; Pi=C/Wx' 
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Figure 2.6: Calculated ion drift velocity in the ~E × ~B direction versus distance from the

boundary (normalized to ρi) [34]. δ = tan(90o − ψ).
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the sound speed at the entrance of his model - Chodura’s result. As the collision frequency

becomes comparable to the ion cyclotron frequency (ωci), this point comes closer to the

point z = 0, the location of the sheath edge in his model.

Riemann also showed that the ion drift velocity in the ~E × ~B direction can become

comparable to the sound speed near the sheath edge. Figure 2.6 shows vy profiles from his

calculation for different collision frequencies (the ‘y’ direction is the ~E × ~B direction in

his model). For increasing collisionality the ~E × ~B directed ion flow slows.

This model was further extended by Ahedo [35] to arbitrary magnetic field angle of

incidence and strength. His model showed that the presheath double structure (collisional

and magnetic structures) only exists in the limit that λ/ρi → ∞, where ρi is the ion

cyclotron radius. Ahedo found that when λ/ρi → O(1) the collisional presheath and the

magnetic presheath become a solitary structure (with ρi � λD in both cases). Specifically

he showed that ion velocities perpendicular to the magnetic field lines could occur earlier

in space than the location where the ions achieved the sound speed parallel to the magnetic

field lines. Finally Stangeby [36] emphasized that including the plasma flow parallel to the

boundary (the ~E× ~B direction) is important for being able to properly model the magnetic

presheath using the fluid equations.

Other authors [39, 41] investigate magnetic presheaths in the limit where the magnetic

field is parallel to the boundary. Schmitz et al. [39] solved for the plasma potential and

density normal to a biased plate with parallel magnetic fields numerically using the same

equations as Riemann [34]. They found, similarly to Riemann, that collisions play an

integral role in transporting ions across the magnetic field lines to the boundary.

Despite their importance, there have been few experimental investigations of magnetic

presheaths. Kim et al. [37] performed emissive probe measurements normal to a biased

conducting plate in the presence of a plasma, where a magnetic field was obliquely inci-

dent. The experiments were performed in the parameter range of λ/ρi = 10 → 100, with
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ρi � λD. The log of the plasma potential profile in space exhibited regions of distinctly

different slopes, the boundaries of which were taken to be the boundaries of different

presheath regimes. In both the collisional and collisionless cases, the region that was as-

sumed to be the magnetic presheath was found to scale as (cs/ωci)sin(ψ). These data are

presented in figure 2.7.

I I I 
@OQ 

Position From Target Plate (cm) 

FIG. 6. The plasma potential versus position from the ground plate at 
V=gO” in an ISD helium plasma. The upward arrows indicate the sheath/ 
magnetic boundaries and the downward arrows indicate the magnetic 
presheath/bulk plasma boundaries. 

decreasing B, suggest that the magnetic presheaths tend to 
become unmagnetized with decreasing B. 

Figure 6 shows data taken at P=80”. Similar to the data 
of Fig. 5, the data of Fig. 6 also show the X,,,‘s increase with 
decreasing B. Compared to the data at 9=60”, the Am’s are 
larger. Thus, the combined data of Figs. 5 and 6 show that 
the magnetic presheath thickness h, depends on both B and 
Q. The bulk plasma potentials of Fig. 6 are slightly greater 
than those of Fig. 5. There was a vent to air between the time 
that the data of Figs. 5 and 6 were taken, the purpose of the 
vent, as mentioned in Sec. II, being to rotate the chamber to 
change ‘I!. The differences between the bulk @, shown in 
Figs. 5 and 6 are due to the slightly different plasma condi- 
tions, and not to the angle variations. 

The data of Fig. 7, taken at P=30”, show that Am’s are 
insensitive to B at low field strengths. In particular, for 
B 6 8 5 G, h,‘s are approximately constant. This behavior is 
due to finite boundary effects and is quantitatively analyzed 
in Sec. V C. 

8. Experimentally determined thicknesses A,,, of 
magnetic presheaths 

The data of Fig. 8 show that the measured thicknesses 
Am’s of magnetic presheatbs are described well by 

htprcs sin @= (C,/o,Jsin @, (4) 

where rcs is the ion sound gyroradius, 9 is the angle be- 
tween the magnetic field and the normal to the boundary, C, 
is the ion acoustic sound speed, and W,i is the ion cyclotron 
frequency. Note that Fig. 8 includes the width associated 
with the magnetic region of collisional-magnetic presheaths 
(the Na, ECR data). These data will be discussed in detail in 
Sec. V. Note for now that the magnetic region of presheaths 
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FIG. 7. The plasma potential versus position from the ground plate at 
1Ip=30” in an ISD helium plasma. The upward arrows indicate the sheath/ 
magnetic boundaries and the downward arrows indicate the magnetic 
presheath/bulk plasma boundaries. 

is well described by Eq. (4), both in the absence (the He, ISD 
data) and presence (the N2, ECR data) of collisional effects. 

Equation (4) may be rewritten as 

h,(cm)= 10m2( m/B)sin $, (5) 
where pi is the ion mass normalized to hydrogen, T, is the 
electron temperature in eV, B is the magnetic field in Gauss, 
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LlG. 8. The measured thicknesses of the magnetic presheaths in the absence 
of collisional etfects (ISD, helium plasmas) and in the presence of colli- 
sional effects (ECR, nitrogen plasmas) versus rcs sin y?, where the ion sound 
gyroradius r,,Y- =C,/w,, . The ion sound velocity C, is m (in these 
experiments I”,%T,), and wci is the ion gyrofrequency. The solid line is 
X,=.r,, sin @ and, hence, these data show that Xm=rcr sin $ regardless of 
the absence or presence of collisional effects. 
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Figure 2.7: Scaling of the magnetic presheath from Kim et al. [37].

Measurements of magnetic presheaths have also been taken by Singha et al. [38]. In

their work the authors performed measurements in a device similar to Kim et al. using the

same diagnostics (Langmuir and emissive probes). They found that Chodura’s form of the

magnetic presheath length matched their data for angles of incidence between 30 and 90

degrees. In addition to measuring magnetic presheath lengths versus angle of incidence

of the magnetic field, they were able to measure sheath thicknesses as well. They found
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that as the magnetic presheath length increases, the sheath thickness decreases. They

claim that this is because a longer magnetic presheath implies smaller presheath electric

fields. In order to achieve space charge-limited current to the plate in the sheath, the sheath

electric field must increase. To increase the electric field at fixed plate bias voltages, the

extent of the sheath decreases [38]. Their data are presented in figure 2.8. In this figure

Figure 3 shows a schematic diagram of the boundary
layer in an obliquely magnetized plasma system depicting
various sections. The applied magnetic field lies in the direc-
tion of the negative Z-axis as shown in the Fig. 3. Figure 4
describes the potential variation near the plate for different
tilted positions viz., !!30°, 40°, 50°, 60°, and 90° keeping
the B-field strength at 250 G and plate biasing voltage at
"100 V. The upward arrow "↑# gives the sheath edge,
whereas the downward arrow "↓# gives the magnetic
presheath edge. In the potential profiles, there are two differ-
ent slope regions viz. one the steepest and another steeper
region. In order to find out the SE and MPSE, semi-log plots
of the potential profiles are made, and then drawing the tan-
gential lines at both the regions, the respective inflection

points "as indicated by arrows# are found, which provide the
boundaries successively. Such semi-log plots of the potential
variation at !!90°, B!250 G, and Vp!"100 V and
!!30°, B!250 G, and Vp!"100 V are shown in Figs. 5"a#
and 5"b#, respectively. It is seen from Fig. 4 that the sheath
width decreases when ! is varied from 30° to 90°; while
magnetic presheath width increases, the reason being ex-
plained explicitly below in the descriptions of the Figs. 9"a#,
9"b#, and 10. In Fig. 6, the potential distribution near the
plate for various plate biasing voltages "70 V, "80 V, "90
V, and "100 V is shown, keeping B!250 G and !!90°. It
reveals that the sheath width "↑ gives the sheath edge# in-
creases with negative biasing voltage.

Moreover, the variation of the potential distribution near
the tilted plate "!!60°# at Vp!"70 V with magnetic field
strengths B!66 G, 130 G, 250 G, and 388 G has been in-
vestigated experimentally. The results are shown in Fig. 7. It
has been observed that the sheath thickness "↑ gives the
sheath edge# increases with B. On the other hand, the mag-
netic presheath width "↓ gives the magnetic presheath edge#
decreases when B is greater. But, it is important to note that
the magnetic presheath width ($m) variation at low magnetic
field is seriously affected by the finite boundary effects.13
Therefore, the variation of $m remains insensitive at low
magnetic field. The critical value of B"G# below which the

FIG. 3. Schematic picture of the boundary layer in obliquely magnetized
plasma.

FIG. 4. Plasma potential variation near the plate for various angles at
B!250 G and Vp!"100 V. The upward arrows indicate the sheath edge
and the downward arrows indicate the magnetic presheath edge.

FIG. 2. "a# Axial profile of the external magnetic field throughout the cham-
ber length when the current flowing through the coil is 5 ampere. "b# Radial
profile of the external magnetic field at the position of 55 cm from the right
end of the chamber when current flowing through the coil are 5 ampere and
10 ampere, respectively "0 in the X axis denotes the center of the cylindrical
cross section#.

685Phys. Plasmas, Vol. 9, No. 2, February 2002 Experimental observation of sheath . . .
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Figure 2.8: Plasma potential measurements in front of a biased plate in a plasma with

obliquely incident magnetic fields [38].

the upward arrows indicate the sheath-presheath edge, and the downward arrows indicate

the magnetic presheath edge.

A significant shortcoming of these experimental works was the inability to measure

the ion drift velocities. Presheath lengths were estimated by looking at changes in the

shape of the potential structures in space, while the magnetic presheath length is defined

by Chodura [24] by the ion velocity boundary conditions. As such it is not clear whether

the potential structures observed by Kim et al. [37] and Singha et al. [38] actually corre-

sponded to the magnetic presheath, as defined by Chodura.
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2.3 Double layers

Double layers are sheath-like structures, regions where the electric potential changes by

amounts usually greater than Te[eV ]/e over the scale of 1 - 100 Debye lengths (λD), away

from any boundaries [5, 42, 43, 44]. Double layer phenomena occur in many plasma en-

19
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51
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Figure 2.9: Schematics of many different manifestations of double layer structures [42].

φ is the plasma potential and z is the spatial coordinate. + and - represent areas of non-

neutrality and the dominant charge in that region.

vironments including ionospheric plasmas and electric propulsion devices. Double layers

manifest themselves through many different driving mechanisms. One recent structure of

interest has been “current free” double layers in regions of expanding magnetic fields. The

curvature of he field lines in the expansion region is small compared to the electron gyro

radius and large compared to the ion gyro radius. As such the electrons remain stuck to
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the expanding magnetic field lines and as such the electron density drops. From the Boltz-

mann relation (equation 5.3) the potential decreases in step. If the fields expand rapidly a

potential jump can exist in a short space, generating a double layer [45]. These are under

investigation for electric propulsion prototype devices [46, 47].

Double layers can also exist in regions of strong gradients of plasma density and tem-

perature [42]. Steady state double layers have been observed joining regions of two elec-

tron temperatures [48, 49]. In some cases the double layer exists in order to balance par-

ticle fluxes from regions of plasma with two different electron temperatures [43, 50, 51].

As one region of electrons has greater thermal velocities, hot electrons stream out of the

hot region faster than cold electrons can replenish them. In this case a double layer can

exist to retard some of the fluxes of hot electrons and equalize the fluxes of replenishing

cold electrons, similar to the action of a sheath near a floating boundary.

2.4 Helicon discharges

The helicon discharge is a resonant wave plasma generated and maintained by efficient

coupling of a “bounded” whistler wave to a preexisting plasma. In a typical helicon source

a cylindrical chamber is used with a helicon antenna wrapped around the outside. There

are several helicon antenna geometries that are commonly used and are shown in figure

2.10. In this figure, the top left panel shows a symmetric (m = 0) loop antenna, the upper

right is called a Nagoya type III (m = 1) antenna, and the bottom row shows a twisted

Nagoya configuration, each with opposite polarity (m =± 1). These antennas launch elec-

tromagnetic waves into the plasma. The wave fields depend on the antenna configuration

and were calculated by Chen [53] and are given in figures 2.11 and 2.12. Helicons were

first observed by Boswell in 1984 [22] where he reported on very efficient coupling of a

whistler wave to a plasma with close to 100% ionization. In this work Boswell measured

the characteristic linear relationship between the plasma density and the axial magnetic



20

Figure 2.10: Common helicon antenna designs taken from Longmier [52].

346 F. F. CHEN 

I bl  

FK;. I.-Electric field line paltcrns for the ni = 0 made. (a) 3-D representalian; (b) cross- 
sections al (k/a)ctn(kr-mur) = 1/3 (Icft) and I (right). 

The m = I modes 
By contrast, the m = + 1 mode has a field pattern that does not change with 

position; but i t  does change with the value of Ik/al. The electric field pattern is given 
by 

(51) 
W 

E,= --- sin(0fkz-wf) = - B ,  k T k  

(52) 
U 

cos(H+kz-wt) = --B,, k 1 

Figure 2.11: The m = 0 electric fields at different points downstream from the helicon

antenna [53].

field strength. These data are shown in figure 2.13.
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Plasma ionization by helicon waves 347 

with Ez = 0. This pattern simply rotates as z changes so as to keep H+kz constant, 
as shown in Fig. 2a. By using the recursion relations equation (20), we can describe 
the E-field at k z - o t  = 0 as follows: 

E, = E,(/jJ, - J 7 )  sin 0 (53 )  

FIG. 2.-Elcctric lield line patterns I'ur the m = I modc. (a) 3-D reprrsm1;tliun: (b) detailcd 
paitcrn for k/a = 1/3. Line spacing i s  indicative of field strength only al y = 0. 

Figure 2.12: The m = 1 electric fields from Chen [53].
Very efficient plasma generation by whistler waves near the lower hybrid frequency 1155 
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FIG. 7.-Variation of the average electron density i with Bo. The solid curve is fitted to the 
experimental points and the broken curve is for plane wave whistler propagation. 

is further increased the measured wavelength slowly decreases and the density increases 
until at 750 G the density again suddenly increases by a factor of two accompanied 
by further changes in the wave fields and wavelength. In this mode the plasma has 
a very peaked density distribution and a bright blue central core. The b, and bS field 
components are an order of magnitude greater than b, and have maximum amplitudes 
of approximately 1 G. 

The variation of the average electron density f i  determined by the interferometer 
and the Eangmuir probe is shown in Fig. 7 as a function of Bo. The wavelengths 
measured at the corresponding magnetic fields are shown in Fig. 8. As can be seen 
from Fig. 6, the wavelength is not constant along the axis: in this rather ideal example 
there is a 20% variation although the matching between the antenna length and the 
plasma wavelength is almost perfect. For whistler wavelengths much shorter than 
that imposed by the antenna there are variations of greater than 50% along the axis. 
The wavelengths given in Fig. 8 are those measured under the antenna. The wave 
in the plasma is clearly a forced oscillation and, as mentioned earlier, the antenna 
length was chosen empirically to provide the best coupling. For other antenna lengths, 
whether too short or too long the sudden plasma density jumps did not occur and 
the density remained reasonably constant as Bo was changed. The solid line in 
Fig. 7 is fitted to the experimental points and the broken line is the simple dispersion 
relation mentioned earlier for plane whistler waves of wavelength 50 cm, which in 
this case reduces to: 

Figure 2.13: Electron density versus magnetic field strength from Boswell [22].
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2.4.1 The helicon dispersion relation

The linear relationship between density and magnetic field strength is predicted by the

typical helicon dispersion relation, which is derived here as per Chen [53]. The relevant

equations are the electron equation of motion (equation 2.13)

me
∂ ~ve
∂t

= −e( ~E + ~ve × ~B0)−meν ~ve (2.13)

where B0 is the background axial magnetic field and ν is the electron collision frequency,

and Ampere’s law and Faraday’s law (equations 2.14 and 2.15).

∇× ~E = −∂
~B

∂t
(2.14)

∇× ~B = µ0
~J (2.15)

Assuming changes in the fields and velocities go as exp(ikz − iωt) (where k is the

wavenumber and ω is the wave angular frequency) then linearizing the equations and solv-

ing for a vector differential equation in ~B yields

(β1 −∇×)(β2 −∇×) ~B = 0 (2.16)

where β1 and β2 are given by the roots of

(ω + iν)β2 − k(eB0/me)β + ωω2
pe/c

2 = 0 (2.17)

where ωpe is the electron plasma frequency (n0e
2/ε0me). The helicon solution is given by

β1 which, when ωce � ω (ωce = eB0/me) is given by

β1 = eµ0
n0

B0

ω

k
. (2.18)

Since β1 is a constant, a linear relationship between n0 and B0 is apparent. In typical ex-

periments, ω is determined by the rf frequency applied to the antenna, and k is determined

by the antenna size. The wave fields given in figures 2.11 and 2.12 are obtained by solving

for ~B in equation 2.16 in cylindrical geometry.
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2.4.2 Helicon discharge equilibria

In the 1990s Chen et al. [55, 56, 94] investigated overall helicon discharge equilibria

as a function of magnetic field strength and orientation relative to the rf antenna. They

measured plasma parameters using a Langmuir probe on the axis of a helicon discharge

from the antenna to the downstream axial boundary. In all cases they observed a localized

peak of hot electrons with Te ≈ 4.5 eV [94]. They subsequently observed a downstream

peak in density. An example set of data is shown in figure 2.14. Estimating the plasmaDischarge equilibrium of a helicon plasma

Figure 9. Axial variation of (a) electron temperature and
plasma density and (b) plasma and floating potential for a
‘standard’ discharge with helical antenna in the ICP mode
(no axial magnetic field). Zero potential is defined by the
ground metal flanges at both ends of the vacuum chamber.

peaks several antenna lengths (50 cm) from the centre of
the antenna, while the temperature peaks at approximately
16 cm from the centre. The density within the antenna
is fairly uniform and about a factor of two smaller than
downstream, while the temperature cools by the same
factor downstream. Note that the peak in density is close
to the gas feed location (48 cm). To make sure that
the downstream density increase is not due to a pressure
gradient effect, the gas feed was moved to 24 cm from the
centre of the antenna and the measurements repeated. The
results shown in figure 11 indicate no change in temperature
or density profiles with gas feed location.

As in the case of the optical emission experiments,
the dependence of plasma production on the direction of
the axial magnetic field and antenna geometry was also
studied. The plasma density and electron temperature for
the Nagoya III helicon discharge are shown in figure 12.
The temperature drops downstream up to about 40 cm,
where it starts increasing spuriously, as in the B = 0
case, while the plasma density is fairly constant within

Figure 10. As in figure 9, for an 800 G helicon discharge.

Figure 11. As in figure 10(a), for two different gas-feed
locations.

the antenna region, increasing slightly downstream before
finally falling. The plasma densities for the various
configurations are compared in figure 13. The peak

47

Figure 2.14: Plasma density and electron temperature versus distance from the center of

the rf antenna [94].

potential with the Langmuir probe traces they determined that no major axial potential

structures existed in the plasma. An example dataset is shown in figure 2.15.

Chen et al. argued that the electron temperature profile is due to a local electron heating

mechanism, though the mechanism itself was not identified. The Te decay profile was

simply due to electron heat conduction and inelastic collisions with neutrals. As per Chen
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Discharge equilibrium of a helicon plasma

Figure 9. Axial variation of (a) electron temperature and
plasma density and (b) plasma and floating potential for a
‘standard’ discharge with helical antenna in the ICP mode
(no axial magnetic field). Zero potential is defined by the
ground metal flanges at both ends of the vacuum chamber.

peaks several antenna lengths (50 cm) from the centre of
the antenna, while the temperature peaks at approximately
16 cm from the centre. The density within the antenna
is fairly uniform and about a factor of two smaller than
downstream, while the temperature cools by the same
factor downstream. Note that the peak in density is close
to the gas feed location (48 cm). To make sure that
the downstream density increase is not due to a pressure
gradient effect, the gas feed was moved to 24 cm from the
centre of the antenna and the measurements repeated. The
results shown in figure 11 indicate no change in temperature
or density profiles with gas feed location.

As in the case of the optical emission experiments,
the dependence of plasma production on the direction of
the axial magnetic field and antenna geometry was also
studied. The plasma density and electron temperature for
the Nagoya III helicon discharge are shown in figure 12.
The temperature drops downstream up to about 40 cm,
where it starts increasing spuriously, as in the B = 0
case, while the plasma density is fairly constant within

Figure 10. As in figure 9, for an 800 G helicon discharge.

Figure 11. As in figure 10(a), for two different gas-feed
locations.

the antenna region, increasing slightly downstream before
finally falling. The plasma densities for the various
configurations are compared in figure 13. The peak

47

Figure 2.15: Plasma potential and floating potential versus distance from the center of the

rf antenna measure by a Langmuir probe [94].

et al. [94] the electron heat flow is given by

∂q

∂z
= Q(Te(z)) (2.19)

where q is the heat flux, z is the axial spatial coordinate, and Q is the heating rate due to

rf heating and inelastic collisional cooling. q is given by

q = −2.4
1

e4ln(Λ)

T
5/2
e√

2πme

∂Te
∂z

(2.20)

where ln(Λ) is the Coulomb logarithm (∼ 10 in typical low temperature plasmas). Using

tabulated values for Q(Te) Chen et al. numerically integrated equation 2.19 using data for

initial conditions and found a good fit. The results are shown in figure 2.16.

Given these results Chen et al. argued that the downstream density peak existed to

maintain a pressure balance with the hot electrons and the electric fields such that

−ene ~E −
∂pe
∂z

= 0 (2.21)
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Figure 19. Decay of electron temperature downstream, as
measured (�), and calculated with (——) and without
(· · · · · ·) downstream wave heating.

peak at z = 16 cm, which is within a wavelength of the
end of the antenna. Whether collisional or collisionless, the
helicon absorption mechanism is extremely strong. Most of
the absorbed energy is transported downstream by electron
heat conduction and is lost by inelastic collisions with
neutrals. The calculated energy loss agrees with both the
temperature decay length and the total power that has to
be dissipated. The temperature decay causes the density to
rise downstream.

5. Conclusions

The axial dependence of plasma density, electron
temperature, space potential, and ionized argon light
emission have been measured for both right helical and
Nagoya III antennas for various axial magnetic field values
and directions. Our previous finding [14] that the m = +1
mode from radial wave profiles is preferentially excited
is confirmed. The downstream behaviour unambiguously
shows the beneficial effects of wave propagation and the
difference between inductively coupled plasmas with B = 0
and helicon discharges with finite magnetic fields. In the
latter case, the density is found to have a downstream
peak which is not caused by increased ionization there.
However, this effect can be explained in terms of pressure
balance. The electron temperature profile shows that most
of the plasma heating is done within a wavelength of the
antenna, after which the temperature decays downstream
with a scale length determined by heat conduction and
inelastic collisions. Both the ionization rate and the particle
loss rate computed from the measured profiles assuming
no anomalous processes are in agreement with each other
and with the RF input power. The importance of neutral

depletion due to the ion pumping effect is pointed out, and
the magnitude of this effect is given quantitively. For
application to plasma processing, the deposition of RF
energy near the antenna means that the device does not
have to be very long; on the other hand, a longer device
will permit the plasma to cool and become more dense,
which are desirable characteristics for a remote source.
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Figure 2.16: Electron temperature versus distance from the center of the antenna, data and

numerical model taking into account different sources and sinks of heat [94].

where pe is the thermal electron pressure. Checking this hypothesis against the data (pre-

sented here in figure 2.14) they found that equation 2.21 was approximately equal to zero

over four antenna lengths, after which the data no longer agreed. This has since been the

standard understanding of overall helicon discharge equilibria.

2.4.3 Ionization and heating in helicon discharges

The ionization mechanism of helicon waves in the plasma is a topic that has been de-

bated since Boswell’s seminal paper [22]. One of the first theories was Landau damping

of the helicon wave on the electrons. It was noted by Chen [53] that the helicon wave’s

phase speed was slightly slower than the optimal electron speed for neutral impact ion-

ization . Thus the wave could collisionlessly damp on the electrons, accelerating them

to a speed where the ionization cross section is large, producing more plasma. Using
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Langmuir probes, R. Chen and Hershkowitz [57] found evidence of electron beams in a

multi-mode helicon discharge, where the beam energies agreed well with the waves’ phase

velocities. Chen and Blackwell [58] showed that the population of electrons accelerated

by Landau damping is not sufficient to account for the ionization efficiencies commonly

observed. Instead they proposed that the wave which satisfied the β2 root in equation 2.16,

the Trivelpiece-Gould wave, which can strongly damp on the electrons, could account for

the helicon’s ionization mechanism [59]. They argued that the helicon wave can mode-

convert to the TG wave near the edge of the plasma downstream from the antenna. The TG

wave is strongly damped and propagates inward, depositing energy efficiently throughout

the discharge [58].

Despite the fact that Landau damping cannot account for the high ionization fractions

observed in helicons, significant wave trapping can still occur in regions near the antenna

where capacitively coupled electric fields can be significant. Wave trapping creates beams

of electrons in phase with the applied rf frequency that can subsequently thermalize down-

stream due to collisions with neutrals, ions, and instabilities [58]. Hence Landau damped

electrons can be a source of hot electrons in helicon sources, especially near the rf anten-

nas.

Another theory for helicon ionization was proposed by Akhiezer et al., where the heli-

con wave acts as a pump wave for a parametric instability that produces ion sound waves

[60]. These waves can have wavelengths of the order of the electron gyro radius (ρe) and

can then scatter off of and deposit energy to the electrons creating hot populations, in-

creasing ionization. The authors argue that this mechanism could account for much of the

helicon wave’s plasma production. Furthermore they showed that the electron temperature

peak location observed by Chen et al. [55, 94] can potentially be explained by parametric

instabilities generated by the helicon pump wave, given the experimental data provided.

Kline et al. later measured the power spectrum of electrostatic fluctuations as a function
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of rf pump frequency and position and found “sideband” modes that are characteristic of

parametric instabilities [61]. These modes’ frequencies agreed with expected ion sound

wave frequencies. Their data are presented in figure 2.17.VOLUME 88, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 13 MAY 2002

FIG. 3. (a) Power spectrum of electrostatic fluctuations for
three different rf frequencies. (b) Power spectrum of electro-
static fluctuations versus radius. The rf frequency was 11 MHz
and the magnetic field was 737 G.

towards the center of the discharge. Note that a clear
low-frequency beat wave appears in Fig. 3b only on
axis. Electrostatic power spectrum measurements at
z ! 66.0 cm showed no evidence of either sidebands or
broadband features.

As shown in Fig. 2c, the perpendicular ion tempera-
ture at z ! 35.5 cm peaks for v , vLH!0". Near the
antenna, z ! 4.5 cm, the peak perpendicular ion tempera-
ture is a factor of 2 smaller (Fig. 4a). Figure 4b shows
the difference in ion temperature between z ! 35.5 and
z ! 4.5 cm. For v . vLH!0", the perpendicular ion tem-
perature is relatively constant along the axis of the source.
For v , vLH!0", an additional ion heating mechanism
adds energy to the ions a few tens of centimeters down-
stream of the antenna. Therefore, like the plasma density
in a helicon source [16], the maximum perpendicular ion
temperature occurs downstream from the antenna (ion-
temperature measurements at z ! 66.0 are similar to those
at z ! 4.5 cm).

Radial profiles of the perpendicular and parallel ion tem-
perature at z ! 35.5 cm and for the plasma conditions in-
dicated by an asterisk in Fig. 4b (9 MHz and 1200 G) are

FIG. 4 (color). (a) Ion temperature versus rf frequency and
magnetic field strength at z ! 4.5 cm. (b) Difference in ion
temperature between z ! 4.5 cm and z ! 35.5 cm versus rf
frequency and magnetic field strength. The color bar is the same
as for Fig. 2c.

shown in Fig. 5. The perpendicular ion temperature is con-
stant across the inner portion of the discharge and increases
at the edge. To create a perpendicular ion-temperature pro-
file that is flat or increases at the edge, the ions must be
heated anisotropically at the edge of the plasma or the heat
conductivity along the axis must be extremely large. Since
the perpendicular ion temperature varies with axial posi-
tion, i.e., the parallel ion thermal conductivity is not large,
the most likely explanation for the profile measurements
is strong perpendicular ion heating at the edge. The par-
allel ion-temperature profile is similar to the plasma den-
sity profile. Thus, parallel ion heating likely arises from
collisional isotropization of the ion temperature. Similar
ion-temperature profiles are observed throughout the en-
hanced heating region shown in Fig. 4b.

In the low-density edge plasma, the “fast” or helicon
wave cannot propagate. However, the slow wave branch of
the cold plasma dispersion relationship can propagate [22].

195002-3 195002-3

Figure 2.17: Electrostatic fluctuation power spectrum vs. frequency for different pump

wave frequencies [61].

2.4.4 Turbulence & ion temperature anisotropy in helicon discharges

The turbulence in helicon discharges affects different aspects of the plasma ions. Using

high spatial resolution laser-induced fluorescence (LIF) in three dimensions, Scime et al.

[62] observed helically flowing ions downstream from a helicon antenna. An example

dataset is given in figure 2.18. In this figure the neutral pressure was 3.8 mTorr, the rf

frequency was 9.5 MHz and the magnetic field strength was 652 G. The bottom color plot

gives the magnitude of the LIF signal and the top color plot gives the magnitude of the ion

flow speed in the z (parallel to magnetic field) direction. Chakraborty Thakur et al. [66]

measured sheared azimuthal ion flow profiles that depend on axial magnetic field strength.

Their results are presented in figure 2.19 The authors observe azimuthal ion flows that,
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the ground state velocity distribution of argon neutrals. Be-
cause the LIF signal strength depends on population of a
particular excited neutral state, the neutral density, electron
temperature, and electron density profiles all contribute to
the LIF intensity profile. Although Fig. 5 demonstrated that
for high density, argon helicon plasmas the relationship be-
tween Ar II LIF intensity, plasma density, and electron tem-
perature can be reduced to a relatively simple formula, no
such simple formula is easily created for Ar I LIF. Simply
put, measuring absolute neutral density as a function of po-
sition inside a high density plasma is much more difficult
than measuring the plasma density.

To relate the ground state neutral density profile to the
measured Ar I LIF intensity, electron temperature profile,
and electron density profile, we employed a collisional radia-
tive !CR" model originally developed by Vlček31 and modi-
fied by Bogaerts et al.32 that allows for the input of an arbi-
trary electron energy distribution function and includes

interactions between the electron population and 65 energy
levels of neutral argon.31 The Bogaerts et al. modifications
added details of the two 4s metastable levels of Ar I and fast
argon ion and atom impact ionization and excitation.32 CR
model predictions of the Ar I excited state profiles based on
the measured electron density and temperature profiles
shown in Fig. 11 were compared to Abel inverted emission
spectroscopy measurements and LIF measurements of the
excited state profiles for a range of possible ground state
neutral density profiles.33,34 The measured neutral tempera-
ture profile and the model neutral profile that resulted in a
CR model prediction that best fit the measured LIF intensity
and emission profiles are shown in Figs. 12!a" and 12!b",
respectively. The CR model and measured LIF and emission
intensities are shown in Figs. 12!c" and 12!d", respectively.
The LIF intensity profile is compared to the CR model pre-
dicted profile for the absorption, or lower, state density pro-
file. Emission from the upper state of the Ar I LIF sequence
was Abel inverted and compared to CR model predicted pro-
file for the upper state of the Ar I LIF sequence.33,34 The
plasma density profile shown in Fig. 11!a" is similar in mag-
nitude and shape to the plasma density profile reported in

FIG. 7. !Color online" For a radio frequency of f =9.5 MHz, P
=6.7 mTorr, BLEIA=35 G, and power=750 W, the horizontal ion flow ve-
locity field vs y, i.e., radial, position for magnetic field strengths of !a" 424,
587, and 668 G, and !b" 749, 831, and 993 G.

FIG. 8. For a radio frequency of f =9.5 MHz, P=6.7 mTorr, BLEIA=35 G,
and power=750 W, the plasma rotation frequency !squares" and the plasma
density in LEIA !solid line" vs magnetic field strength.

FIG. 9. !Color online" For a radio frequency of f =9.5 MHz, P
=3.8 mTorr, BHELIX=652 G, BLEIA=35 G, and power=750 W, the full
three-dimensional ion flow velocity across the plasma cross section !top"
and the LIF signal amplitude !bottom". The magnitude of the z component
of the ion velocity is overlaid as a color contour plot on the upper figure.

043505-8 Scime et al. Phys. Plasmas 14, 043505 !2007"
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Figure 2.18: Ion flow speed in three dimensions in a helicon discharge [62].

performed. To obtain acceptable signal-to-noise levels in the
measured IVDFs, multiple scans are recorded and then aver-
aged together. For turbulent plasmas, recording several scans
and averaging them together still did not reduce the scatter
in the measured IVDF. Thus, the fluctuations in emission in-
tensity are not normally distributed. The scatter in the plots
provides a rough estimate of the plasma density fluctuation
profile as we performed the experiment at different radial
locations and for different parameters (both while changing
the strength of the magnetic field and while changing the
boundary conditions).

Fig. 3 shows the radial profiles of the azimuthal ion fluid
velocity in the IBC configuration as the magnetic field is
increased from 400 G to 1000 G. The behavior is consistent
with flow measurements using two point time delay estima-
tion (TDE) methods from camera data.9 TDE methods
depend critically on the ranges of frequency chosen for the
calculations. Moreover, in TDE, the measured velocity is
effectively a sum of both the bulk plasma fluid velocity and
the phase velocity of the waves in the plasma. LIF, on the
other hand yields the absolute fluid velocity of the ions and
is unaffected by the phase velocity of any waves in the
plasma. In these measurements, because the plasma density14

decreased substantially beyond r¼ 3.5 cm, the errors in the
density measurements increase for larger radii. Typical error
in the azimuthal velocity measurements for r< 3.5 cm is
"630 m/s and for r> 3.5 cm is "660 m/s. Towards the cen-
ter of the plasma, the flow approximates solid body rotation;
the azimuthal velocity increases linearly with distance. The
time averaged flows are faster for larger magnetic fields. The
azimuthal velocity reaches a maximum at around r¼ 3 cm
and then rapidly decreases and undergoes a flow reversal for
larger radii at the largest magnetic fields. The azimuthal ion

velocity thus exhibits strong flow shear in the region from
r¼ 3.5 cm to r¼ 4.5 cm. We find that both the peak velocity
and the strength of the velocity shear (the radial gradient in
the azimuthal velocity) increase with increasing magnetic
field; concurrent with an increase in the turbulent fluctuation
levels.

Fig. 4 shows the radial profiles of the perpendicular ion
temperature as a function of the magnetic field. Typical error
in the measurements for r< 3.5 cm is "60.01 eV and for
r> 3.5 cm is "60.03 eV. For a magnetic field of 400 G, the
ion temperature is nearly constant at "0.25 eV at all radii.
The ion temperature increases with increasing magnetic
field. For the 1000 G magnetic field case, the peak ion tem-
perature (on axis) is more than twice as large, "0.55 eV, and
there is significant gradient in the ion temperature from
r¼ 2.0 cm to r¼ 3.5 cm. The ion temperature reaches a mini-
mum at r¼ 4.0 cm, the same radius as the location of the
strongest velocity shear. The development of a peak in the
ion temperature profile is consistent with reduced transport
of heat from the core of the plasma to the edge, i.e., an
energy transport barrier.

In Figs. 5 and 6, we show the radial profiles of the azi-
muthal ion fluid velocity and the perpendicular ion tempera-
ture for the two different boundary conditions: IBC and
CBC. We see that for the insulating boundary, the peak azi-
muthal velocity is almost twice of the conducting boundary
case. As explained elsewhere, we have found that in the
CBC the nonlinear interactions are not strong enough to
push the system into a broadband turbulence regime. The
reduced azimuthal flow observed is consistent with the
hypothesis that the flows and turbulence are interrelated;

FIG. 3. Radial profiles of the azimuthal ion fluid velocity as the magnetic
field is increased from 400 G (green empty squares), 600 G (blue solid
squares), and 800 G (black empty circles) to 1000 G (red solid circles).
Notice that both the peak velocity and the velocity shear increase with
increasing magnetic field. Typical error in the measurements for r< 3.5 cm
is "630 m/s and for r> 3.5 cm is "660 m/s. Results obtained for
Prf¼ 1500 W, argon gas pressure of 3.2 mTorr in IBC configuration.

FIG. 4. Radial profiles of the perpendicular ion temperature as the magnetic
field is increased from 400 G (green empty squares), 600 G (blue solid
squares), and 800 G (black empty circles) to 1000 G (red solid circles). Notice
that for the higher magnetic fields (which lead to turbulence driven sheared
flows) the ion temperature profile steepens. Typical error in the measure-
ments for r< 3.5 cm is "60.01 eV and for r> 3.5 cm is "60.03 eV. Results
obtained for Prf¼ 1500 W, argon gas pressure of 3.2 mTorr in IBC
configuration.

082102-4 Chakraborty Thakur et al. Phys. Plasmas 19, 082102 (2012)
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Figure 2.19: Ion flow speed vs. plasma radius for several magnetic field strengths in a

helicon discharge [66].
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when the axial magnetic field strength is greater than 400 G, changes direction at radii

greater than 4 cm. The sheared azimuthal flows are correlated with the onset of drift wave

turbulence, a centrally peaked density profile, and a radial ion temperature gradient.

Scime et al. also report on observed ion temperature anisotropy in helicon discharges

[63]. The temperature anisotropy depends on magnetic field strength and neutral density.

Example data are given in figures 2.20 and 2.21. Mikhailenko et al. [64] suggest that this

E E Scime et al

Figure 2. LIF schemes for (a) singly ionized argon and (b) neutral helium.

Figure 3. (a) Singly ionized argon LIF spectra for parallel
and perpendicular laser injection. The parallel signal is
noticeably smaller and shows evidence of the expected
Zeeman shift (assuming any axial drifts are ignorable).
(b) Neutral helium LIF spectrum for perpendicular laser
injection. The horizontal axes are the same for both plots.
The different labels illustrate the relationship between
frequency shift and particle velocity for the 611.5 nm argon
line.

of 0.2 eV in an argon helicon plasma are consistent
with the measurements of Nakano et al [5] when they
operated their helicon source with a uniform magnetic
field geometry. Boswell et al [6] reported spatially
unresolved, spectroscopically determined, perpendicular
ion temperatures of approximately 0.8 eV for similar argon
plasma parameters in a pulsed helicon source.

From microwave transmission measurements at 9.25
and 10.5 GHz, the density of these HELIX plasmas is

Figure 4. Perpendicular (filled circles) and parallel ion
temperatures (open squares) in argon plasmas as a
function of source magnetic field. The error bars for the
data are smaller than the circles and squares.
Measurements taken at an RF power of 2 kW and pressure
of 4 mTorr.

known to exceed 1.4 ⇥ 1012 cm�3. Thus the ion–ion
collision frequency for a 0.5 eV ion is of the order of a
few MHz, i.e., a mean free path less than 1 cm. Intuition
would suggest that under such conditions anisotropic ion
temperatures cannot be sustained, yet the measurements
clearly indicate a wide range of anisotropy, 1 < T?/Tk < 4.
It is important to note that the ion temperature anisotropy
can be reproducibly set by adjusting the magnetic field. An
explanation for both the linear increase of the perpendicular
ion temperature with increasing magnetic field and the
existence of such a substantial ion temperature anisotropy
is suggested in section 4.

The ion temperature components in argon plasmas
are independent of driving frequency (figure 5(a)) and
weakly dependent on RF power (figure 5(b)). Previous
measurements showed a strong dependence of plasma
density on driving frequency in the helicon mode [2],
yet figure 5(a) indicates no measurable change in the ion
temperature for the driving frequency range 7.5 to 12 MHz.
There is a slight upward trend in the perpendicular ion
temperature with RF power and the parallel ion temperature
doubles as the RF power increases from 1 to 2 kW. The lack
of strong correlation between the ion temperature and RF
power confirms that the ion temperature increase is not an
artifact of ion sloshing in the RF electric field. Preliminary

188

Figure 2.20: LIF signal vs. laser frequency parallel and perpendicular to axial magnetic

field from Scime et al. [63].

temperature anisotropy could be due to the same parametric decay of the helicon pump

wave into ion sound turbulence. They mathematically show at short wavelengths the ion

sound waves are spectrally anisotropic. These short wavelength sound waves then scatter

on ions, heating the ions predominantly across the magnetic field. The authors also suggest

that the Trivelpiece-Gould waves (the β2 solution from equations 2.16 and 2.17) can also

excite parametric ion sound turbulence perpendicular to the axial magnetic field.

Another possible source of ion temperature anisotropies is the ion Landau damping

on the TG waves [61]. Scime et al. [65] also made short wavelength power spectrum
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Figure 2. LIF schemes for (a) singly ionized argon and (b) neutral helium.

Figure 3. (a) Singly ionized argon LIF spectra for parallel
and perpendicular laser injection. The parallel signal is
noticeably smaller and shows evidence of the expected
Zeeman shift (assuming any axial drifts are ignorable).
(b) Neutral helium LIF spectrum for perpendicular laser
injection. The horizontal axes are the same for both plots.
The different labels illustrate the relationship between
frequency shift and particle velocity for the 611.5 nm argon
line.

of 0.2 eV in an argon helicon plasma are consistent
with the measurements of Nakano et al [5] when they
operated their helicon source with a uniform magnetic
field geometry. Boswell et al [6] reported spatially
unresolved, spectroscopically determined, perpendicular
ion temperatures of approximately 0.8 eV for similar argon
plasma parameters in a pulsed helicon source.

From microwave transmission measurements at 9.25
and 10.5 GHz, the density of these HELIX plasmas is

Figure 4. Perpendicular (filled circles) and parallel ion
temperatures (open squares) in argon plasmas as a
function of source magnetic field. The error bars for the
data are smaller than the circles and squares.
Measurements taken at an RF power of 2 kW and pressure
of 4 mTorr.

known to exceed 1.4 ⇥ 1012 cm�3. Thus the ion–ion
collision frequency for a 0.5 eV ion is of the order of a
few MHz, i.e., a mean free path less than 1 cm. Intuition
would suggest that under such conditions anisotropic ion
temperatures cannot be sustained, yet the measurements
clearly indicate a wide range of anisotropy, 1 < T?/Tk < 4.
It is important to note that the ion temperature anisotropy
can be reproducibly set by adjusting the magnetic field. An
explanation for both the linear increase of the perpendicular
ion temperature with increasing magnetic field and the
existence of such a substantial ion temperature anisotropy
is suggested in section 4.

The ion temperature components in argon plasmas
are independent of driving frequency (figure 5(a)) and
weakly dependent on RF power (figure 5(b)). Previous
measurements showed a strong dependence of plasma
density on driving frequency in the helicon mode [2],
yet figure 5(a) indicates no measurable change in the ion
temperature for the driving frequency range 7.5 to 12 MHz.
There is a slight upward trend in the perpendicular ion
temperature with RF power and the parallel ion temperature
doubles as the RF power increases from 1 to 2 kW. The lack
of strong correlation between the ion temperature and RF
power confirms that the ion temperature increase is not an
artifact of ion sloshing in the RF electric field. Preliminary
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Figure 2.21: Perpendicular (circles) and parallel (squares) ion temperatures from LIF vs.

axial magnetic field strength in a helicon discharge from Scime et al. [63].

measurements using a double probe and Thompson scattering apparatus at the edge of a

helicon discharge. They observe short wavelength fluctuations at the plasma edge when

the pump frequency in close to the lower hybrid frequency. They correlate this with pre-

vious observed perpendicular ion heating under the same experimental conditions [61].

Furthermore, using a pulsed helicon source, the authors observe that ion heating in the

edge of the discharge occurs concurrently with an increase in electrostatic fluctuation am-

plitude in the same region. The wave numbers and frequencies of the observed fluctuations

suggest that they are observing the parametric decay of the Trivelpiece-Gould mode into

ion sound waves [65].

2.4.5 Neutral pumping in helicon discharges

One of the most interesting aspects of helicon discharges is the phenomena of radial neu-

tral pumping. Many helicon plasmas exhibit relatively hollow neutral cores - that is the
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neutral density on the axis of the discharge is less than the neutral density at the edge

[67, 68]. The magnitude of this effect is very sensitive to the experimental conditions. The

presence or absence of neutral pumping is known to affect power deposition from the rf

antenna [69]. In the total absence of neutral particles on the axis of a helicon plasma rf

input power goes to electron heating instead of further ionization. The effect of neutral

pumping is thought to be caused by several factors: high ionization rates on axis, low/high

ion/neutral cross field diffusion times, high ion axial diffusion times, and neutral heating in

the core [70]. Because neutrals are not bound by the axial magnetic field lines they travel

freely to the radial center where they are quickly ionized. Ions, then bound by the field

lines, travel much more rapidly along the lines than diffuse across them. As a result they

are preferentially lost to the axial boundaries in the system rather than diffusing outward

radially or recombining. For relatively hollow, but not empty neutral cores, the remain-

ing neutrals can be heated due to elastic and charge exchange collisions with hotter ions,

forming a radial neutral temperature gradient. This effect sets up a radial neutral pressure

balance, maintaining a sparse, hot central neutral core with dense colder neutrals outside.

2.5 Previous presheath measurements in rf plasmas

As discussed above, presheaths in quiescent plasmas exist to accelerate ions prior to enter-

ing the sheath in order to maintain a monotonic potential profile between the bulk plasma

and the boundary surface. In rf discharges the plasma may not be quiet enough for one

to assume that the necessity of the presheath still exists. Riemann showed that by looking

at the causality of ion acoustic waves in an rf plasma sheath and presheath that the Bohm

criterion must hold exactly as stated in equation 2.7 in rf produced plasmas [71].

In rf plasmas, the electric potential typically fluctuates with the plasma potential. The

magnitude of the fluctuation depends on the density of the plasma and the rf discharge

mode. In capacitively coupled plasmas, the density is usually low enough for the antenna’s
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electric fields to penetrate deep into the plasma, generating large bulk plasma potential

fluctuations. In higher density discharges, the plasma potential fluctuations can be much

smaller, sometime less than a few volts.

In the sheath and presheath, the potential fluctuations are amplified by the DC electric

fields. In the sheaths this can lead to bimodal and non-Maxwellian IVDFs. In the presheath

this effect is generally not observed because the presheath is typically collisional and be-

cause the electric fields are much smaller. Ions will also usually only see the time averaged

fields as long as ωpi � ωrf , where ωpi is the ion plasma frequency.

Zheng et al. [72] show that in rf plasmas, even when the ions do not react to the

fluctuating potentials, that collisions in the presheath can greatly affect the ion angular

distribution that hit an electrode surface. Their data are given in figure 2.22. The authors

dependent shadowing without the influence of the feature
side walls. The ions are also brought to a flat surface, so the
ion fluxes on the surface elements depend only on the ion
angular distributions but not on their surface orientations.
These silicon overhang test structures was created by first
depositing a 3-mm-thick low-temperature oxide ~LTO! layer
onto bare silicon and then a 0.5 mm polysilicon layer on top
of the oxide layer. A photoresist mask of widely separated
spaces was patterned onto the polysilicon surface. The sizes
of the spaces vary from 1 to 64 mm. The wafers were then
plasma etched to open up the polysilicon windows. The LTO
was wet etched in a HF solution to a 6–7 mm undercut
underneath the polysilicon overhang.
The etching experiments were done in a conventional par-

allel plate plasma reactor and also in a high-density, low-
pressure, inductively coupled plasma ~ICP! reactor. Scanning
electron microscope ~SEM! pictures of the etched profiles
and the corresponding process conditions are shown in Figs.
4~a! and 4~b!. In both cases, a significant amount of ion-
enhanced etching was found to extend well under the poly-
silicon overhang, indicating the existence of ion angular
spread. While the effect of the off-normal-angled ions in the
conventional plasma reactor is not surprising, the amount of
ion angular spread in the ICP reactor was not expected be-
cause of the collisionless sheath and the preassumed low ion
temperature. As a matter of fact, neither of these two profiles

can be matched by our simulation with an input of the ion
temperature of 600 K ~0.052 eV! @Figs. 4~c! and 4~d!#.
The etching of the silicon in the conventional parallel

plate plasma reactor extends further under the overhang @Fig.
4~a!#, which is clearly a result of the collisional sheath. How-
ever, the amount of ion angular spread within the angle of
7°–10° from normal maintains roughly constant as we move

FIG. 1. A block diagram of SPEEDIE.

FIG. 2. Azimuthally integrated ion angular distribution for different ranges
of ion energies. This is produced by IONTRANS for a stationary sheath in a
SF6 plasma at 100 mT. The sheath voltage was measured to be 46 V. The
nature of the ion-neutral collisions in the sheath is assumed to be mainly of
momentum transfer, with a cross section of 50 Å2. The ion temperature is
taken to be 600 K ~or 0.052 eV!. In this case, the ions which have collided
in the sheath and the ions which have freely fallen through the sheath can be
easily distinguished.

FIG. 3. It is difficult to derive the ion angular distribution from normal
trench structures, since the effect of the off-normal-angled ions on the fea-
ture side wall is greatly reduced due to the surface orientation. On the other
hand, the overhang test structure can give a good map of the ion angular
distribution by letting the etching start from a flat surface which is shadowed
by variable aspect rations.

TABLE I. Approximate values of some of the key parameters governing the
probability of an ion-neutral collision in the sheath region.

HDP RIE

Pressure ~mTorr! ;10 ;100
Ion density ~cm23! ;531011 ;53109
Debye length ~mm! ;0.03 ;0.4
Sheath thickness ~mm! ;0.15 ;1.0
Gas mean-free path ~mm! ;10 ;1.0

860 Zheng, Brinkmann, and McVittie: Effect of the presheath on ion angular distribution 860
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Figure 2.22: Integrated ion angular distribution at an electrode numerically calculated by

the IONTRANS code by Zheng et al. [72].

claim that the large angle tail of the ion angular distribution is due to ion collisions in the

presheath of the electrode. The ion angular distribution at an electrode surface is generally

of significant importance in plasma processing.
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There have been several works performed where presheaths in rf plasmas have been

measured. Meyer et al. [102] measured the plasma potential with emissive probes in front

of a grounded wafer stage in an electron-cyclotron resonance device. By estimating the

presheath start and end by changes in slope of the plasma potential versus distance, they

found that the presheath lengths were proportional to the ion collision lengths, and used

this insight to predict the collision cross sections for the CF4 ion. Their data are pre-

sented in figure 2.23. Using emissive probes the authors only measured the time averaged

Measurements of the pesheath in an  electron cyclotron resonance etching device 
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Figure 3. The plasma potential versus position from t h e  
wafer stage in an 800 W. carbon tetrafluoride discharge 
measured at the pressures shown, with arrows indicating 
the point a t  which the  slope changes. 

fell by a factor of 2 from the source to the wafer stage. 
The electron temperature along the axis was approx- 
imately 3.3 eV for 2 mTorr and 4 eV for 0.5 mTorr, both 
dropping by approximately 10% from the source to the 
wafer stage. For the given temperatures and densities, the 
Debye length was approximately 0.003cm, giving a 
sheath width at the wafer stage .of 0.01 cm. 

The plasma potential profiles, shown in figures 2 and 
3, exhibit several interesting trends. The plasma potential 
decreases with pressure from 33.7 to 25.6V at the 
aperture, while the amhipolar electric field shows little 
pressure dependence with a nearly constant value of 
0.12 Vcm-'. The presheath region, characterized by a 
change in the slope of the plasma potential, has a nearly 
constant electric field at each pressure. The beginning of 
the presheath region was taken to be the intersection of 
the linear slopes of the ambipolar potential and the 
presheath potential, shown by the arrows in the figures. 
Because of the small spatial size of the sheath compared 
with the presheath, the presheath thickness was taken to 
be the distance from the wafer surface to the intersection. 
In the N, plasma, the presheath width was found to 
increase linearly with I/p, where p is the pressure, from 
1.25 cm at 2 mTorr to 4 cm at 0.5 mTorr. In CF,, the 
presheath width was 1.75 cm at 2 mTorr and 5 cm at 
0.5 mTorr. 

The exact plasma potential, amhipolar electric field, 
and presheath dimensions have been found to he depend- 
ent on the chamber wall conditions. However, after many 
runs with various wall conditions, the linear nature of 
the presheath dependence on inverse pressure was 
maintained. 

4. Discussion 

The mean free path for collisions can be calculated using 

. I  A = -  
% a 

where n, is the neutral density and a is the collision cross 
section. Using the equation for drift velocity in an electric 

field, U = K E ,  where 

eA K % -  
MU 

e 
MK2En. '  

a =  

This assumes the ion velocity with respect to the neutrals 
to be dominated by the electric field drift velocity. Here K 
is the mobility of ions in a gas and U is the velocity of the 
ions with respect to the gas. The mobility of N: in 
nitrogen can be determined using data found in the 
literature for the reduyed mobility ( K O )  [lo], where 

The reduced mobility is dependent on the electric field 
and the neutral pressure. At each pressure, the electric 
field, calculated to be 7'J(2eL), where L is the presheath 
thickness, was used to determine the reduced mobility. 
Using these values, and assuming a gas temperature of 
300 K, the cross section was calculated for each potential 
profile. The average cross section was 8.7 x lo-'' cm'. 
These values for the cross section were used to calculate 
the mean free paths. 

Figure 4 suggests that there is a simple dependence of 
the presheath thickness on the mean free path in N, with 
a slope of 1.5. The errors in determining the beginning of 
the presheath are reflected in the figure. The linear 
relationship between the mean free path and presheath 
width makes it possible to determine the mean free path 
for other gases in this system by measuring the presheath 
thickness. 

Plasma potential axial profiles for CF, (shown in 
figure 3) are similar to those for nitrogen. The collision 
cross section for CF, is difficult to determine because of 
the complex nature of the ion species after the CF, 
dissociates [I I]. Therefore, the similarity between CF, 
and N, can he used to estimate the mean free path in 
CF,. The presheath widths in CF, are approximately 
1.35 times the widths in N, (figure 5), which gives an 
effective collision cross section of approximately 
6 . 4 ~  1 0 - 1 5 ~ ~ 2 .  

I 5 ,  

Collisional Mean Free Path (cm) 

Figure 4. Presheath thickness versus mean free path for 
collisions in nitrogen with error bars indicating the 
uncertainty in determining the position for the beginning 
of t h e  presheath. 
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Figure 2.23: Measured presheath thickness vs. mean free path for N+
2 ions [102].

plasma potentials in the presheath. Ion dynamics were not measured and it is unclear if

the sheath-presheath boundary they identified corresponded to where the ions reached the

sound speed.

Jacobs et al. [74] used LIF to measure ion velocity distribution functions above a wafer

stage in an inductively coupled plasma processing chamber. Line-integrated electron den-

sity was measured with a microwave interferometer. The ions were observed to accelerate

towards the wafer. Assuming the ions are collisionless near the wafer, the change in plasma

potential was inferred from energy conservation of the ions. Their data are presented in

figure 2.24. The inner portion of their inferred plasma potential is shown to agree well

with Riemann’s theory of the presheath in quiescent, weakly collisional plasmas (equation

2.10). This suggests that in this case the ions follow the time averaged plasma potentials,
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The high powers of pulsed lasers can easily distort the
shape of the measured f!v" by an effect called saturation !or
power" broadening.12 When the laser intensity is great
enough to excite nearly all of the metastable ions with ve-
locities lying within the bandwidth of the laser, the wings of
the laser’s frequency distribution become important. The
relatively small amount of laser radiation outside the laser’s
bandwidth will normally excite only a negligible amount of
ions. At very high laser power, the fluorescence signal from
these ions will be comparable to that from the ions within the
nominal velocity window. This will effectively increase the
laser’s bandwidth and smear out the shape of the measured
curve. Using the technique outlined by Goeckner and Gor-
ree, an optimum laser power was found which avoided
power broadening while still achieving a good signal to noise
ratio.12

Line-integrated electron density was measured in the
bulk plasma with a standard 96 GHz heterodyne microwave
interferometer. The interferometer measurements had an ac-
curacy of ±2!1010 cm−3 and were used to calibrate the LIF
measurements. A typical vertical component of f!v" is shown
in Fig. 2!a". These data were taken at a point 20 mm above
the wafer surface, in the bulk plasma. The measured f!vz" is
a good, but imperfect fit to a 0.8 eV Gaussian distribution,
indicating that the ions are not purely thermal. The signal to
noise ratio of the diagnostic is about 20:1.

The width of the presheath is given by the ion mean free
path !collisions with neutrals dominate in this plasma, with

"mfp=10 mm" and is typically much larger than the sheath
region, which is about 10"D or 100 #m. Quasineutrality
holds in the presheath but there is a small electric field ac-
celerating ions from the bulk plasma into the sheath. Bohm
has shown that ions must reach the ion sound speed by the
time they reach the sheath/presheath boundary.6,7 An f!vz" in
the presheath region, 2 mm above the wafer surface is shown
in Fig. 2!b".

There is clearly a population drifting downward toward
the wafer with approximately the same temperature as the
bulk plasma. A smaller, nondrifting population of ions is also
visible in the f!v"—this may be due to neutrals which are
ionized by collisions within the presheath. These recently
ionized particles have not had time to be accelerated by the
presheath potential, and therefore have velocities centered
about vz=0.

Figure 3 shows a plot of vertical drift velocity versus
height above the wafer. The ion drift velocity is taken to be
the peak of f!v" in velocity space.

Ions more than 10 mm from the wafer have f!vz" cen-
tered about zero, indicating that they are in the bulk of the
plasma. Downward ion drifts develop closer to the wafer.
The width of the drifting region !about 12 mm" corresponds
to the size of the presheath and agrees with the ion mean free
path of 10 mm.

The Bohm criterion predicts that ions will reach the
sound speed of the system as they travel from the presheath
into the sheath. For Te=3 eV, cs=2.6 km/s, which is nearly
reached by ions just above the wafer. The camera’s resolu-
tion is on the order of the sheath thickness, and therefore,
f!v" could not be measured inside the sheath with the current
setup. Assuming that the presheath electric potentials are
solely responsible for the ion drifts, the potential profile can
be obtained from energy conservation !see Fig. 4".

FIG. 1. Chamber diagram showing vertical and radial laser sheets and the
CCD camera’s field of view.

FIG. 2. !Color online" !a" f!vz" at a point in the bulk plasma. The solid curve
is a fit to a nondrifting 0.8 eV Gaussian. !b" f!vz" at a point in the presheath.
The solid curve is a fit to a 1.3 eV Gaussian drifting downward at 2.1 km/s.

FIG. 3. !Color online" Vertical ion drift velocities in the presheath.

FIG. 4. !Color online" Electric potential in presheath, solid curve is fit to
theory.

161505-2 Jacobs et al. Appl. Phys. Lett. 91, 161505 !2007"
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Figure 2.24: Inferred plasma potential from ion energy conservation [74].

which in turn agree well with theory of quiescent plasma presheaths.

Sun et al. [75] observe IVDFs near a grounded plate in a helicon-produced plasma.

Their data are given in figure 2.25. The authors note that the ion beam acceleration occurs

plasma potential to that of the DL.29 To satisfy the Bohm
criterion for ions falling into the sheath at the edge of the
DL, the ions must reach a minimum parallel energy of 1

2kTe
by passing through the presheath. The measured ion accel-
eration before the DL is shown in Fig. 8 for the AP placed at
z=−29.4 cm. The ions begin to accelerate !3 cm before the
plate, approximately equal to the expected length of the
presheath, the ion-neutral collision length.21,22 The beam en-
ergies at the aperture are 6.7, 7.2, and 8.3 eV for 500, 800,
and 1100 W of rf power. Langmuir probe measurements at
z"−32±0.15 cm indicate that the electron temperatures are
8.0±1.0, 8.4±1.0, and 8.4±1.0 eV. Langmuir probe charac-
teristics show an energetic electron population, if at all
present, had a density less that 0.1% of the bulk electrons.
Thus, the ion energies at the aperture indicate a kTe /e poten-
tial drop in transiting the presheath. The presheath region, as
indicated in Fig. 8, is 4–5 cm, which, as noted before, is
approximately equal to the ion-neutral mean free path of
3–5 cm. Thus, the thickness of the presheath is consistent
with Riemann’s sheath model. However, similar to Oksuz
and Hershkowitz’s experiment,22 the potential drop over the
presheath is !kTe /e, instead of kTe /2e in Riemann’s model.
The exiting ion flow energies at z=−27.6 cm, about 1.5 cm
from the exit of aperture, are 36.5, 39.6, and 47.8 eV for
these three rf power scans, i.e., the strength of the sheath DL
increases with increasing rf power.

Note that although the plasma parameters upstream of
the nozzle are dramatically different in Figs. 4 and 7, the
strength of the DLs formed by the nozzle magnetic field are
nearly identical, about 20 V or !3kTe /e. Although no spatial
scan was performed for the configuration without an aperture
plate, the increase in ion kinetic energy close to the magnetic
aperture is approximately the same, 7.0 eV, at z=3.0 cm
with BN=2250 G, for configurations 2#a$ and 2#d$. Thus,
these measurements suggest that the nozzle magnetic field
creates an overall 20 V potential drop along the axis even
though the detailed DL structure does depend on the up-
stream plasma parameters #as indicated by Figs. 4 and 7$.

3. Aperture plate in the expansion chamber

The floating potential acquired by an electrically floating
AP placed in the expansion region of the experiment is in-
dicative of a density-weighted average energy of the electron
population in the plasma. Shown in Fig. 9 are the measure-
ments of the z-directed ion energy at z=5.3 cm for the AP at
z=4.5 cm %the AP position as indicated by Fig. 2#e$& and the
aperture-plate floating potential versus nozzle magnetic-field
strength. Both the ion flow energy and the floating potential
of the AP increase with decreasing nozzle magnetic-field
strength. The large negative floating potential, up to −75 V,
of the electrically isolated aperture plate in the expansion
chamber suggests the existence of energetic electrons in the
plasma. The existence of energetic electrons in helicon
sources, possibly resulting from Landau damping of the heli-
con wave, has long been debated amongst the helicon source
community.30 Reports of energetic electrons in long, low-
axial-power density, higher-neutral-pressure helicon plasmas
indicated that the energetic population was less than !10−4

of the bulk, thus the Landau damping explanation for the
high ionization efficiency of helicon sources has fallen into
disfavor.31,32 However, the LIF measurements presented
here, for a relatively short, higher power-density device, in-
dicate a strong correlation between the mechanism respon-
sible for determining the strength of the DL and the floating
potential of the AP—possibly a result of the DL formation
being controlled by a population of energetic electrons in the
helicon source.

If the high #negative$ floating potential of the AP results
from an energetic electron population, the same population
of energetic electrons should determine the strength of the
ion-accelerating DL and both the AP floating potential and
the ion-beam energy will have similar dependencies on the
source parameters.20 Note also that if the higher nozzle field
strength results in more energetic electrons reflected back
into the source because of magnetic mirroring, i.e., fewer
energetic electrons can reach the AP downstream of nozzle,
the decrease in the strength of the DL and the decrease in the
AP floating potential with increasing nozzle magnetic field

FIG. 8. The ion-beam energy in the presheath for rf powers of 500 W #solid
circles$, 800 W #solid squares$, and 1100 W #solid diamonds$. BH=580 G
and PM =0.5 mTorr. Aperture plate at z=−29.4 cm #right surface$.

FIG. 9. The ion-beam energy #solid circles$ at z=14.8 cm and absolute
value of aperture-plate floating potential #solid squares$ vs the nozzle field
strength for rf power of 720–850 W, BH=580 G, PM =0.5 mTorr, and
PER=0.12–0.24 mTorr. The aperture plate was at z=14.0 cm #left surface$
in the ER.

103509-7 On-axis parallel ion speeds near mechanical… Phys. Plasmas 12, 103509 !2005"
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Figure 2.25: Ion energies in front of a grounded plate in a helicon plasma [75].

on a distance length of approximately the ion collision length of 3 cm. Using Langmuir
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probes, they measure an electron temperature of 8 eV. Thus the authors observe the ions

achieving an energy of Te in the presheath.
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Chapter 3

Experimental setup

To investigate presheaths in plasmas with significant collisions (λ less than the size of the

experiment), ionization (νiz ∼ νc), and magnetic field effects (ρi,e less than the radius

of the experiment), a helicon plasma source was constructed with Langmuir and emis-

sive probes, and laser-induced fluorescence (LIF) diagnostics. The helicon source is ideal

because of its background axial magnetic field, optical access, strong LIF signal, and ap-

propriate plasma parameter regimes. Background information regarding the diagnostics,

and the experimental setup of each set of measurements are described in the next sections.

3.1 Langmuir probes

Langmuir probes are one of the oldest plasma diagnostics. Simply put, a Langmuir probe

is a conductor exposed to the plasma, whose total area is much smaller than the other loss

areas exposed to the plasma (typically the conducting vacuum chamber walls). “Smaller”

means at least as small, compared to the other loss areas in the system, as the square root of

the mass ratio between the electrons and the ions [5]. The potential on the probe is swept

relative to system ground, and the collected current is measured. The collected current is a

function of the plasma potential, the electron and ion energy distribution functions, and the
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total probe collecting area. Langmuir probe use has been reviewed by a number of authors

[12, 76, 77]. The relevant background material for understanding Langmuir probes in this

proposed work is presented here.

3.1.1 Planar Langmuir probes in unmagnetized, quiescent plasmas

For a collecting probe in a cold plasma where Te = Ti ≈ 0, the probe will collect current

determined by the probe’s potential relative to the plasma potential. If the probe is above

the plasma potential, then no ions will be collected, and any electron that enters the probe’s

sheath will inevitably fall towards the probe and be collected. Above this potential no

further increase in electron current is expected because the current is a function of random

electron flux into the probe sheath, which is not a function of probe bias above the plasma

potential. Conversely, if the probe is biased below the plasma potential, then electrons will

not be collected, and any ion that enters the probe’s sheath will be collected.

In typical experimental plasmas a situation where Te � Ti ≈ 0 is common. In this

case, the electron current collected will depend on the electron velocity distribution func-

tion. The electron current collected by a probe in a plasma in general is given by

Ie = Ae

∫ ∞
vmin

dvz vz

∫ ∞
−∞

∫ ∞
−∞

dvx dvy fe(vx, vy, vx) (3.1)

where A is the probe’s collection area, vmin =
√

2e(φ− VB)/me, φ is the plasma po-

tential relative to ground and VB is the probe bias potential relative to ground. In many

low temperature plasma experiments and applications, the electron distribution function is

described by a Maxwellian (equation 2.2). Using this form in equation 3.1 the collected

current becomes

Ie = An0e

√
Te

2πme

exp

[−e(φ− VB)

Te

]
, VB ≤ φ (3.2)

Ie = An0e

√
Te

2πme

, VB > φ (3.3)
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The electron current per unit area to a planar probe biased at VB can be
calculated by taking the integral

je(VB ) = ef Q, r ) Vz do; dVydvz

= en e ( 2:rJ3/ 2 exp[- ]Vz dvz- (n)
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1. Ideal electron current (Ie) versus probe bias (VB) for a variety of plasma
conditions. In all cases the plasma potential Vp has been chosen to be equal to +31;,.
(a) Only bulk electrons are present. (b) Bulk electrons in addition to primary electrons with
energy Ep = 30 1;, are present. (c) Only an electron beam with energy Eb = 20 1;, is present.
(d) The electron beam plus bulk electrons are present. (e) Ion saturation current is added to
the .currents shown in Figure ld. The amount of ion saturation current is exaggerated for
c1anty. (f) The current associated with ion beams with energy Ebi are added to the
currents shown ill Ie,

a good measurement of 7;" ne,and V. 'if a variety of conditions are
satisfied. A partial list of these is: the plasma is not drifting,the electron
distribution function is Maxwellian, the plasma density is sufficiently high
that sheaths are small compared to the probe dimensions, significant
fluctuations are not present, the probe surface is clean, magnetic fields are
not present, secondary electron emission is not large, and electron neutral
collision lengths are large' compared to probe dimensions.
In many applications it is important to know the details of the electron

distribution function. In particular f(Q) is very important for kinetic theory
and f(E) is important in consideration of particle confinement by electro-
static potentials. For the large planar probe case that we are considerinz it.
IS easy to determine fzCvz), if fz(vz) is a nondrifting Maxwellian. The probe

(12)

where I
e
* = Sne",evTeI2'lTlne ,ne", is the plasma electron density, and S is

the collecting area of the probe. I e* is commonly to as
saturation current. An identical result can be obtained by mtegratmg
Eq. (9). . ',,. f f
Equation (12) is graphed in Figure Ia; The most prominent eature 0

this curve is the "knee" near the plasma potential. Figure 1 suggests a very
simple technique for determining the plasma density and electro:n
temperature. The slope of a semilog graph of Ie vs. VB on a.sermlog plot
IT Given the electron temperature, the electron saturatIOn current Ie

the density. The plasma potential Vp can be by. the
intersection of two straight lines-one parallel to the sloping part and the
other parallel to curve above the knee, as in la.
For example, for a 1/4 inch diameter tWO-SIded dISC probe, the plasma

density given by Eq. (12) is

-3 _ 5.9 X 108 Ie*(mA) (13)
n(cm ) - vTe(eV) ,

where the electron saturation current I e* is measured in milliamps.
procedure is easy to use and can give quite reproducible results. It can give

Carrying out the integral and multiplying by the probe area S gives an
expression for the probe current Ie

Figure 3.1: Electron current to a planar Langmuir probe with Maxwellian electrons [77].

Vp here is φ in the text.

Equations 3.2 and 3.3 and plotted in figure 3.1. As is seen in this figure and in equation 3.2,

for VB < φ the electron current is an exponential function of the bias voltage. Thus the

natural log of this region of the I-V characteristic will yield a straight line that is inversely

proportional to the electron temperature (Te).

Figure 3.1 does not include ion current. The ion current collected will go as [77]

Ii = 0.6n0eAvB, VB ≤ φ (3.4)

Ii = 0, VB > φ (3.5)

where vB is the Bohm velocity given in equation 2.7. The factor of 0.6 is due to the de-

crease in plasma density in front of the probe due to the probe’s presheath for collisionless

presheaths [1]. For collisional presheaths this factor is smaller than 0.6 [5]. Because ions

are much more massive, they are not accelerated to high speeds in the probes sheath com-

pared to electrons. As a result the ion current collected is much smaller than the electron

current by a factor of the square root of the mass ratio of the electrons and ions. For

argon plasmas, this is approximately a factor of 200. The collected electron/ion current

above/below the plasma potential is called the saturation current.

Given this information, for a planar probe in a Maxwellian plasma where Te � Ti, the

exponential part of the characteristic yields the electron temperature (after the ion current
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is subtracted), the “knee” of the trace gives the plasma potential, and the ion current from

equation 3.4 yields the bulk plasma density.

In reality the probe’s collecting area will be governed by the expanse of the sheath

around the probe. The sheath thickness will increase for increasing bias potential above

the plasma potential due to its increasing collecting area. For an infinite planar probe

the sheath will expand normal to the surface of the probe. Thus the collecting area of

the probe relative to the plasma does not increase. For a small planar probe, when the

sheath expands it will expand around the edges, eventually turning the collecting area

from planar to spherical. This will cause the electron current to increase slowly as the bias

voltage increases past the plasma potential, instead of remaining constant. An example

trace exhibiting this is given in figure 3.2. The negative current in this figure is due to ion

-------I
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v,

FIGURE 9. I-V characteristic showing increase in curreIl:t for V> v". In laboratory plas-
mas, there would. also be some rounding near the knee as a result of plasma noise.

E Ie

point and the other drawn parallel to the flat portion below the knee, This-
procedure is illustrated in Figure 9.

VB (V)
FIGURE 10. Laboratory I-V char t . ti h .ac ens IC s OWIng the presence of an ion beam.
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C. ION BEAM EFFECTS ON I-V CHARACTERISTICS OF
NON-SEMI-INFINITE PLANAR PROBES

1. Additional Collected Electron Current

It has recently been found (Weber et al., 1979;Sk0elv et al., 1984) that the
contribution of ion beams to probe I-V characteristics can be quite large
and is sensitive to sheath expansion. Just as electron beams show up as
increased electron current for bias voltages that are insufficient to repel
them, we might also expect 'ion beams to show up as reductions in ion beam
current or increases in electron beam current at bias potentials more
positive than the plasma potential for which the ion beams are reflected.
However, the ratio of ion beam current to electron saturation current is
only the order of (nb/ne)(47TEbmeimiTe)1/2, where n b and Eb are the ion
beam density and energy, respectively. It seems obvious that unless Eb is
very large, the increase in current associated with the ion beam "knee" in a
Langmuir probe I-V trace would be more than an order of magnitude
smaller than the increase associated with the knee at the plasma potential.
From this there are then two apparent conclusions: 1) Langmuir probes can
not be used to detect ion beams in the presence of background plasma
unless the beam current is comparable to the electron saturation current
and 2) ion beams do not add much confusion to the interpretation of swept
Langmuir probe characteristics if the ion beam current is much less than
the electron saturation current.

Figure 3.2: Electron current to a planar Langmuir probe with sheath expansion for VB > φ

[77]. Vp here is φ in the text.

current for VB < φ. Note that figures 3.1 and 3.2 are not to scale. Important features such

as ion and electron current magnitudes have been rescaled to make them easier to observe.
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3.1.2 Cylindrical Langmuir probes in unmagnetized, quiescent plas-

mas

It is often advantageous to use Langmuir probes with cylindrical geometry. Cylindrical

probes can be made smaller more easily and can be less perturbing to the plasma than a

comparable planar probe. It is often easier to obtain more resilient materials for withstand-

ing plasma heat flux and sputtering in cylindrical geometry. This geometry requires more

careful analysis of the current characteristic. The cylindrical geometry will create a cylin-

drical sheath around the probe. Due to their angular momentum, some particles that enter

the sheath may then simply be scattered, instead of collected. For a collisionless probe

sheath and presheath the theory that predicts collected current is called “orbital motion

limited” (OML) theory [78]. Taking into account these orbital effects, this theory predicts

that the electron and ion current will be given by

Ie ≈ en0A

√
4Te

2π2me

√
1 +

e(VB − φ)

Te
, VB < φ (3.6)

Ii ≈ en0A

√
−2e(VB − φ)

π2Mi

, VB > φ. (3.7)

An important caveat to this formulation is that OML theory assumes the cylindrical

probe is infinitely long. In reality a cylindrical probe has a finite extent and the electron

current collected by the probe tip affects the electron saturation current collected. Hoskin-

son and Hershkowitz [79] show that the electron saturation current for a finite cylindrical

probe can be empirically fit to the following equation

Ie = en0A

√
Te

2π2me

1.08

(
1 +

e(VB − φ)

Te

)γ
, VB ≥ φ (3.8)

where γ is a fitting factor accounting for probe end effects. For an infinite probe γ → 1/2.

Hoskinson and Hershkowitz experimentally investigated the regions of 0 ≤ rp/λD ≤ 2

and Lp/λD < 300 and found that probe end effects were apparent for all experiments in

these ranges.



42

When collisions are present in the probe’s sheath the assumptions that precede these

results are no longer valid. Another theory, called Allen, Boyd, Reynolds theory (named

after its creators) describes the process of ion collection by cylindrical probes in this case

[80]. This theory describes how particles in the sheath and presheath collide and move

radially towards the probe, negating the orbital effects in OML theory.

Because of the different collecting geometry for planar, cylindrical, and spherical (not

discussed here) probes , the electron current for VB > φ increases at different rates for

the different cases. This is shown in figure 3.3. In each case the exponential part of the
132 Noah Hershkowitz How Langmuir Probes Work 133

B. ORBITAL THEORY

1. Single Particle Theory
spherical

(42)

(43)

(44)

for spheres,

forcylinders

for spheres.

VB

FIGURE 8. Ideal I-V characteristics for planar, cylindrical, and spherical probes.

planar

cylindrical

and

where

For small sheaths (d/a :::::: 1) Eq. (42) reduces to the thin sheath value to
I:::::: Sir. In the thick sheath limit Eq. (42) reduces to (Chen, 1965)

S'2( + 1)1/2I:::::: '.Jr 1],;;
:::::: Sir(1] + 1)

Eql1ation(41) is graphed in Figure 8. It is apparent that the knee is not well
defined for spherical probes .
. Equation (44).shows that the probe currents.Le, the effective probe areas,
mcrease approximately linearly for small increases in 1] == e(V - v: )/T.
O . d'+r . B P ene major luerence. between probe characteristics in real plasmas as
opposed to those of ideal semi-infinite planar probes shown in Figure 1 is

the electron saturation current continues to increase (approximately
linearly) above the plasma potential because of contributions from the
edges of finite size disc probes, as shown in Figure 9. As the sheath
increases in size, planar disc probes behave more and more like spherical
probes. We easily take account of this behavior by determining the
plasma potential (assuming nondrifting plasma) from the intersection of
twolines--one drawn parallel to the I-V characteristic curve at the steepest

(39)

(40)

(41)

for cylinders

for cylinders

for spheres

for cylinders of length 1

for spheres,

1= ir2'lTp)

=ir4'lTP'f.

The characteristics of a cylindrical or spherical probe with radius small
compared to the sheath dimension can be treated 'using "orbital theory."
This theory is important for the interpretation of emissive probes, which are
normally wires with radius of from .001 to .003 em. Orbital theory was
developed by Langmuir and Mott-Smith (1924). Consider a probe biased at
VB. The simplest situation is a particle with charge q, initial velocity va'
and impact parameter p at a point far from the probe where the potential is
Vp • At closest approach its radius is rc and its velocity is vc ' Conservation
of energy and angular momentum gives

Langmuir and Mott-Smith (1929) have worked the problem for Maxwellian
distributions and shown that

2. Maxwellian Distributions

where ir is the random current density of particles crossing a unit area in
one direction in the plasma. Substituting for probe parameters gives

where v:, is the plasma potential at the point of closest approach and
== 1/2mv;. Taking rc as the probe radius a, any particle with

p < a[l + (VB == Pa will be collected.
For monoenergetic particles at infinity (forming either a beam or a

cylindrical or spherical shell in velocity space), the probe current is given by

Figure 3.3: I-V characteristics for planar, cylindrical, and spherical Langmuir probes [77].

curve still yields the electron temperature, the ion current yields the plasma density, and

the knee gives the plasma potential (not apparent in spherical probe traces). The form of

the equation used to obtain these results may be affected by the geometry, as shown in

equations 3.6 and 3.7.

3.1.3 Langmuir probes in quiescent, magnetized plasmas

Many plasmas of interested often have background magnetic fields strong enough that

the electron and ion gyro radii are smaller than the dimensions of the diagnostic probes.

This situation is called a “magnetized” plasma and has been review by several authors
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[12, 76, 77]. The main effect of the magnetic field is to constrain electron and ion motion

to along the magnetic field lines. The particles within one gyro radius of the field lines that

intersect the probe have access to the probe’s collecting area, thus limiting the probes total

possible collection current compared to unmagnetized systems. The only way for particles

outside the field lines to be collected to to collide and “jump” onto a field line intersecting

the probe. For low temperature plasmas these collisions are often with neutral particles.

Chen [76] calculates that this reduces the electron saturation current, which is then given

by

Ie =
n0v̄eAλen

3rp

√
D⊥
D||

, VB > φ (3.9)

where λen is the electron-neutral collision length, rp is the probe radius,D⊥ andD|| are the

diffusion constants perpendicular and parallel to the magnetic field respectively. Because

me � Mi, the electron gyro radius is much smaller than the ion gyro radius. Thus it is

common for electrons to be magnetized and ions to unmagnetized. In this case only the

reduction in electron saturation current needs to be properly accounted for.

3.1.4 Langmuir probes in rf plasmas

The main effect of radio frequency plasma generation on probe characteristics is a fluctu-

ation of the plasma potential (φ) during the course of the probe sweep. For a sinusoidal rf

fluctuation, the fluctuating potential will spend the most time in the extrema of the voltage

cycle. The I-V characteristic will then have two “knees”. An example trace is give in fig-

ure 3.4. In this figure I∗e is the electron saturation current and the effect of the rf fluctuation

is obvious. In denser plasmas, the plasma will more completely shield out the rf electric

fields reducing the peak to peak fluctuations of the plasma potential. The Langmuir probe

traces may then deceivingly appear to be normal I-V traces, except with a slightly hotter

electron temperature [81]. Traces in dense rf plasmas must be analyzed carefully in order

to account for falsely hot electrons.
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FIGURE 27_ Current averaged I-Y characteristicfor half-wave rectified sine wave plasma
potential variation.

where 1 0 is the Bessel function of the imaginary argument. Again the
electron determined the straight portion of the (In 1) vs
V charactenstIc,will be accurate if eV/Te :$ 1. Balancing electron and ion
current to the probe gives a change AVr in the probe's floating potential
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FIGURE 26. Current averaged I-Y characteristic corresponding to a sine wave plasma
potential variation. V is chosen to be T./e and 10 r;je.

B. SINUSOIDAL RF

1.2.

The result of current averaging over a sinusoidal waveform (with amplitude
V) is shown in Figure 26. It is evident that the most
curves resembles an I-V characteristic without rf. It is easy to show that this
portion of the curve is proportional to exp[- e(Vp - VB + and so
can be used to determine Te . The curve continues to increase and eventually
saturates for VB?: V + V. Nonideal probe characteristics differ signifi-
cantly from that in Figure 26 because of ionization and sheath
effects when VB is much more positive than Vp ' ., •
The results of current averaging over a half-wave rectified sine wave IS

shown in Figure 27. Note that the knee in the time averaged curve
corresponds to V , the flat value of the oscillating plasma potential. It is
also apparent thit the electron saturation current is half the value for the
DC case. It is easy to show that when the waveform is only a partially
rectified sine wave, the saturation current gives 1 - IX times the DC

Equation (96) is graphed in Figure 25b. This result can be thought of as due
to the rectification of the rf voltage by the nonlinear conductivity of the
probe sheath.

Figure 3.4: I-V characteristic for Langmuir probe in an rf plasma with a sinusoidal plasma

potential fluctuation for two different rf fluctuation amplitudes [77]. The dashed lines

represent probe traces if the plasma potential were fixed at the extrema or midpoint of the

rf cycle. Vp here is φ in the text.

Oksuz et al. [82] claim that the electron temperature can be accurately measured by

looking at the most negative VB part of the exponential region of a probe trace. During

this part of the trace, only the highest energy electrons will be collected by the probe. For

these electrons, the changes in their energy due to the potential fluctuation is relatively

small compared to their mean energy. If these electrons are representative of the bulk elec-

tron energy distribution, then their temperature will accurately represent the total electron

temperature, undistorted by the rf fields.

If the frequency of the rf fluctuation is known, it is possible to mitigate the effects on

the probe trace by introducing an rf choke into the probe circuit. A choke is simply a tank

circuit in series between the probe and the bias supply that is tuned to have a very large

impedance (typically ∼ 100 kΩ) at the rf frequency, and its harmonics. If the impedance
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of the choke is sufficiently large, the subsequent traces can then be analyzed as if rf fluc-

tuations are not present [81, 86].

3.1.5 Langmuir probe interpretation of bi-Maxwellian EEDFs

In many situations, the electron energy distribution function (EEDF) is made of the sum

of two distinct Maxwellian populations with different temperatures and densities. Such

phenomena are frequently observed in filament-produced discharges [83] and Hall thruster

plume plasmas [84]. In many cases one electron population will be significantly hotter

than the other. This lends itself to analyzing the electrons in terms of a hot population with

temperature Th and a cold population with temperature Tc. Because the slope log of the I-

V trace, after the ions are subtracted, is inversely proportional to the electron temperature,

two distinct straight-line regions are observed in the exponential part of the trace. An

example is shown in figure 3.5.

To analyze these traces, the log of the full Ie trace is taken, as shown in figure 3.5. A

straight line is fit to the region with lesser slope. This region extends to more negative

bias as the hotter electrons continue to get collected by the probe at less biases than the

cold electrons. The inverse of the slope of this region (red line in figure 3.5) yield the hot

electron temperature, Th. Taking the exponential of the fit to the hot electrons yields the

I-V trace of the hot electron population. Subtracting this from the total electron I-V trace

yields the characteristic due solely to the cold population. Taking the log of that trace

(shown by the dashed line in figure 3.5), and then measuring the inverse of the slope of the

straight line region (the blue line in figure 3.5) yields the cold electron temperature.

The contribution of the hot and cold populations to the total density can also be calcu-

lated. From equation 3.3 we have

I∗h
I∗c

=
nh
√
Th

nc
√
Tc
≡ R (3.10)

where I∗h,c, nh,c is the hot/cold electron currentat the plasma potential and hot/cold electron
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to take emissive probe I-V traces. The bias on the probe was
swept by a function generator with a sinusoidal waveform at
30 Hz amplified by a bipolar amplifier. A high sweep fre-
quency was desired because when the probe was biased
above the plasma potential, the collected electron current
further heated the probe, leading to an inconsistent emission
current over the I-V trace. However, if the frequency was too
high, hysteresis would adversely affect the data. By setting
the frequency to 30 Hz, the hysteresis and additional heating
for high bias voltages were minimized, but both effects were
present, requiring data to be taken only on the rising half
cycle of the sweep. The probe was heated by a floating
power supply that was manually controlled since the emis-
sion only needed to be changed between I-V traces, not dur-
ing them. The probe current was determined by measuring
the voltage across the 200X current shunt resistor. All mea-
surement voltages were passed through isolation amplifiers
before being recorded via a data acquisition (DAQ) card.

D. Data methods

1. Electron temperature

From probe measurements the electron temperature can
be determined by fitting a line to the semilog graph of the
characteristic cold I-V trace.14 When the electron energy dis-
tribution function (EEDF) is non-Maxwellian, however, the
determination of an effective electron temperature requires
measurements of EEDF. In these experiments, the EEDF was
not measured because that is a non-trivial task for magnetized
plasmas and it was not the purpose of this work. The semilog
I-V traces had two linear regions (see Fig. 7), indicative of a
bi-Maxwellian EEDF. The linear region between 0 and 70 V
is an approximately Maxwellian region and contains most of
the plasma electrons. The region between !150 and 0 V is an
enhanced high energy tail and describes only a small fraction
of the plasma electrons. The temperature of the plasma used
in the data analysis was the effective temperature combining
the majority of colder electrons with the minority in the high
energy tail. The temperature of the high energy tail (Te,hot) is
the inverse of the slope of the line fitted to the !150 to 0 V

region. The temperature of the colder electrons (Te,cold) is the
inverse of the slope of the line fitted to the 0–70 V region after
subtracting the contribution from the high energy tail. The
fraction of electrons in the high energy tail (a) is equal to the
current at the plasma potential due to the tail divided by the
electron saturation current. Based on the kinetic definition of
temperature,

Te ¼
1

3
me

ð1

!1
v2f ðvÞdv; (4)

an effective electron temperature can be derived by assuming
that the EEDF is a bi-Maxwellian ( f(v)¼ a fh(v)þ (1! a)fc(v),
where fh(v) is the hot electron Maxwellian distribution func-
tion and fc(v) is the cold electron Maxwellian distribution
function)

Te;eff ¼ ð1! aÞTe;cold þ aTe;hot: (5)

This effective temperature is an approximation to account
for the influence of the enhanced tail of the EEDF. For the
example shown in Fig. 7, Te,cold¼ 24.1 eV, Te,hot¼ 169 eV,
and a¼ 0.064, resulting in Te,eff¼ 33.3 eV.

FIG. 6. The circuit diagram of the elec-
tronics used to take I-V traces.

FIG. 7. (Color online) A typical semilog graph of an I-V curve with lines fit
to the data to determine the temperature. The plasma potential is 109 V,
Te,cold¼ 24.1 eV, Te,hot¼ 169 eV, a¼ 0.064, and Te,eff¼ 33.3 eV. See text
for comments on hot and cold electron temperatures.
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Figure 3.5: I-V characteristic for Langmuir probe in a plasma with bi-Maxwellian elec-

trons [84].

density. Defining this ratio to be R and realizing that nc + nh = no we have

nh
no

=
R
√
Tc/Th

1 +R
√
Tc/Th

≡ α. (3.11)

The total density can be calculated as usual from the ion saturation. For the purposes of

calculating the ion sound speed, cs, an effective temperature is defined as

1

Teff
=

1− α
Tc

+
α

Th
(3.12)

where Teff is the effective temperature. This definition of effective temperature has been

shown to be an accurate for calculating the ion sound speed [85]. It is important to note

that the calculation of no from the ion saturation current depends on α, which itself is

a function of no. It is simple to guess correct values of alpha and recursively check its

validity using the ratio of hot to total electron saturation currents as an initial guess for α.



47

3.2 Emissive probes

3.2.1 Emissive probes in unmagnetized, quiescent plasmas

An emissive probe is essentially a Langmuir probe whose surface is heated until it thermion-

ically emits electrons. The probe can be heated Ohmically using an isolated power supply,

via a laser beam, or Ohmically through collection of electron current from the plasma.

When the probe’s bias is below the plasma potential, these emitted electrons will leave the

probe and enter the plasma. This will appear as negative current on an I-V trace. When

the probe bias is above the plasma potential the emitted electrons will return to the probe,

and the probe will act as a normal Langmuir probe. The emitted electrons are generally

colder than the plasma electrons, thus the change from negative to positive current in the

I-V characteristic is usually very dramatic. Thus the inflection point of an emissive probe

trace is a very good estimate of the plasma potential. An example emissive probe trace is

given in figure 3.6 where TW is the wire temperature.

Plasma Sources Sci. Technol. 20 (2011) 063001 Topical Review

Figure 1. Schematic diagram of emitted and collected current for
emitting and collecting probes, respectively. ξ is the probe bias
normalized to Tw for the emitter and Te for the collector. P is for a
planar probe, C is for a cylindrical probe and S is for a spherical
probe. Note that these graphs have a logarithmic scale on the vertical
axis and emitted and collected electron currents have opposite signs.
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Figure 2. Experimental emissive probe I–V traces with current
from the probe on the vertical axis and probe bias voltage on the
horizontal axis.

0.0025 cm diameter tungsten wire is exposed to the plasma
and a current is passed through it to heat the wire to emission.

These basic ideas have been expanded and refined to
suit a variety of situations. First, in section 2, theoretical
descriptions of emissive probes are discussed. Then the various
methods for determining the plasma potential are addressed
(section 3) as well as heating schemes (section 4). Probes can
be constructed in a variety of ways, which are also detailed
(section 5). A number of specific applications of emissive
probes warrant individual discussion (section 6) and uses of
emissive probes apart from measuring the plasma potential are
described (section 7). Finally, this review includes a discussion
addressing how to choose the most appropriate emissive probe
technique, which is summarized in tables (section 8).

2. Emissive probe theory

2.1. A simple model

There are two basic components to the emissive I–V curve:
the collected current and the emitted current. It is useful to
examine the equations describing these currents in the simple

Figure 3. One version of the hairpin design of an emissive probe.
The tungsten wire is the emissive probe filament and the rest of the
structure connects the emissive probe electrically to the control
circuit and mechanically secures the probe.

case of a cylindrical probe with space charge effects neglected.
Space charge effects are caused by non-neutral charge build up
around the probe and significantly complicate calculations (see
section 2.2). These simple equations can yield a qualitative
understanding of how emissive probes work.

The collected current is just the same as that of a cold
Langmuir probe [7, 12, 13]:

Ic(Vb) =
{

I ∗
e exp

(
−e(Vp−Vb)

Te

)
, Vb ! Vp,

I ∗
e g′(Vb − Vp), Vb > Vp.

(1)

where Vb is the probe bias, Vp is the plasma potential, I ∗
e is

the electron saturation current, Te is the electron temperature
in eV and g′(Vb − Vp) accounts for angular momentum of the
collected electrons. The emitted current can be written as

Ie(Vb) =






Ie0, Vb < Vp,

Ie0 exp
(−e(Vb − Vp)

Tw

)
g(Vb − Vp), Vb " Vp.

(2)
The function g′(Vb − Vp) is the first derivative of g(Vb − Vp)

and Tw is the wire temperature in eV. Temperature limited
emission (Ie0) is given by the Richardson–Dushman equation
which is [14]

Ie0 = AT 2
wS exp

(
eφw

Tw

)
, (3)

where A is Richardson’s constant, φw is the work function of
the wire and S is the surface area of the wire. Ion current is
neglected in this description because it is much less than the
temperature limited emission.

The equations are graphed in figure 4 with Vp = 0 and
Te = 1 eV [7]. Note that the emission current is nonzero when
the probe bias is just several Tw/e ≈ 0.2 V above the plasma
potential (which is chosen to be zero). This effect is due to

2

Figure 3.6: An example emissive probe I-V trace for different wire temperatures (TW )

[87].
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In this figure, the negative current increases in magnitude with increasing wire tem-

perature because more electrons are thermioncally emitted the hotter the wire is. Emissive

probes have been recently reviewed by Sheehan and Hershkowitz [87]. The authors show

that the inflection point of the I-V trace at large TW occurs slightly off from the plasma po-

tential because of space charge effects around the probe from the emitted electrons. Thus

the inflection point in the limit of zero emission has been shown to be an accurate and

robust method for measuring the plasma potential [87].

The inflection point in the limit of zero emission is not the only way to calculate the

plasma potential. In 1966 Kemp and Sellen [88] showed that as the emission of the probe

was increased its floating potential approximated the plasma potential. An example dataset

is given in figure 3.7. This method, along with others, was later compared with the inflec-

Plasma Sources Sci. Technol. 20 (2011) 063001 Topical Review

Figure 8. I–V traces for various levels of emission in a plasma.
The load line is the current-voltage relationship of impedance of the
electronics used to take measurements. The floating potential is the
intersection of the I–V trace with the load line.

Figure 9. The emission current versus the floating potential of the
probe. The dashed line indicates the measured plasma potential of
6.79V.

is increased until the floating potential saturates. The technique
is known as the floating potential in the limit of large
emission and many assume the value of the floating potential
at saturation to be the plasma potential [11, 28–30]. Kemp
and Sellen argue that the floating point method is viable for
densities between 105 and 1012 cm−3; outside of this range
the errors become too large to obtain useful data. Below the
lower limit, the electron saturation current is so small that space
charge effects become significant. Space charge effects can
change the plasma potential when the current emitted from
the probe locally depresses the plasma potential, reducing the

electron emission into the plasma. Above the upper limit the
filament temperature needed to reach high enough emission
would melt the filament. Kemp and Sellen claim that within
this stated range the plasma potential can be measured to within
an accuracy of 0.01 V, though from emissive probe theory the
uncertainty cannot be better than Tw/e, typically 0.2 V.

Although the floating point method has a precision of
Tw/e, its accuracy error is much larger than that. Hobbs and
Wesson considered a floating emitting surface in a plasma and
solved Poisson’s equation with Bohm’s criterion modified for
an emitting surface and determined that the potential of the
floating surface was approximately Te/e below the plasma
potential in the limit of large emission (see section 2.2) [2].
Numerical simulations show that a floating probe in the limit
of large emission (emission current greater than collection
current) will float 1.5Te below the plasma potential [31].
Additionally, in plasmas with large fractions of energetic
electrons, such as beam plasmas or double plasma devices,
an emissive probe in the limit of large emission can float near
the energetic electron energy and will not provide an accurate
measure of the plasma potential [8, 32].

The simplest method for determining the floating potential
is to connect the emitting probe to ground through a resistor
or a high impedance isolation amplifier, such as an AD-210, a
chip manufactured by Analog Devices. Larger resistors have
a more horizontal load line and more accurately measure the
potential at which no current is drawn (see figure 8), so high
resistances (in the M! range) are used. Alternatively, the
floating point can be measured by taking an I–V trace and
finding the potential at which there is zero current. This method
is much less convenient but is not affected by resistances.
When the plasma density is very low, taking the I–V trace
may be necessary to get an accurate reading of the plasma
potential.

3.3. Inflection point method

The inflection point method was developed by Smith et al in an
attempt to reduce the space charge effects associated with the
floating point method [13]. Figure 10 shows an experimental
emissive probe I–V trace and its derivative from a plasma
confined in a multi-dipole chamber [13]. The inflection
point of the I–V characteristic of an emitting probe in the
limit of zero emission approaches the plasma potential. The
inflection point is shifted slightly by space charge effects due to
emission and this shift appears to be linear (see figure 11) [13].
Therefore, the inflection point is measured for a number of low
emission levels (temperature limited emission on the order
of electron saturation current or less) to minimize the space
charge effects and these points are linearly extrapolated to zero
emission where there are no space charge effects.

The theoretical justification of this technique given by
Smith et al is very qualitative, but a more quantitative
justification has recently been given [9]. Using Ye and
Takamura’s analytical description of an emissive probe I–V

trace [20], a theoretical emission current versus inflection
point graph was calculated. This analysis indicated that the
inflection point method underestimates the plasma potential

5

Figure 3.7: Emissive probe floating potential for increasing wire temperature [87].

tion point method by Sheehan et al. [84] and shown to be accurate within ∼ 2Te/e.
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3.2.2 Emissive probes in magnetized and rf plasmas

The effect of a magnetic field on an emissive probe is to limit its collected electron current.

Because the magnitude of the emitted electron current is a function of TW large emitted

current can still be achieved in a magnetized system. Thus the inflection point at the plasma

potential is still easily discernible, and the inflection point in the limit of zero emission is

still an accurate measure of the plasma potential.

In an rf plasma, just as with a Langmuir probe, the I-V trace will have two knees due

to the fluctuating plasma potential. These knees will be more pronounced than with a

Langmuir probe due to the emitted electron current. Wang et al. [89] have shown than an

emissive probe trace using the inflection point method can be an accurate measure of the

time averaged plasma potential and the peak to peak fluctuation of the plasma potential.

An example dataset is given in figure 3.8. In this figure < I > is the time averaged value

of the electron current collected. The different traces are for different plasma potential

fluctuation amplitudes. The spacing between the peaks in the derivatives in the bottom

panel gives the peak to peak fluctuations and the mean value of the peaks’ potentials gives

the time averaged plasma potential.

3.3 Laser-induced fluorescence

Laser-induced fluorescence is an absorption spectroscopy method involving the excitation

of plasma ions to a higher energy level using a laser, observing the light from the ion’s

relaxation, and using the Doppler shift of the absorbed photons to measure ion tempera-

ture and flow speed. LIF was first used to diagnose plasma ions by Uzelac and Leis in

1992 [90]. Severn et al. [91] proposed a scheme with diode lasers that is very useful for

investigating singly-ionized argon ions in low temperature plasmas. In their scheme the

argon ion 3d 4F7/2 metastable state is excited by a photon of wavelength 668.614 nm to
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Figure 6(a) shows the I-V characteristic traces when 
the emission current I: is greater than the collecting current 
I The derivative d (I) / dV vs V curves is shown in Fig. 
6(b) for several different rf amplitudes. While the probe 
floating potentials changed about 5.2 V [see Fig. 6(a)], the 
midpoints of two peaks ofd (I )/dV changed less than 0.2 V 
when the amplitude of the rf signal was varied from 0 to 20 V 
(peak to peak). The same results are given in Figs. 7 (a) and 
7(b) for small emission current where I > I:. The results 
indicate that the two-peak method has the advantage that it 
is not sensitive to density fluctuations and accurate time-
averaged potential measurements than can be obtained by 
using it. This technique is sufficiently useful that when no rf 
is present, it may sometimes be advantageous to add rf mo-
dulation into the probe circuit to produce two peaks. 
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B. Measurements of maximum and minimum plasma 
potential 

Often the effectiveness of a particular plasma-surface 
interaction will depend on the energy of positive ions inci-
dent on the surface which is not known in many situations 
(at least as a function of time). In order to determine the 
energy a positive ion can have as it is accelerated through the 
sheath region toward a surface, it is important to know the 
maximum and the minimum plasma potential in an rf plas-
ma. 

The applied rf in many systems is sinusoidal but the 
response of the plasma often results in partial wave rectified 
signals as wen as sinusoidal signals. I We can study a range of 
full- to half-wave rectified waveforms by varying the dc bias 
in Fig. 1. Wben the dc bias is set to zero and the frequency is 
sufficiently low, the waveform is half-wave rectified. If the 
bias is chosen to be sufficiently positive that the applied po-
tential never goes below ground, or if the frequency is suffi-
ciently high, I the fluctuations can be sinusoidal. Data for the 
time average value of I and dI/dV for full-wave and half-
wave signal is similar to the full-wave rectified signal and 
show that for large fluctuations the peaks can be used to give 
a measure of the maximum and the minimum plasma poten-
tial (see Fig. 8) . 

Figure 9 shows the maximum and the minimum plasma 
potential measured by the two-peak method (see Sec. III B) 
between two plates in which one is connected to ground and 
the other is connected to function generator operated at 100 
kHz. In this experiment the dc bias was set to zero. The 
plasma potential far from the plates is likely to be half-wave 
rectified in this case. It is apparent that the voltage change 
there is only half the maximum voltage change applied to the 
plates. The plasma is produced by primary ionizing electrons 
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Figure 3.8: Emissive probe I-V trace in an rf plasma for different plasma potential fluctu-

ation amplitudes [89]. The upper panel gives the raw I-V characteristics and the bottom

panel shows the derivatives of the I-V traces.

the 4p 4D0
5/2 state, which then preferentially decays to the 4s 4P3/2 state emitting a photon

with wavelength 442.72 nm. An energy level diagram describing this transition is given in

figure 3.9.

The argon ions move due to thermal energy and due to flows in the plasma. The

exciting laser is swept in frequency and the emitted light intensity is measured as a function

of sweep frequency. The resulting curve is related to the ion velocity distribution function

and can be used to measure the ion temperature and bulk flow speed. It is important to
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attached to the cell and the heated cell placed in a thick
walled aluminum housing (see Fig. 1). The Watlow heaters
are controlled by an Omega CNi3252 process controller us-
ing a K-type thermocouple for temperature monitoring.12
Oriel iris diaphragms13 were mounted on each end of the
housing to limit ambient light while allowing the laser beam
to pass through the cell. Fluorescent emission from the mo-
lecular iodine vapor is detected with a battery powered, UDT
Sensors PIN photodiode14 and amplified with a Stanford Re-
search Systems SR560 Preamplifler.7 For an incident laser
power of 17 mW, excellent signal to noise for the molecular
iodine fluorescence measurement was obtained for an iodine
cell temperature of 69°C.

III. LASER-INDUCED FLUORESCENCE
MEASUREMENTS

Complete details of the argon ion15 and helium neutral
LIF1 schemes used with our low power, tunable, diode laser
have been published previously. The level sequences are
shown in Fig. 2. The Ar-II LIF scheme is a three-level se-
quence that begins with the 3d4F7/2 metastable state. The
He-I LIF scheme is a four-level scheme that requires an
electron-impact collisional excitation transfer for fluores-
cence at a wavelength different from the pump wavelength.
The Ar-I LIF sequence we have developed [Fig. 2(c)] has a
similar requirement for a significant level of electron colli-
sions with neutral argon atoms.

Our three-level LIF scheme for Ar-I uses laser emission
at 667.9125 nm (in a vacuum) to pump the 4s!2P03/2"1 state
to the 4p!!2P01/2"0 state (1s4 to 2p1 in Paschen notation),
which then decays to the 4s!!2P01/2"1 state (1s2) emitting a
photon at 750.5934 nm. While the 4s!2P03/2"1 state is not a
ground or metastable state, we expected a sufficient popula-
tion for LIF due to direct excitation from the ground state
and electron-impact excitation transfers from nearby meta-
stable states 4s!2P03/2"2 and 4s!!

2P01/2"0 (1s5 and 1s3, respec-
tively). For Ar-I, jj-coupling must be used to describe the

sublevels because the interaction between the spin of each
electron and its own orbit is greater than the interactions
between the two spins and the two orbits.16

To obtain reasonable Ar-I LIF signal to noise, the source
was operated at pressures above 6.5 mTorr. Optimal signal
to noise was achieved for neutral pressures of approximately
10 mTorr. These relatively high neutral pressures provide the
collision rates necessary to populate the initial 4s!2P03/2"1
state. A typical Ar-I LIF measurement is shown in Fig. 3. The
simultaneously acquired molecular iodine fluorescence spec-
trum is shown in Fig. 4(c). Although other groups have per-
formed LIF measurements on neutral argon,17 to the best of
our knowledge, this is the first use of this three-level se-
quence for neutral argon.

For typical helicon source argon plasma parameters, the
total absorption line shape (LIF lineshape) is a convolution
of thermal (Doppler) broadening and Zeeman splitting. Other
effects, such as the natural linewidth of the line, the laser
linewidth, and Stark broadening, are ignorable. For the spe-
cific Ar-I transition used in this work, the Zeeman splitting
yields three components.16 For the ! transition, the magnetic
orbital quantum number for each level is the same !"M
=0". This transition is unshifted from the central wavelength
and is linearly polarized along the magnetic field. For the
two circularly polarized # transitions, the magnetic orbital
quantum number for each level is different !"M= ±1". The
line shifts for the #± transitions in a 1 kG magnetic field are
"$ = ±2.08%10−2 Å.18 Relative intensities of all three Zee-
man components obey I!=2I#.

When the polarization axis of the laser is oriented paral-
lel to the axial magnetic field (perpendicular laser injection),
only the ! transition is pumped. For parallel laser injection,
both of the # transitions are pumped. Insertion of a quarter-
wavelength retarder in the laser path creates circularly polar-
ized light and enables pumping of a single # transition for
parallel laser injection. Because only a single transition is
pumped for both parallel and perpendicular laser injection,
all Ar-I LIF measurements can be fit with a single Maxwell-
ian distribution shifted by the Zeeman splitting (for the #
lines) and the bulk flow of the neutral atoms:19

FIG. 1. Housing for the heated iodine cell: (a) Laser beam, (b) iris dia-
phragm, (c) flexible silicone heaters, (d) thermocouple, (e) iodine cell, and
(f) photodiode detector.

FIG. 2. LIF schemes for (a) Ar-II, (b) He-I, and (c) Ar-I. All wavelengths
are in vacuum. The nearby metastable states are also shown for the initial
state of the Ar-I sequence. The vertical arrow indicates increasing energy of
the atomic states.

FIG. 3. Typical Ar-I LIF signal vs laser frequency and fit (solid line).
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Figure 3.9: Energy level transition diagram for LIF scheme used [92].

note that the laser excites the argon ions from one metastable state to another (3d 4F7/2 →
4p 4D0

5/2). It is assumed that the IVDF of these states accurately describes the IVDF of the

ground state argon ions.

The curve obtained from LIF will be widened due to the laser’s natural line width

in frequency space, the Doppler broadening of the ion population, and due to quantum

uncertainty in the decay time of the argon ion. As long as the ion temperature is much more

significant than the laser line width and the quantum uncertainty, the argon emitted light

intensity versus laser frequency will be directly proportional to the IVDF. The frequency

simply needs to be converted into ion velocity using the usual light Doppler shift equation

[26] given in equation 3.13 below

f

f0

=
(

1 +
vi
c

)
→ vi = c

(
f

f0

− 1

)
(3.13)

where c is the speed of light in vacuum, f is the Doppler shifted frequency seen by the

moving ion and f0 is the frequency seen by a stationary ion, in this case 668.6144 nm.

In a magnetized plasma the argon ion energy levels given in figure 3.9 will undergo

Zeeman splitting. This increases the possible excitation sequences the ion can undergo.

For the relevant metastable states the Zeeman transitions are the ∆m = 0, or the π tran-

sition (where m is the magnetic orbital quantum number) and ∆m = ±1, or the σ tran-
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sitions. The resulting broadening due to the σ transition Zeeman splitting is significant

compared to the Doppler broadening and must be taken into consideration [92]. One way

to correct for this effect is to utilize the fact that the σ transition light absorbed along the

magnetic field must be circularly polarized. By injecting laser light with a fixed circular

polarization, selective excitation of one of the σ transitions can be achieved. Thus instead

of the resulting emission light being Zeeman broadened, they are simply shifted in energy

due to the Zeeman splitting of either ∆m = +1 or ∆m = −1, depending on the polar-

ization of the light injected. The resulting frequency shift of the ions is easily calculated

and is provided in a useful formula from Keesee et al. [92] as ∆f = ± 1.4 GHz/kG,

where ∆f is the frequency shift of the IVDF in frequency space, and kG is the magnitude

of the background magnetic field in the system in thousands of Gauss. The π transition

only absorbs/emits light linearly polarized light perpendicular to the magnetic field line,

with the axis of polarization aligned with the magnetic field. Thus for perpendicular IVDF

measurements, only appropriately angled linearly polarized light is injected. There is no

frequency offset for the π transition as it corresponds to ∆m = 0.

3.4 Description of the experimental apparatus

3.4.1 Vacuum chamber

Figure 3.10 shows an annotated picture of the experimental apparatus used for all the ex-

periments presented here. The vacuum chamber consists of a 10 cm ID 1 m long Pyrex

tube attached to a Pyrex cross tee. The tube sits in the center of 6 water cooled electro-

magnet pancake coils used for generating axial magnetic fields in the system. The coils

together can carry up to 700 amps DC current generating an axial magnetic field of up

to 1 kG. The coils and cross tee are wrapped in grounded aluminum mesh for rf shield-

ing. In figure 3.10 the cylindrical portion of the vacuum chamber is not visible and the
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Figure 3.10: Picture of helicon apparatus with major features highlighted.

pancake coils are visible through the rf sheilding. The cross tee is seen on the right side

of the image. The cross tee is attached to a turbo molecular pumping system and utilizes

hot filament ionization, capacitive manometer, and thermocouple gauges for pressure mea-

surement. The argon gas feed is attached to a flange on this side of the chamber (not visible

in figure 3.10). The pumps and vacuum chamber achieve a base pressure of 7× 10−8 torr.

An rf power supply applies 0 to 750 W of rf power to the helicon antenna via a π

matching network. The applied signal is sinusoidal at 13.56 MHz. Typical return powers

are less then 2 W. The helicon antenna is a 16 cm long m = -1 configuration (lower left

hand corner of figure 2.10) and is hidden in figure 3.10 behind the rf shielding. A close up

image of the system with the rf power supply on is shown in figure 3.11. The cylindrical

Pyrex chamber is now visible along the horizontal centerline of the image. The vertical

horizontal lines are the magnetic field coils. The small straps wrapped around the Pyrex
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Figure 3.11: Picture of helicon apparatus with the rf supply on at 500 W and a background

magnetic field of 1 kG.

chamber in the left of figure 3.11 are part of the rf antenna.

The grounded plate and probe diagnostics are inserted through the flange on the left

side of figure 3.10 (the right side of figure 3.11). The probe shafts fit through a slip vacuum

seal that allows for linear and rotational shaft motions. The grounded plate is held on a

fixed post attached through the flange and connected to system ground. The plate position

can be moved by inserting spacers of fixed length, but cannot be moved continuously like

the probe shaft can.

3.4.2 Laser & optics

Figure 3.12 shows a diagram of the laser beam path prior to injection into the plasma.

The Toptica laser has an output beam exiting the amplifier of 300 mW. This beam passes

through two 10% beam splitters sending the beam to a Burleigh wavemeter for coarse

tuning the wavelength, and a molecular Iodine (I2) gas cell. As the laser frequency is

scanned it excites the I2 gas which has a known relaxation spectrum. This spectrum is

used for absolute wavelength reference. An example I2 spectrum is given in figure 3.13.

The remaining beam power (230 mW) is sent through a Stanford Research Systems optical



55

Toptica seed laser
& amplifier

Burleigh
wavemeter

Iodine cellEtalon

Chopper

SRS lock-in amplifierThor-labs 
PMT

Fiber
launch

in ref out

Data collecting
scope

sig wav. ref

Collection
fiber

Injection
fiber

Figure 3.12: Diagram of LIF optics setup.

chopper to modulate in the input laser. The modulated signal is sent as a reference to a

Stanford Research Systems lock-in amplifier, which is used to discern the fluoresced signal

from the noisy plasma environment. The rest of the laser beam is then sent to a fiber launch

unit that couples the laser light to the 50 µm injection fiber.

The axial pump laser beam for LIF is injected from the flange on the right side of the

system as viewed in figure 3.10, via a 50 µm multimode fiber optic cable, a collimator,

linear polarizer and quarter wave plate. The fast axes of the linear polarizer and quarter

wave plate can be turned to create right hand circular, left hand circular, and elliptically

polarized light. The laser beam can also be injected perpendicularly to the magnetic field.

The perpendicular injection optic (visible in figure 3.14) consists of a fiber collimator
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Figure 3.13: Molecular Iodine spectrum around 668.6144 nm.

and linear polarizer. The axis of the polarizer can be turned so as to align it with the

background magnetic field for pumping of the π transition. The perpendicular injection

optic is aligned and moves with the collection telescope (also visible in figure 3.14). The

telescope consists of a 2 inch converging lens that focuses the emission light into the 100

µm return fiber.

The collected emission light is brought back to the optics bench. It is passed through

a 1 nm bandwidth notch filter centered on 442 nm, and then shone on the PMT, whose

output is coupled to the lock-in amplifier. The amplifier then gives the amplitude of the

output signal being modulated at the chopping frequency (2 kHz). Comparing this am-

plitude simultaneously with the Iodine cell wavelength reference and the laser’s relative

wavelength reference gives the IVDF in laser frequency space. The IVDF is then corrected

for the Zeeman splitting offset and displayed in velocity space.
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Figure 3.14: Picture of the perpendicular injection optics and the collection telescope.

3.4.3 Langmuir & emissive probes

Figure 3.15 shows a diagram of the sweeping circuit used for both the Langmuir and

emissive probes. The bias voltage is provided by a 1 kHz triangle wave function generator

in series with a Kepco BOP 200-1 power amplifier providing up to± 200 V. The output of

the Kepco is applied to the probe tip via a 10 Ω current sensing resistor. The current across

the resistor is measured with an AD629 difference amplifier. For Langmuir probe use an

rf choke [81] is held in series with the probe tip. The bias of the probe tip is measured

with a 10-to-1 voltage divider and an IN114 instrumentation amplifier. The outputs of both

operational amplifiers are measured by an oscilloscope. 64 traces are averaged and then

recorded by the oscilloscope. The entire probe circuit, except for the probe tip, is encased

in a grounded aluminum case so as to shield it from rf noise.
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Figure 3.15: A diagram of the emissive and Langmuir probe electronics.

For Langmuir probe measurements the probe tip consists of a 0.6 mm diameter tung-

sten wire 0.5 cm long. For emissive probe measurements the probe tip is a 0.1 mm diam-

eter thoriated tungsten wire. The thoriated tungsten has a lower work function than pure

tungsten, increasing its electron emissivity for a given wire temperature. The emissive

probe wire is heated to emission via Joule heating from collection of electron current from

the plasma. The probe sweep range is set such that the probe collects enough electron

current to heat the probe to emission. As the probe cooling time is much longer than the

sweep period, the probe temperature remains constant across the range of the sweep and

the probe emits a constant value of emission current below the plasma potential [93].

Both probes are constructed by spot welding the respective tip to a gold-plated nickel

wire, which itself is soldered to the wire fed to the BNC output of the probe shaft. The

probe tip is held by an alumina collar, which also acts to shield the gold-plated nickel

wire from the plasma. The alumina collar is held by a 0.6 cm diameter stainless steel

tube, which has a 90o bend at the end. The tube is fed through the vacuum slip joint, to

allow for linear and rotational translation. Because the shaft has a 90o bend at the end,

rotation allows for diagnosis of different radial positions. The part of the shaft exposed to
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the plasma is covered by a 0.6 cm ID quartz tube, shielding the plasma from the grounded

loss area of the shaft wall.

3.4.4 Experimental setup for ψ = 0o experiment
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Figure 3.16: Diagram of the experimental apparatus for the ψ = 0o experiment.

A diagram of the experimental setup for the ψ = 0o experiment is given in figure 3.16.

For this experiment an axial magnetic field of 900 ± 25 G is applied. the helicon antenna

is wrapped around the Pyrex tube whose right edge is one antenna length away from the

flange joining the tube and the cross-tee. The antenna position is not adjustable. For this

experiment 500 W of rf power is coupled to the plasma at 13.56 MHz via a π matching

network. 3 to 4 mTorr of argon gas is injected on the right side of the system. On the left

side of the system a 6.3 cm diameter grounded stainless steel plate is placed either 22, 27,

or 33 cm downstream from the helicon antenna.

The rf compensated Langmuir probe or uncompensated emissive probe is inserted

through the left side of the system in order to measure electron temperature and ion density,
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or local plasma potential respectively. The ion density is calculated from the ion saturation

current from the Langmuir probe. The emissive probe is swept over≈ 200 V, and changes

in the upper bound of the sweep voltage by 5 to 10 V yielded strong changes in probe

temperature and thus electron emission level. The “limit of zero emission” method [84] is

used to measure plasma potential, as only this method is reliable in the presence of strong

electron beams, which can exist in helicon plasmas and near double layers. The diode

laser beam is injection from the flange on the right side of figure 3.16 via a fiber coupler,

linear polarizer and quarter wave plate.

3.4.5 Experimental setup for ψ = 16o → 60o experiment

LIF collecting 
optics on
linear track

̟ matching
network

rf supply
13.56 MHz
0-750 W

Langmuir
probe

Twisted Nagoya antenna
16 cm long

10 cm

Pressure
gauges

Gas
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LIF axial pump 
laser fiber

& 1/4 wave plate

LIF collection fiber

rf shielding

B field coils
To vacuum pumps

Grounded plate

Test
section

10 cm

4 cm

Figure 3.17: Diagram of the experimental apparatus for the ψ = 16o → 60o experiment.

The shaded region shows approximately where measurements were made for this exper-

iment. The angle of the grounded plate is shown in the wrong plane and is simply for

demonstration purposes. The perpendicular pump laser beam goes into the page in this

projection.
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The experimental setup for the ψ = 16o → 60o is the same as the previous setup except

for a few notable features. Figure 3.17 shows a diagram of the experimental setup. The

grounded plate is fixed at 27 cm from the edge of the antenna and held at 16o, 30o, 45o, or

60o to the background magnetic field. The magnetic field is set at 1± 0.03 kG. rf power is

varied between 450 and 750 W to achieve similar (Te = 2.5→ 5 eV, ni ≈ 1× 1012cm−3)

plasma parameters and strong LIF signal for each run. Measurements are performed at

1, 3 and 6.5 mTorr and are taken in the shaded region seen in figure 3.17. The probe is

inserted and the measurements taken in this experiment in the same manner as the ψ = 0o

experiment. The axial pump LIF laser beam is injected from the same location as the

previous experiment. The ψ = 16o → 60o experiment also has perpendicular pump laser

beam injection, not shown in figure 3.17, but seen in figure 3.14. A diagram of the parallel

and perpendicular LIF scheme is shown in figure 3.18. The collection optic is mounted

transverse to both the parallel and perpendicular pump lasers (laser beams visible in figure

3.18 but not figure 3.17) and can be moved both axially and radially. The collection optic’s

focal spot has a diameter of 0.4 cm, setting the lower limit for the LIF spatial resolution.

At any given time, only the axial or perpendicular pump laser is injected so as to separately

diagnose ion flow parallel and perpendicular to the magnetic field.

3.5 System parameterization

The sum of all parts just described is referred to as “MARIA”, which stands for the

Magnetized AnisotRopic Ion-distribution Apparatus. MARIA is capable of generating

plasmas in the capacitive, inductive and helicon modes. The mode changes are visually

correlated with jumps in discharge brightness. A representative plasma density scan as a

function of rf power at 500 G and axial magnetic field strength at 350 W is given in figure

3.19.

Plasma density jumps are apparent at 100 W and 250 W, suggesting the boundaries be-
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Figure 3.18: Cross section of the experimental test section for ψ = 16o → 60o experiment

with parallel and perpendicular pump lasers shown. The shaded region shows the location

where LIF measurements are made. The collection optics are oriented perpendicular to

the page in this projection (‘y’ axis, not shown).

tween the different discharge regimes. The bottom panel of figure 3.19 shows that at 300

W, the plasma density increases linearly with increasing magnetic field strength, suggest-

ing that this final discharge regime is a helicon mode. Given the range of neutral pressure,

magnetic field strength, and rf power, a wide range of characteristic plasma lengths and

frequencies can be obtained. These ranges are summarized in table 3.1. Figure 3.20

shows two representative IVDF measurements and their fits to Gaussian functions, which

are used to calculate the ion temperatures and drift velocities.
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Parameter Range

pn 0.5→ 10 mTorr

λ 0.2→ 4 cm

no 5× 108 → 5× 1012 cm−3

Te 2→ 7 eV

Ti 0.1→ 0.6 eV

λD 0.001→ 0.06 cm

ρi 0.5→ 1 cm

ρe 5× 10−4 → 1× 10−3 cm

fpi ∼ 10 MHz

fpe ∼ 3 GHz

fci 20→ 40 kHz

fce 1.4→ 2.8 GHz

Table 3.1: Plasma parameters capable of being produced by MARIA
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Figure 3.20: Representative measured (a) parallel and (b) perpendicular ion velocity dis-

tribution functions (IVDFs) for a 3 mTorr plasma with ψ = 16o. Measurements are taken

on axis 10 cm from the grounded plate. v|| is the ion drift velocity parallel to the magnetic

field, and v⊥ is the velocity perpendicular to the field (in the ‘r’ direction shown in figure

3.18).
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Chapter 4

ψ = 0o Experiment

4.1 Probe & LIF measurements - The observation of dou-

ble layer-like structures

For the first presheath measurements, a 6 cm diameter grounded plate was held on axis

27 cm from the edge of the rf antenna. Langmuir and emissive probe traces were taken

between 0 and 4 cm from the axis radially and at many locations axially between the plate

and the helicon antenna for a neutral pressure of 3 mTorr, magnetic field strength of 900

± 25 G, and 500 W rf power. Langmuir probe traces taken between 0 and 2.5 cm radially

and 15 to 20 cm from the grounded plate exhibited characteristics of both a hot and cold

electron population. Two example traces are given in figure 4.1. In this figure, the natural

log of the trace taken 9 cm from the grounded plate (the trace on the left) has a single

region of constant slope over approximately three decades, indicating a single Maxwellian

electron population (panel d). The trace taken 17 cm from the grounded plate (the right

trace) consists of two regions of linear slope over at least a decade in electron current each.

The hot electron temperature varies between 7 and 12 eV, whereas the cold electrons has

a temperature of 2 to 3 eV. The traces in figure 4.1 have been artificially offset in voltage
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Figure 4.1: Example I-V traces taken on axis at two different locations relative to the

location of the grounded plate. The traces are artificially offset in voltage for comparison

purposes. (a) Raw traces. (b) Magnified view of ion saturation regions. Black lines are

subtracted ion current assuming planar geometry. (c) Resulting electron current traces.

(d) Natural log of electron current traces showing Maxwellian (9 cm) and bi-Maxwellian

electron energy distributions (17 cm).
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for comparison purposes.

The location and values of the hot electron temperatures is plotted in a contour map,

alongside the plasma potential from the emissive probe traces, the ion density from the

Langmuir probe traces, and the ion axial drift velocities from the LIF measurements in

figure 4.2. In panel (a) of this figure a region of strong axial electric field is seen at
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Figure 4.2: The plasma potential (a), hot electron temperature (b), ion density (c), and ion

axial drift velocity (d) at different axial and radial positions in the plasma for a neutral

pressure of 3 mTorr, magnetic field strength of 900 ± 25 G, and 500 W rf power. The

grounded plate is located at 0 cm and the edge of the rf antenna is located at 27 cm (see

figure 3.16).
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approximately 15 cm from the grounded plate and exists radially between 0 and 2.5 cm.

This potential step is dubbed the “double layer-like structure” as it exhibits a localized

potential step of approximately 10 V, but it occurs over a few λ, rather than λD. In panel

(b) it is observed that on the high potential side of the electric field a region of hot electrons

exists. Everywhere else the electrons have a temperature of 3 to 4 eV. In panel (c) the ion

density is plotted. Panel (d) of figure 4.2 shows the ion axial drift velocity at different

radial and axial positions. The superimposed arrows show the direction and magnitude of

the flow velocity. The ions change flow direction approximately 15 cm from the grounded

plate, indicating the presence of a potential peak in that region. An appropriately located

potential well could also draw ions towards the antenna, but without a peak somewhere

upstream of the grounded plate an ion flow stagnation point would not exist. The absence

of data indicated by the lack of arrows between 8 and 15 cm from the grounded plate is

due the the presence of a pancake coil, which prevented optical access to the system at

these locations. The data here are interpolated between the data points at 8 and 15 cm, and

as such, inaccuracies may be significant in this region.

The strong axial electric field is positioned adjacent to the region of hot electrons both

radially and axially. The hot electrons are all within one antenna length (16 cm) from the

edge of the antenna (z = 27 cm). Electron temperature peaks in the near field of the rf

antenna in helicon sources are well documented [55, 56, 94] and the observation of similar

phenomena here suggests that the double layer-like structure’s location may be determined

by localized electron heating. However, another spatial scale exists in our system - the

presheath of the grounded plate. As discussed in chapter 2, presheaths are known to scale

with the ion-neutral collision length in low temperature systems.

To investigate the effects of the presheath axial scans of potential (figure 4.3), elec-

tron temperature (figure 4.4), and ion density (figure 4.5) were performed normal to the

grounded plate for a variety of neutral pressures. All neutral pressures exhibit similar
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Figure 4.3: Scans of potential (φ) normal to the grounded plate on the system axis for

neutral pressures of (a) 3, (b) 3.3, (c) 3.6, and (d) 4 mTorr of argon. Upward arrows

indicate location of the edge of the double layer-like structure. The vertical solid black

line at 0 cm indicates the location of the grounded plate, and the vertical dashed line at 26

cm shows the location of the leading edge of the rf antenna.
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Figure 4.4: Scans of electron temperature (Te) normal to the grounded plate on the system

axis for neutral pressures of (a) 3, (b) 3.3, (c) 3.6, and (d) 4 mTorr of argon. Upward arrows

indicate location of the edge of the double layer-like structure from figure 4.3. The vertical

solid black line at 0 cm indicates the location of the grounded plate, and the vertical dashed

line at 26 cm shows the location of the leading edge of the rf antenna. The uncertainties in

the data are equal to the sizes of the individual data markers.
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grounded plate, and the vertical dashed line shows at 26 cm the location of the leading edge

of the rf antenna. The uncertainties in the data are smaller than the sizes of the individual

data markers.

phenomena - a potential step of a few volts adjacent to a step in electron temperature of

a few eV. In figure 4.4, to the right of the upward arrows, the temperature of the hotter of

the two populations is plotted. The cold population in those regions have the same tem-

perature as the single population observed to the left of the upward arrows (from 3 - 4 eV

for all neutral pressures). Figure 4.5 shows the ion densities measured from the Langmuir

probe for these experiments. For all neutral pressures in this discharge regime, the ion

densities exhibit a monotonic decay from the antenna to the grounded plate. No major

localized peaks in density are measured anywhere.
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The measured height of the potential step across the double layer-like structure (∆φmeas)

is sufficient to equalize thermal electron fluxes everywhere in the system, such that no net

charge builds up in time at any given location. The fluxes of particles through the plane

perpendicular to the magnetic field at a given axial position is given by the sum of particle

fluxes going from right to left minus the sum of particle fluxes going from left to right at

that location. For electrons we have

Γ+
e (z)− Γ−e (z) = 0 (4.1)

where Γ±e (z) is the electron flux in the axial (z) direction to the right (+) and left (-)

directions. For a Maxwellian population of particles the random thermal fluxes of particles

in a given direction is Γ ∼ nv̄ where n is the particle density and v̄ is the average particle

speed. In order to predict the value of ∆φ needed to equalize thermal particle fluxes, we

can evaluate equation 4.1 assuming electron flux conservation across the double layer-

like structure (Γ−e (z) ≈ Γ−e (zh), where zh is the z position of the high potential side

of the double layer-like structure). This is justified as τDLνiz � 1, where τDL is an

electron transit time across the double layer, and νiz is the ionization frequency. Evaluating

equation 4.1 on the low potential side of the double layer-like structures in figure 4.3

(indicated by the upward arrows) we have

ne(z)v(z) = nc(z)vc + nh(z)vh (4.2)

where ne(z) is the electron density on the low potential side of the double layer-like struc-

ture, nc(z) is the cold electron density from the high potential side of the structure, nh(z)

is the hot electron density at that location, vc is the average cold electron speed, and vh

is the average hot electron speed. The hot and cold electron densities are given by the

Boltzmann relation for electrons along the magnetic field such that

nc,h(z) = nc,h(zh)exp[e∆φ/Tc,h] (4.3)
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where ∆φ is the potential drop across the double layer-like structure (negative going from

right to left) and Tc,h is the cold and hot electron temperature respectively. Plugging this

into equation 4.2 and using the definition of average particle velocity in a Maxwellian

distribution for v̄ we have

ne(z)
√
Te = nc(zh)exp[e∆φ/Tc]

√
Tc + nn(zh)exp[e∆φ/Th]

√
Th. (4.4)

To predict the value of the potential drop across the double layer-like structure (∆φpred)

measured values for n and T are plugged into equation 4.4, and ∆φ is solved for. Data for

temperature are given in figure 4.4. For ne, quasineutralty is assumed on the low potential

side of the double layer-like structure and hence ne is taken from data in figure 4.5. On

the high potential side of the structure, quasineutrality is still assumed, however because

two electron populations exist the relation ni(zh) ≈ nc(zh) + nh(zh) (where ni is the ion

density given in figure 4.5) must hold. Estimating the contribution of nc and nh to the

total electron density in a plasma with two Maxwellian electron populations is performed

by analysis of the Langmuir probe traces as described in chapter 3. Using these data, it

follows that in equation 4.4 the cold electron fluxes from the high potential side are much

less than the hot electron fluxes such that

ne(z)
√
Te ≈ nh(zh)exp[e∆φ/Th]

√
Th. (4.5)

From this equation the predicted values of the double layer potential drops are

∆φpred =
Th
e
ln

[
ne(z)

nh(zh)

√
Tc
Th

]
. (4.6)

The predicted value is compared to the measured value of ∆φ in figure 4.6. The uncer-

tainty in ∆φpred shown in the figure is largely due to uncertainty in the measured values of

nh(zh). ne(z)/nh(zh) is given in table 4.1. Within this uncertainty, the measured value of

the double layer potential drop follows the prediction using the measured values of n and T

for all the neutral pressures investigated. This supports the idea that the double layer-like

structure exists to maintain charge balance everywhere in the system.
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pn [mTorr] Tc [eV] Th [eV] nh(zh)/ne(z)

3 4.1 ± 0.02 12 ± 0.05 0.25 ± 0.05

3.3 4.2 ± 0.02 14 ± 0.05 0.13 ± 0.07

3.6 3.7 ± 0.02 7 ± 0.05 0.2 ± 0.05

4 3.3 ± 0.02 7 ± 0.05 0.15 ± 0.07

Table 4.1: Table of hot and cold electron temperatures, and ratios of hot to bulk plasma

densities for data in figure 4.6.
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Figure 4.6: Comparison of ∆φpred vs ∆φmeas from data provided in figures 4.3-4.5.

As observed in figure 4.3, the double layer-like structure’s position, as indicated by the

black arrows in figure 4.3, depends on the neutral pressure. The neutral pressure was only

varied between 3 and 4 mTorr as above and below these pressures, for fixed forward rf
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Figure 4.7: Double layer-like structure’s distance from grounded plate versus λ. Grounded

plate located 27 cm from leading edge of rf antenna. The uncertainties in the data are equal

to the sizes of the individual data markers.

power and magnetic field strength, the discharge changed modes (indicated by a change

in brightness and density and electron temperature profiles). Changing the neutral density

changes the ion-neutral collision length, λ. This length is known to be the scale length

relevant to presheath formation [3, 4]. Figure 4.7 shows the double layer-like structure’s

distance from the grounded plate versus λ. Just like the length of a presheath, the measured

distance increases linearly with λ.

Figure 4.8 shows the ion drift velocities from the edge of the double layer-like struc-

ture to the grounded plate for all neutral pressures. Upstream from the double layer-like

structures the ions had, within their respective uncertainties, zero drift velocity. The 3 and

3.3 mTorr data are taken up to the magnetic field coil, as measurements underneath were

not possible due to lack of optical access. The double layer like structures occurred un-



78

0 2 4 6 8 10

0

0.2

0.4

0.6

0.8

1

Distance from grounded plate [cm]

v
i/c

s

Ion drift velocities in the presheath

 

 

3 mTorr

3.3 mTorr

3.6 mTorr

4 mTorr

Location of double layer
4 mTorr

Location of double layer
3.6 mTorr
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√

(Te + Ti)/Mi)

in the presheath of the grounded plate for different neutral pressures. The black arrows

correspond to the locations of the edges of the double layer-like structures for 3.6 and 4

mTorr, as seen in figure 4.3 panels (c) and (d).

derneath the coil for these pressures. The 3.6 and 4 mTorr data gain 0.4 times the sound

speed across the double layer-like structure. To check the consistency of these data with

Langmuir and emissive probe measurements the ion fluid equation

vi
∂vi
∂z

=
e

Mi

Ez −
Ti
niMi

∂ni
∂z
− νcvi (4.7)

was solved numerically, where vi is the ion drift velocity, Ez is the average electric field

across the double layer-like structure, Ti is the ion temperature, and νc = nnσv is the col-

lision frequency. nn is the neutral gas density, v is the total three dimensional ion velocity,
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and σ is the momentum transfer collision cross section from Phelps [96]. Using data for

density and drift velocities, Ez is found to be≈ 200 V/m, comparable to the 500 V/m mea-

sured by the emissive probe. Discrepancies between the estimated Ez and the measured

values could be due to the fact that the probe’s ceramic collar is comparable in size to the

width of the double layer structure, potentially perturbing it during measurement. Also,

given the spatial resolution of the probe, determined by the size of the ceramic collar, the

spatial extent of the double layer-like structure may be smaller than what is observed in

the data for 3.6 and 4 mTorr in figure 4.3.
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Figure 4.9: Axial potential scans for grounded plate positions of (a) 22, (b) 27, and (c) 33

cm from the rf antenna. The vertical solid black lines to the right indicate the location of

the grounded plate, and the vertical dashed line shows the location of the leading edge of

the rf antenna.
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Figure 4.10: Axial electron temperature scans for grounded plate positions of (a) 22, (b)

27, and (c) 33 cm from the rf antenna. The vertical solid black lines to the right indicate

the location of the grounded plate, and the vertical dashed line shows the location of the

leading edge of the rf antenna.

After the neutral pressure scan, the grounded plate’s position was moved relative to

the rf antenna at a fixed neutral pressure of 3 mTorr, a magnetic field strength of 900 G

and 500 W forward rf power. The plate is held at 22, 27, and 33 cm from the edge of

the rf antenna. The 27 cm dataset is the same position the plate was in for the neutral

pressure scan data presented in figures 4.3-4.5. Figures 4.9 and 4.10 show axial potential

and electron temperature scans for these plate positions. Unlike figure 4.3, position is now

measured relative to the rf antenna, not to the grounded plate. When the grounded plate

is moved towards the antenna (panel (a) of figure 4.9), the double layer-like structure is

still observed. A localized peak in electron temperature similar to those seen in figure

4.4 is also observed. When the grounded plate is moved away from the antenna relative

to its original position (panel (c) of figure 4.9) no double layer-like structure is apparent.
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Rather, the potential changes gradually along the axis of the system, with no localized
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Figure 4.11: (a) Potential, (b) electron temperature, (c) ion density, and (d) calculated

electron fluid pressure gradient for plate position 33 cm away from rf antenna. The vertical

solid black lines to the right indicate the location of the grounded plate, and the vertical

dashed line at 0 cm shows the location of the leading edge of the rf antenna.
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regions of significant electric field. Figure 4.11 shows the electron temperature (panel (b))

and ion density profiles (panel (c)) for this plate position. These profiles exhibit different

behavior than those where the double layer-like structure existed. Figure 4.11b shows a

localized region of relatively hot electrons. For these data only one electron population

is observed. No confining potential structures are observed. As the electron temperature

decays moving away from the antenna, the ion density increases in the same distance.

Figure 4.11d shows the thermal axial electron pressure gradient using the data in panels

(a)-(c). The thermal pressure gradient is given by ∇zpe = ∂
∂z

(neTe). Figure 4.11d shows

that within the uncertainty, the gradient of the axial electron pressure is zero everywhere

measured in the system. As such, no electric fields are necessary to maintain this as the

increase in density in concert with the decrease in electron temperature keeps the gradient

of the thermal axial electron pressure zero everywhere. This is the same discharge regime

reported by Chen et al. [55, 56, 94].

4.2 Ion fluid model for ψ = 0o measurements

To further investigate this phenomenon, and to validate measurements taken in the presheath,

the potential and ion drift velocity data in this region were fit to a one-dimensional ion fluid

model, which takes into account ion pressure, collisional friction with neutrals, and ioniza-

tion. The model is used to predict the ion velocities and plasma potential in the presheath

as a function of the measured electron temperature, neutral and ion densities.

In deriving a one dimensional fluid model for ion flow in the presheath of the grounded

plate, several considerations are necessary that are often overlooked elsewhere. First, ion-

ization is significant in the system as the ionization frequency is comparable to the ion-

neutral charge exchange collision frequency (νiz ∼ νc). Ion pressure is also included in

the fluid model. While the ion temperature is still much less than the electron temperature

(Ti ≈ 0.1 eV, Te ≈ 3 - 4 eV), the ion thermal speed (vT i =
√
Ti/Mi) is a significant frac-
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tion of the Bohm speed, uB (
√
Ti/Te ≈ 0.2). Finally ion pressure is assumed to follow

the ideal gas law (pi = niTi), as LIF measurements in the presheath show a Maxwellian

IVDF. Given these consideration, as with Riemann [3] and Helander et al. [95] the follow-

ing equations are considered:
∂

∂z
(nivi) = neνiz (4.8)

ne = n0exp[e(φ− φ0)/Te] (4.9)

Minivi
∂vi
∂z

= −eni
∂φ

∂z
− ∂pi
∂z
−Miviniνc (4.10)

where νiz = nnK. vi is the ion drift velocity, and νc = nnσv. nn is the background neutral

density and as direct neutral density measurements are not possible in this experiment it is

a fitting parameter. K is the ionization rate constant. For electron temperatures up to 7 eV,

it has been fit by Gudmundsson (as referenced by Lieberman [30]) to be

K[m3/s] = 2.34× 10−14Te[eV ]0.59exp(−17.44/Te[eV ]). (4.11)

σ is the momentum transfer collision cross section. v is the total ion velocity including

gyro motions. As discussed previously, values for σ are taken from Phelps [96]. φ0 is

the measured reference potential taken at the same location the bulk plasma density in

the presheath (n0) is measured. Finally, quasineutrality (ni ≈ ne) is assumed throughout

the presheath. Using this, the ideal gas law and equations 5.1 - 5.2 the following coupled

differential equations are obtained:

∂η

∂z
=

νiz + νc
vi − v2

T i/vi − u2
B/vi

(4.12)

∂vi
∂z

=
νiz(u

2
B/v

2
i + v2

T i/v
2
i ) + νc

u2
B/v

2
i + v2

T i/v
2
i − 1

(4.13)

where η = eφ/Te and uB =
√
Te/Mi. From the denominators of equations 4.12 and

4.13, the fluid model approaches a singularity as vi → cs =
√
u2
B + v2

T i. This has been

used by Riemann [3, 29] to determine the location of the sheath-presheath transition. The
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singularity occurs as the quasineutrality condition breaks down. As such equations 4.12

and 4.13 are integrated numerically from the measured location where vi = uB, outward.

Starting from experimental values where the presheath begins and the double layer ends

and integrating inwards yields the same results, except the integration must be aborted

as the singularity is approached. The results are integrated using experimental values of

ni, Ti, Te and then fitted to experimental data for potential and ion drift velocity in the

presheath from figures 4.3 and 4.8, with the neutral density being the fitting parameter.

Figures 4.12 and 4.13 show the ion drift velocity and plasma potential data and fits for

all neutral pressures. In order to achieve this fit an axial neutral density between 2.8 →
4 × 1013cm−3 is necessary corresponding to a pressure of ≈ 1 mTorr. This indicates that

there is significant neutral pumping on the axis of the system so that there is an axial

neutral gradient between the measurement region in the experiment and the location of the

pressure transducer [69, 70]. In either case, comparison of the data to the model shows

that the double layer-like structure ends and the presheath begins where the ion velocity

exiting the double layer matches the ion velocity necessary in the presheath at the given

distance away from the grounded plate. For example, for the 3.6 mTorr dataset, the ion

double layer exit velocity is 1300 ± 200 m/s. A free standing presheath for the plasma

parameters in this system would accelerate ions to this velocity 6 cm from the grounded

boundary, as predicted by the fluid model in figure 4.12c. As such, the double layer-like

structure exists 6 cm away from the grounded plate. The double layer ion exit velocities

for all neutral pressures are comparable (800 ± 100 m/s for 3 and 3.3 mTorr, and 1300 ±
200 m/s for 3.6 and 4 mTorr). Thus the double layer’s distance from the grounded plate

scales with the length of the presheath, which itself scales with λ, explaining the results in

figure 4.7.
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Figure 4.12: Fit of fluid model to ion drift velocity normalized to the Bohm speed (uB =√
Te/Mi) for (a) 3 mTorr, (b) 3.3 mTorr, (c) 3.6 mTorr, and (d) 4 mTorr.
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4.3 Discussion - Presheath & boundary effects on helicon

discharge equilibria

The data presented exhibit two distinct discharge equilibria. Both regimes exhibit a lo-

calized region of relatively hot electrons. In the absence of density gradients or electric

fields, the region of hot electrons would have larger thermal fluxes of particles out of it

than replenishing fluxes of colder electrons into it. This leads to a net change in electron

density in that region in time until a steady state is achieved, or until the discharge is ex-

tinguished. In the first discharge regime represented in figures 4.3-4.5, an electric field

develops adjacent to the region of hot electrons. The electric field retards the fluxes of hot

electrons away from the hot region, such that the fluxes of cold electrons into the region

equals the fluxes of hot electrons out. This mechanism maintains the steady state charge

balance in the system.

When the grounded plate is moved away from the antenna, we observe a different dis-

charge equilibria. In this regime, the electron temperature decays away from the localized

hot region, over a longer length than the double layer-like structure previously observed.

As the temperature decays, the ion density increases over the same length. The density

increase maintains ∇zpe ≈ 0 everywhere in the system. Thus no electric fields are nec-

essary to maintain constant global change balance, which is the same discharge equilibria

observed by Chen et al. [55, 56, 94] in previous helicon experiments.

From these experiments it is clear that for a fixed neutral pressure, magnetic field

strength, and forward rf power, the location of the downstream boundary plays a cru-

cial role in the overall discharge equilibria. One significant factor in understanding this

behavior is recognizing that the dominant electron heating mechanism may change for

the dataset where the grounded plate is moved far away from the rf antenna. Two of the

prominent theories for electron heating in helicon plasmas include heating due to paramet-
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ric instabilities [60] and heating due to wave-trapped electrons [58, 98, 99]. The growth

rate of parametric instabilities in helicon plasmas is related to the local electron and ion

temperatures and wave electric fields [60]. While wave field measurements were not avail-

able in this experiment, it has been shown by Akhiezer et al. [60] and measured by Kline

et al. [61, 97] that parametric instabilities are significant sinks of helicon wave energy in

helicon plasmas similar to the experiment presented here (Prf ∼ 700 W, B ∼ 1000 G,

pn ∼ 5 - 10 mTorr, Te ∼ 5 - 10 eV, ne ∼ 1012− 1013cm−3). Akhiezer et al. [60] show that

the calculated helicon wave energy decay length for these parameters is on the order of 10

cm. Thus they claim that electron temperature peaks this distance from the rf antenna may

be caused by helicon wave absorption and subsequent electron heating due to parametric

instabilities. In our experiment, when the plate was held at 22 or 27 cm from the rf an-

tenna, the hot electrons were observed 10 - 20 cm away from the rf antenna. This suggests

that in these regimes, parametric instabilities may be the driver of electron heating.

In the other regime, electron temperature data given in figure 4.11 when the grounded

plate was held 33 cm from the rf antenna, show that the hot electrons exist within a few

centimeters of the antenna. At this position, wave-trapping of electrons may be signifi-

cant. Landau damping of helicon waves on electrons has been reported by several authors

[57, 98, 99]. Chen and Blackwell [58] showed that Landau damping is an insufficient

mechanism to explain the high ionization efficiency of helicons, however wave-trapping

may still be an effective mechanism for localized electron heating. Underneath the rf an-

tenna, the plasma density can be low enough to allow for standing wave electric fields to

exist. In this experiment, Langmuir probe measurements were not possible underneath

the antenna, however data in figure 4.11c show plasma density decaying steadily nearing

the antenna. Wave-trapped electrons underneath the antenna can gain significant beam

energies. As they flow downstream, collisions with neutrals and beam plasma instabilities

can quickly thermalize the population [58], resulting in a relatively hot electron energy
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distribution very near the antenna, which is what is observed in figure 4.11.

It is important to note that the heating mechanism alone does not determine whether

or not a double layer-like structure will form. Indeed Akhiezer et al. [60] showed that

parametric instabilities may explain the discharge equilibria first presented by Chen et al.

[55, 56, 94], which did not exhibit any double layer structures. It is the dominant electron

heating mode together with the location of the downstream boundary that determines the

overall discharge equilibria and the presence or absence of the double layer-like structure.

In the absence of a double layer-like structure, the hot electron population cools off in

space due to electron heat conduction. As is observed in figure 4.11 and calculated by

Chen et al. [55], this cooling process takes at least a few tens of centimeters for the given

helicon parameters. In order to maintain ∇zpe ≈ 0 everywhere, the plasma density has

to increase on this same length scale. Within a few ion-neutral collision lengths from the

grounded plate, the presheath exists to accelerate ions towards the boundary. In this region,

the plasma density must decrease monotonically to maintain sufficient electric field for this

process. If the presheath region overlaps with the region where the density must increase

to maintain charge balance, both conditions cannot be met, and a new discharge equilibria

must be found. In this case, a double layer-like structure can fulfill both requirements

(maintain charge balance and a monotonic decrease in density near the grounded plate).

One additional interesting point is the fundamental role of the presheath in the overall

discharge equilibria. Presheaths have been studied for many years in a variety of different

situations and experiments [3, 4, 32, 74, 75, 100, 101, 102]. The potential drop across

the presheath and its extent are typicaly determined by plasma parameters like electron

temperature, neutral density, collision and ionization lengths. In that sense the presheath

is a reactive phenomenon - it needs to exist (under the appropriate conditions [29]) but

its magnitude and extent are determined externally by the plasma. For the data presented

here, the required ion flow in the presheath dictates the location of the double layer-like
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structure and thus the location of the abrupt termination of the hot electrons.
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Chapter 5

ψ = 16o → 60o Experiment

5.1 Probe and LIF measurements of magnetic presheaths

ψ = 16o ψ = 30o ψ = 45o ψ = 60o

pn[mTorr] λ/ρi Prf [W ] ni[10
12cm−3] Te[eV ] Prf [W ] ni[1012cm−3] Te[eV ] Prf [W ] ni[1012cm−3] Te[eV ] Prf [W ] ni[1012cm−3] Te[eV ]

1 ≈ 4 500 1.3 3.5 500 1.1 3.5 450 1 4.5 550 1.2 4

3 ≈ 1 500 2.3 5.1 500 2 3.5 650 2.2 3.8 750 1.7 2.5

6.5 ≈ 0.5 600 2.5 4 600 2.8 4 500 2.3 4 750 2.1 3.5

Table 5.1: Table of the upstream plasma parameters for all datasets where pn is the neutral

fill pressure, Prf is the forward rf power, ni is the ion density, Te is the electron temper-

ature, λ/ρi is the ion-neutral collision length ratio to ion gyro radius, and ψ is the angle

between the magnetic field and the plate normal. “Upstream” measurements are taken on

axis underneath the upstream magnetic field coil, visible in figure 3.18.

For this experiment LIF and Langmuir probe measurements were performed at 5 radial

locations and many axial locations upstream of a grounded plate. The plate is held at either

16o, 30o, 45o, or 60o relative to the background axial magnetic field. Measurements were

performed at 1, 3, and 6.5 mTorr fill pressure of argon. Table 5.1 shows the upstream

plasma parameters measured using the Langmuir probe for all datasets. The forward rf

power is varied between 450 and 750 W in order to achieve similar plasma densities (≈
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1 → 3 × 1012cm−3), temperatures (2.5→ 5 eV), and strong LIF signal for each set. The

data in table 5.1 were taken on the system axis, underneath the upstream magnetic field

coil, as seen in figure 3.18.

Figure 5.1 shows representative ni and Te axial profiles at different radii for the 3

mTorr, ψ = 16o dataset. The radial density profiles vary within approximately 25% at

any given axial location. Profiles for other datasets exhibited the same axial and radial

properties. The density for this dataset is peaked one cm off axis. Offsets in density and

temperature peaks are sometimes observed in helicon discharges [70] but the physics of

such phenomena are not the focus of this work.

Figure 5.2 shows a representative velocity field for a 3 mTorr plasma with the plate

held at ψ = 45o. The measurements are taken at the locations of the arrow tails. The size

and direction of the arrows indicate the speed and direction of ion flow. Some arrows cross

the black line because of their large speeds, however the positions of the measurements

(as indicated by the location of the arrow tails) are no closer than 0.4 cm axially from

the grounded plate at all radii. The blue arrow in the lower right hand corner indicates

the size of the arrow that corresponds to an ion speed of cs. The perpendicular scatter of

some of the arrows near the center of figure 5.2 is due to noise in the IVDF data at that

location. Uncertainty for drift velocity measurements vary from ± 50 m/s to ± 250 m/s

depending on the local signal level. For reference, the parallel ion thermal velocities vary

from 500 to 800 m/s. Integration times were limited due to sputtering of the plate on the

Pyrex chamber walls, which increases opacity over time.

Figure 5.3 shows all the velocity fields for every dataset. Panel G of this figure shows

the same data as figure 5.2. The arrows are rescaled to a larger size in order to make their

positions and directions more evident in the smaller panels. The shaded areas indicate the

regions where a 1D ion fluid model is used to analyze the data. The model is presented in

the next section. The thin red lines in figure 5.3 indicate the locations where v|| = cs. The
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Figure 5.1: Example (a) ion density and (b) electron temperature profiles upstream from

the grounded plate at different radial positions held at ψ = 16o relative to the background

magnetic field, at 3 mTorr. Radial positions are in cm relative to the system axis.

thick black lines show the locations of the grounded plate. For the 3 mTorr datasets (panels

E - H) these equivelocity lines do not run parallel to the grounded plate. The location

where v|| = cs moves farther way from the plate axially at inner radii. This suggests

the presence of neutral pumping, an effect often observed in helicon discharges [70, 69],

which could increase the ion-neutral collision length at inner radii. As the collisional

presheaths and collisional-magnetic presheath lengths scale with the ion-neutral collision

length [29, 35], decreased neutral pressure on axis could increase the distance from the
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Figure 5.2: Representative velocity field from LIF measurements for a 3 mTorr plasma

with ψ = 45o. The solid black line indicates the location of the grounded plate.

plate where v|| = cs. No radial variation in the sonic point is observed for the 1 mTorr

dataset (panels A - D) suggesting no radial neutral pumping for these data. Red lines are

not drawn for the 6.5 mTorr dataset (panels I - L) as the sonic point is not reached at the

closest LIF measurement location of 0.4 cm axially from the grounded plate. Dashed lines

for these data show representative equal v|| lines, which also do not run parallel to the

grounded plates, indicating the presence of neutral pumping. For several of the 1 and 6.5

mTorr datasets clear LIF signals were not obtained at all positions. Blue arrows are not

shown for these locations. The data in all panels of figure 5.3 show that ion flow does not

begin to bend noticeably towards the grounded plate until ψ = 60o (panels D, H, and L).
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Figure 5.3: Velocity fields for all neutral pressure and plate angle datasets. The thick black

lines indicate the location of the grounded plate, and the thin red lines indicate the location

where v|| = cs. Dashed lines are representative equal v|| contours. The shaded regions

highlight data used in the ion fluid model in section 5.2.
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For all angles and neutral pressures v⊥/v|| ≤ 25%.

The v|| = cs lines generally move closer to the plate as the neutral pressure increases

(see panels A, E, and I for example). This is consistent with the results presented by

Riemann [34], who shows that the parallel sonic point approaches the sheath edge as the

ion-neutral collision frequency increases. For sufficiently high levels of collisionality,

depending on ψ, Riemann shows that the parallel ion speed may never become supersonic

prior to reaching the sheath edge for increasing collisionality due to increased cross field

transport. This phenomena is observed here in panels I through L.

5.2 Ion fluid model of the magnetic presheath with colli-

sions and ionization

As for the ψ = 0o experiment a one dimensional fluid model was developed that takes

into account ion pressure, ion-neutral collisions, and ionization, all of which are important

to consider at the neutral pressures and electron and ion temperatures in this experiment

(
√
Ti/Te ≈ 0.2, and νiz ∼ νc). The fluid model is fit to data from the 1 mTorr dataset

because of the apparent absence of radial neutral density gradients (unlike the 3 and 6.5

mTorr datasets). To begin, the following equations were considered:

∇ · (ni~v) = nennK (5.1)

Mini(~v · ∇)~v = −eni∇φ+ eni~v × ~B −∇pi −Miniνc~v (5.2)

ne = n0exp[e(φ− φ0)/Te] (5.3)

where ~B is the background magnetic field. As before, for 7 ≥ Te ≥ 1 eV, K has been fit

by Gudmundsson (as referenced by Lieberman [30]) to be

K[m3/s] = 2.34× 10−14Te[eV ]0.59exp(−17.44/Te[eV ]). (5.4)
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νc = nnσv where σ is the ion-neutral momentum transfer collision cross section. Cross

section values are taken from Phelps [96]. Ion pressure is calculated from the ideal gas

law such that pi,|| = niTi,|| and pi,⊥ = niTi,⊥. The Boltzmann relation for electron density

(equation ??) is generally valid along magnetic field lines, but across it only when the

upstream reference values for density (n0) and potential (φ0) are constant across different

magnetic field lines. Quasineutrality was assumed in the presheath (ni ≈ ne).
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Figure 5.4: Diagram of the simulation space for the ion fluid model. dse,1,2 are axial

distances from the grounded plate. z is distance normal to the plate with z = 0 being the

point where vz = cs. zch is Chodura’s definition of the magnetic presheath thickness [24].

zus, d2 is the position of the upstream starting values used in the model where ~v is along ~B.

The thick blue arrows represent velocity vectors and red arrows and dotted lines represent

spatial positions and axes.
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The equations were evaluated in the rotated frame of reference shown in figure 5.4. In

order to analyze equations 5.1 - ?? in one dimension rather than three, they were evaluated

in x, y, and z under the assumption that ∂
∂x
, ∂
∂y
→ 0. Starting positions of d2 ≤ 4 cm

were used, which ensured that cross field variations in Te, ni, and v were less than 25%.

The validity of this simplification is justified afterward by the results. As ψ increases the

∂
∂x
, ∂
∂y
→ 0 assumption becomes less valid as motion along x translates to larger motion

along d, which exhibited variations in ni. The consequences of this are discussed in the

next paragraphs. The model was evaluated from d2 → dse in figure 5.4, as for positions

closer to the plate quasineutrality is no longer maintained. Given these assumptions equa-

tions 5.1 - 5.4 result in:

vz
∂vx
∂z

= ωzvy − νcvx (5.5)

vz
∂vy
∂z

= ωxvz − ωzvx − νcvy (5.6)

vz
∂vz
∂z

= −(u2
B + v2

T i)
1

ni

∂ni
∂z
− ωxvy − νcvz (5.7)

vz
∂ni
∂z

+ ni
∂vz
∂z

= nnniK (5.8)

where vx,y,z is the ion drift velocity in the respective dimension, ωx = eBsin(ψ)/Mi, and

ωz = eBcos(ψ)/Mi. Rearranging and combining equations 5.7 and 5.8 one obtains

∂vz
∂z

=
(u2

B + v2
T i)nnK + ωxvyvz + νcv

2
z

v2
z − (u2

B + v2
T i)

. (5.9)

From equation 5.9, ∂vz

∂z
→ ∞ as v2

z → c2s = (u2
B + v2

T i). This occurs as quasineu-

trality breaks down and the Boltzmann relation no longer correctly estimates ion density.

Presheath fluid models by Riemann [29, 34] approach the same singularity when v2
z → u2

B,

as he does not include ion pressure effects. The equations here were integrated numeri-

cally from zus → z = 0, using data for ni, Te, and ~v as values for the upstream boundary

conditions, and the results were then fit to data. The upstream neutral density and vy were

used as fitting parameters as these were not directly measured.
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Because of the inclusion of the magnetic field, the velocities in all three dimensions

must be resolved, unlike the fluid model for the ψ = 0o experiment. Aside from this, the

other difference is the choice to solve the coupled equations in terms of drift velocities

and ion density, rather than plasma potential, which are coupled through the Boltzmann

relation. This choice was due to the reliance on Langmuir probe data for this experiment,

rather than emissive probe data for the previous experiment.

Figure 5.5 shows fits from the numerical calculation of the fluid model to data for v||

as a function of d/ρi, the axial distance from the grounded plate normalized to the ion

gyro radius. The integration is terminated when vz = uB =
√
Te/Mi to avoid reaching

the singularity at vz = cs, and as such the model does not extend to the data for z < 0

(≈ d/ρi < 2 in figure 5.5 panels a - c). As seen in figure 5.4, d is related to z by the

transformation d = (z/cosψ) + dse. The resulting vx,y,z profiles from this calculation are

shown in figure 5.6. Good fits to data are obtained using the neutral density measured by

the pressure transducer (nn = 3× 1013cm−3).

The ψ = 60o dataset does not extend as far as the other angles in both z and d as less

area upstream from the grounded plate is available for data collection, as seen in figure

5.3D. This dataset also exhibits the worst fit to the model. As previously mentioned the

assumption that ∂
∂x
, ∂
∂y

is not significant is only marginally fulfilled for the ψ = 60o data.

Calculated vx,y,z profiles shown in figure 5.6 compare favorably to the fluid model

results presented by Riemann [34] and Ahedo [35]. Consistency between the data and our

fluid model calculation requires significant ion drifts in the ~E × ~B (−y) direction. As ψ

increases, a more negative vy upstream starting value is required. This is due to greater

~E× ~B drift velocities due to a larger component of ~B normal to the presheath electric field

in the z direction, as well as a greater presheath electric field to turn ions towards the plate

to fulfill vz = cs at the sheath edge.
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Figure 5.5: Fits of fluid models (blue lines) to 1 mTorr data (red circles) for −v|| normal-

ized to the sound speed (cs =
√

(Te + Ti)/Mi) for (a) ψ = 16o, (b) ψ = 30o, (c) ψ = 45o,

and (d) ψ = 30o versus axial distance from the grounded plate normalized to the ion gyro

radius. The minus velocity is given due to the coordinate convention adopted (see figure

5.4).

5.3 Discussion - On ion dynamics in the magnetized plasma

boundary

For the 1 mTorr dataset λ/ρi ≈ 4, and thus the prediction by Chodura [24] for the mag-

netic presheath length should apply. Table 5.2 shows calculated lengths of the magnetic
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Figure 5.6: Results of the numerical fluid model calculation for 1 mTorr datasets for (a) vz,

(b) v||, (c) vx, and (d) vy versus distance normal to the plate. All distances are normalized

to the ion gyro radius and all velocities are normalized to the sound speed, cs. Negative

signs for velocities are due to the axes definitions shown in figure 5.4.

presheath as defined by Chodura (see figure 5.4), from the results shown in figure 5.6. This

length (zch) is compared to the ion gyro radius, ion-neutral collision length, and Chodura’s

prediction for the magnetic presheath length, zpredch (
√

6(cs/ωci)sinψ), and does not scale

with any.

The results for all neutral pressures show that when collisions, ionization, temperature,

and/or density gradients are present, Chodura’s [24] simple prediction for the length and
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ψ λ [cm] ρi [cm] zch/ρi zpred
ch /ρi zhm/ρi

16o 1.9 0.45 ± 0.02 0.12 1.8 0.15

30o 1.9 0.49 ± 0.02 0.18 3.1 0.18

45o 1.9 0.45 ± 0.03 0.25 4.4 0.21

60o 1.9 0.4 ± 0.04 0.6 6.3 0.21

Table 5.2: Table of calculated (zch, from the fluid model) and predicted (zpredch , from

Chodura’s [24] scaling) magnetic presheath lengths for 1 mTorr dataset. zhm is the half

maximum distance for the data presented in figure 5.7.

structure of the magnetized plasma boundary does not hold. The measured layer where

v|| = cs → vz = cs increases by a factor of 5 as ψ = 16o → 60o, whereas Chodura’s pre-

diction increases by approximately a factor of 3.5. Thus in the regime where λ/ρi ≈ 4 and

νiz ∼ νc, Chodura’s prediction is not even a good “rule of thumb”. The presheath structure

can only be rigorously predicted using models that take into account all of the important

physical processes. This begs the question: what exactly is meant by the term “magnetic

presheath”, and what does it have to do with the sonic point v|| = cs? In figure 5.3 panels

H and L, it is observed that ions begin to deflect from the magnetic field prior to this par-

allel sonic point. Conversely, in the remaining panels it is seen that the ion velocities are

not deflected noticeably until ψ = 60o. As Ahedo [35] has shown, when λ/ρi ∼ O(1) the

collisional and magnetic presheaths become indistinct, meaning the region where the ions

achieve drift velocities perpendicular to the magnetic field lines is not correlated with the

ion drift velocity sonic point parallel to the magnetic field line. This result is confirmed

experimentally here. Riemann [34] argues that the parallel sonic point is the location that

is “characterized by a change in dynamic process, which is responsible for the presheath

mechanism”, from collisional friction along the magnetic field lines to forces pushing ions
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across field lines. Thus at this point the ion flow deviates “significantly” from the magnetic

lines of force.
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Figure 5.7: Total ion drift velocity in the x− z plane (
√
v2
x + v2

z ) minus v|| versus normal

distance from the grounded plate for 1 mTorr dataset-benchmarked fluid model. All ve-

locities are normalized to the sound speed, cs, and all distances normalized to the ion gyro

radius. The dashed-dotted line indicates the ordinate position where vxz − v|| = 1% of cs.

The black arrows point to the locations of zhm for each ψ.

To help clarify this ambiguity the total ion drift velocity in the x− z plane (vxz) minus

the ion drift velocity along the magnetic field is graphed in figure 5.7. As the ions curve

away from the field lines vxz − v|| > 0. Table 5.2 compares the parallel sonic point

(zch) and the half maximum point (zhm) for the curves in figure 5.7. The table shows that

for ψ = 16o → 45o zch ≈ zhm. For ψ = 60o, effects of radial gradients may reduce

the validity of the model used to calculate zch and zhm. In light of this, the location of the
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sonic point parallel to the magnetic field can be said to indicate the position where ion flow

has “significantly” deviated from the magnetic field lines, and Riemann’s [34] definition

of magnetic presheaths is substantiated.

Another point of view recognizes that in general, from figure 5.7 for increasing ψ the

region where ~v is no longer parallel to ~B by some amount (vxz − v|| = 0.01cs for example)

moves farther away from the sheath edge. Thus another definition for the term “magnetic

presheath” is the layer near the boundary where ~v is no longer parallel to ~B, but vz has

not yet achieved the sound speed, and can be referred to by the fractional deviation from

flow along the field lines. For example the layer where vxz − v|| ≥ 0.01cs to vz = cs can

be referred to as the “1%” magnetic presheath. From figures 5.3 and 5.7 it is clear that

this point need not correlate with the parallel sonic point. In fact, the 6.5 mTorr data, and

previous analysis by Riemann [34], show that given a sufficiently high collision frequency

(“sufficiently” depends on the other system parameters, as shown by Riemann), v|| may

never reach the sound speed, as transport to the boundary increases perpendicular to the

field lines due to collisions with neutrals.

It is important to recognize the total ion drift velocity deviation from along the mag-

netic field lines. As seen in figure 5.3, the ion flow deviation in the x − z plane from

along the magnetic field lines only becomes apparent when ψ = 60o. Analysis of the fluid

model reveals that deviation occurs for all angles, but it is only a few percent of the total

ion drift velocity in the x − z plane. An incorrect conclusion for these angles of attack

and collisionality regimes is that ions impact the wall close to the angle of incidence of

the magnetic field. This is false because the ~E × ~B velocity has not yet been considered.

Figure 5.6d shows that the ~E × ~B drift velocity is 10% → 40% of the sound speed at

the sheath edge in our experiment. Thus to account for the angular impact of ions on the

magnetized boundary, it is imperative to resolve the entire 3-dimensional flow. The effect

of ~E × ~B drifts with regard to turbulence and heat fluxes are considered for fusion exper-
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iments [10, 103, 104, 105] but may not be considered for sputtering and erosion effects.

It is well known that sputtering yields from materials depend strongly on the angular in-

cidence of the incoming ions [10, 30]. For proper modeling of divertor wall erosion in

fusion experiments, the details of the magnetized plasma boundary within a few ion gyro

radii from the wall, and especially the ~E × ~B velocity in this region, must be resolved.

Futhermore, data in figure 5.3 and the model results presented in figures 5.6 and 5.7, show

that the ion flow deviation from along the magnetic field lines occurs, in these experiments,

within a few λ of the sheath edge. As such, charge exchange collisions in these regions

will generate populations of fast neutrals that impact the wall at various angles of attack,

possible significantly contributing to wall erosion and sputtering rates.

In Hall thrusters, ions are often treated as unmagnetized [106]. However recent Hall

thruster designs have significant components of ~B parallel to the wall and as such near

the sheath-presheath transition, significant ~E × ~B flows can be present [107, 108]. These

flows can alter the ion impact angle significantly, potentially exacerbating wall erosion.

This may be a source of discrepancy between wall erosion models and experiments. For

example, wall erosion of the SPT-100 [109, 110] Hall thruster is modeled by Gamero-

Castaño and Katz [111]. The model used is called HPHall, and is a commonly used hy-

brid PIC-fluid code used for simulating Hall thruster wall erosion [112]. Ion flow in the

azimuthal ( ~E × ~B direction) is not considered in this model as ions are assumed to be un-

magnetized [113]. However, close inspection of the results by Gamero-Castaño and Katz

shows that discrepancies between wall erosion models and experiments are most severe in

regions in the Hall thruster where the ions are still magnetized (prior to significant axial

acceleration). In these regions the ion ~E × ~B flow would change the angle of incidence to

the wall, changing the erosion rate. As such, full three-dimensional magnetic flow effects

need to be properly realized in order to appropriately model the plasma boundary in Hall

thrusters.
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Chapter 6

Conclusions

While presheaths have been investigated for many years, the studies have largely been con-

cerned with regimes where ionization and collisions were not important, and the plasma

was quiescent. Many theories and experiments often make simplifying assumptions about

plasma boundaries such as presheath lengths and magnitudes, and the presence of “mag-

netic” presheath boundary layers, using results from previous experiments in simple plas-

mas (λD/λ → 0, ρi/λ → 0 or ρi,e → ∞). The experiments presented here show that

in many regimes of interest, such as the edges of fusion experiments and Hall thrusters,

these assumptions are not only incorrect, they are very misleading. The experiments here

investigate presheath formation in plasmas where the ion-neutral collision length is much

smaller than the scale sizes of the system, yet much larger than the Debye length, ψ 6= 0o,

and λ ∼ ρi. Furthermore the ionization frequency is comparable to the ion-neutral colli-

sion frequency. Other complications include the presence of neutral pumping and localized

electron heating. As such, all of these phenomena were included and were found to play

major roles in the formation and analysis of the presheath structures.

In the first experiment, a grounded plate was held normal to the axial magnetic field. In

this experiment two separate helicon discharge equilibria are observed. In the first regime

the grounded plate is held 22 or 27 cm from the rf antenna. Hot electrons (Te ≈ 10 eV) are
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observed 10 - 20 cm away from the antenna. The hot electrons, being approximately 10 cm

from the grounded plate, do not have enough space to cool off from heat conduction, as this

would require an increase in downstream density in the same location that it must decrease

monotonically in the presheath. Instead a double layer-like structure forms adjacent to the

hot electrons. This structure is much more compact (a few λ long) and as such can maintain

steady state charge balance everywhere in the system while maintaining the monotonic

decrease in density required by the presheath of the grounded plate. The location of the

double layer-like structure is determined by matching the ion exit velocity from the double

layer and the necessary ion velocity in the presheath.

The second discharge equilibria in this experiment occurs when the grounded plate is

moved to 33 cm from the rf antenna, with all other parameters (neutral pressure, magnetic

field, and forward rf power) held constant. In this case (figure 4.11) hot electrons are

observed within 5 cm of the edge of the antenna. The electrons cool over approximately 15

cm, and the plasma density increases over this same scale length. The temperature decay

and density increase are sufficient to maintain ∇zpe ≈ 0. No significant electric fields are

measured. No double layer-like structure is necessary as the hot electrons, located near

the antenna, and the grounded plate, pulled away from the antenna, are far enough away

to allow for the electrons to cool from heat conduction, the density to increase to maintain

pressure balance, and to still allow enough room for a presheath to form in front of the

grounded plate.

For the second experiment the grounded plate was held at various angles of attack rela-

tive to the axial magnetic field. The results of the 1 mTorr datasets were used to benchmark

a fluid model for the ion flows that takes into account ion-neutral collisions, ionization, and

thermal effects. Using the 1 mTorr data and the fluid model, the length of the magnetic

presheath is shown to not follow Chodura’s [24] model that neglects ionization and colli-

sions. Instead the measurements confirm predictions made by Riemann [34] and Ahedo
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[35] regarding ion flow to the magnetized plasma boundary. In the presence of collisions

and ionization the collisional and magnetic presheaths become indistinct, and an accurate

model of the boundary must take into account all the relevant phenomena. It is argued that

the definition of the magnetic presheath is not fully resolved. The data at 1 mTorr sup-

port Riemann’s [34] argument that the point where v|| = cs identifies the location where

the dominant force on the ion flow changes. In addition we provide another definition

for the magnetic presheath, which calls it the region where ion flow breaks away from

the magnetic field line by a given amount (1%, for example) that need not correlate with

the parallel sonic point when collisions and ionization are important. Finally the results

of all the datasets and the fluid model show that the ion flow in the plane normal to the

boundary largely follows the magnetic field lines for the experimental parameters investi-

gated. However, ion flows parallel to the plate and normal to this plane can be a few tens

of percent of the sound speed at the sheath edge, even for low angles of incidence of the

magnetic fields. These flows must be accounted for to fully understand transport to, and

sputtering from the boundaries of fusion experiments and Hall thrusters.

When treating the plasma boundary for one of the many applications of plasma physics,

simple models are often assumed for ion flows and scale lengths of potential structures to

obtain estimates for performance for various experimental and industrial applications. As

seen in this work however, frequently these estimates are wrong. The presheath for the

ψ = 0o experiment was seen to play a fundamental role in establishing a novel discharge

mode of a helicon plasma, rather than being a purely reactive phenomena. Furthermore,

ionizations and collisions in magnetic presheaths were shown to break down assumptions

that underly preexisting models. The system is so sensitive to these assumptions that the

presence of significant collisions and ionization cause the original simplified models not

only to be inaccurate, but also misleading. In all, the plasma boundary is a complicated

non-linear system that is highly affected by the values of all the plasma parameters, and
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more care needs to be taken when modeling and understanding this region.
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