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Abstract
The present thesis deals with dynamic structures that form during the expansion of
plasma into an environment of much lower plasma density.

The electron expansion,

driven by their pressure, occurs on a much faster time scale than the ion expansion, owed
to their mobility.

The high inertia of the ions causes the generation of an ambipolar

electric eld that decelerates the escaping electrons while accelerating the ions.

The

ambipolar boundary propagates outwards and forms a plasma density front. For a small
density dierences, the propagation of the front can be described with the linear ansatz
for ion acoustic waves. For a large density dierences, experiments have shown that the
propagation velocity of such a front is still related to the ion sound velocity. However,
the reported proportionality factors are scattered over a wide range of values, depending
on the considered initial and boundary conditions.
In this thesis, the dynamics during plasma expansion are studied with the use of ex
periments and a versatile particle-in-cell simulation.
are performed in the linear helicon device

Piglet.

The experimental investigations

The experiment features a fast valve,

which is used to shape the neutral gas density prole. During the pulsed rf-discharges,
plasma is generated in the source region and expands collisionless into the expansion
chamber. The computer simulation is tailored very close to the experiment and provides
a deeper insight in the particle kinetics.
The experimental results show the existence of a propagating ion front. Its velocity is
typically supersonic and depends on the density ratio of the two plasmas. The ion front
features a strong electric eld. The front can have similar properties to a double layer
is not necessarily a double layer by denition.

The computer simulation reveals that

the propagating electric eld repels the downstream ambient ions. These ions form a
stream with velocities up to twice as high as the front velocity. The observed ion density
peak is due to the accumulation of the repelled ions and is located at their turning
point. The ion front formation depends strongly on the initial ion density prole and
is part of a wave-breaking phenomenon. The observed front is followed by a plateau of
little plasma density variation. This could be conrmed for the expansion experiment
by a comparison with virtual diagnostics in the computer simulation. The plateau has
a plasma density determined by the ratio between the high and low plasma density. It
consists of streaming ions that have been accelerated in the edge of the main plasma.
The presented results conrm and extend ndings obtained by independent numerical
models and simulations
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1 Introduction
Non-thermal particle populations are a feature of many plasmas and a source of free
energy. Energetic particles can be used, e.g., in spacecraft propulsion systems [1], for
cancer treatment [2], nano-precision cutting [3], and the analysis of thin foils and sur
faces [4]. In space plasmas, energetic particles play an important role, as they account
for the majority of cosmic rays.

Cosmic rays are believed to seed the formation of

stars in the interstellar medium [5], and they are suggested to have an impact on global
warming [6, 7] and the reliability of spacecraft and satellite operation [8, 9].
Observations in space have shown that there are many sources for energetic particles,
covering dierent energy ranges [10].

Possible acceleration mechanisms are magnetic

reconnection [11, 12] and interaction with propagating electric eld structures. Strong
electric elds can result from gradients in plasma parameters, for example at shock
fronts and in form of double layers [13]. They are observed in coronal mass ejections
and supernova remnants [14]. Their propagation can enhance the kinetic energy gain
of particles by Fermi or diusive shock acceleration [10, 15, 16].

The propagating

plasma fronts can form in the wake of supersonic objects, such as satellites, which travel
through ambient plasma [1720]. In laboratory experiments, they have been observed
in dynamic sheaths around electrodes [2022] and in modulated plasma sources [2325],
such as laser produced plasmas [2635], arc discharges [3639], and inertial connement
fusion plasmas [26, 27].

The experiments show that the front formation is typically

occurring during the expansion process of dense plasma into a region of lower plasma
density or into vacuum.
Over the last few decades, several approaches have been followed to investigate the de
tails of the temporal evolution of plasma expansion. These studies have shown that the
temporal evolution is strongly depending on the initial conditions.

In particular, the

initial front prole and ion density in the expansion region have been found to strongly
inuence the plasma expansion dynamics. Plasma expansion into an ambient plasma is
connected with wave-breaking events, leading to multi-valued energy distribution func
tions which prevent the use of cold-ion-models [40, 41]. The role of non-thermal electron
populations in this non-linear instabilities is still unclear and the applicability of both
the quasi neutrality assumption and the Boltzmann relation can be questioned. For
simple one-dimensional semi-innite plasmas, solutions have been found using analyti
cally and numerical methods as well as simulations [4057]. Most of these solutions are
self-similar or asymptotically approach self-similar functions [54]. However, they yield
very dierent qualitative and quantitative predictions in terms of propagation velocities
and front proles. The ion front prole varies depending on the numerical approach and
the initial condition. In some solutions, the ion front features a density peak [4049],
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in others there is no evidence of such a peak [5157].

Since the front formation has

a strong impact in particular on the ion kinetics, the predicted nal velocities of the
fastest ions range from the ion sound speed up to the electron thermal speed [45]. This
shows that for a proper investigation of the plasma expansion, it is necessary to layout
the simulations closer to specic experiments.
The present thesis closely links the plasma expansion experiments to a versatile parti
cle-in-cell (PIC) simulation.

The computer simulation is tailored to the experimental

conditions and allows for a deeper interpretation of the experimental data. The analysis
focusses on the ion front formation, its propagation velocity and on the impact on the
ion kinetics. It contains a systematic study of the inuence of several plasma and system
parameters on the plasma expansion dynamics, such as the ambient plasma density, the
collisionality, the ion mass, the electron temperature.
The thesis is structured as follows: Chapter 2 covers the early observations and models
of plasma expansion into vacuum. The set of probes used in the experiments is presented
in the chapter 3, including a discussion of the expected experimental challenges. The
experimental setup of the linear helicon device
related computer simulation in chapter 5.

Piglet

is described in chapter 4 and the

In the last part of the thesis, the detailed

results of the experiment and the simulation are presented and subsequently discussed
in chapter 6 and 7, respectively. The thesis closes in chapter 8 with a summery of the
important observations and their embedding into results from independent studies.

2

2 Theoretical Background
In the following, four major theories upon plasma expansion mechanisms are presented,
showing some general discrepancies:

The theory of adiabatic expansion by Hendel

and Reboul [38], the self-similar solution by Gurevich et al. [54], the simulation by

Widner et al. [49], the analytical model of Crow et al. [45]. Finally, the experimen
tal observation by Hairapetian and Stenzel [23, 24, 58] are briey summed up as
they experimentally show the connection between plasma expansion and the concept of

Fermi acceleration.

2.1 Adiabatic expansion by HENDEL and REBOUL
Hendel and Reboul's [38] theory of ion acceleration during plasma expansion arose
from measurements, done during pulsed (τ
age (V

= 37 V)

= 10 µs),

low-pressure (p

≈ 10−4 ),

low-volt

discharges in various metal vapours, i.e., Al, Zn, Sn, Sb, and Pb. The

experimental results revealed a well-dened separation of the ion and electron bursts
arriving at probes outside of the discharge area. An example measurement of the elec
tron (dashed) and ion (solid) saturation currents are shown in Fig. 2.1. The rising edge
of the electron current, indication the arrival of the electron burst, is dislocated with

t ≈ 2.5 µs.

The ion and electron drift veloc

8
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ities were obtained by a time-of-ight measurement. Both velocities were found to be
equal (vdi

= vde ≡ vd )

and related to the ion mass

M

as

1

vd ∝ M − 2 .

(2.1)

The spatial separation of the two bursts was found to be equal to the Debye length

r
vd t = λD =

0 kB Te
.
ne e2

(2.2)

1 eV.

This is much smaller than their

The nal electron temperature is approximately

initial temperature in the discharge area was determined to be
of the electrons is transformed into

20 eV

λD :

25 eV.

Thermal energy

kinetic energy of the ions. The nal kinetic

energy of the ions is independent of the ion mass and scaled only with the initial electron
temperature.
Due to the low pressure, momentum transfer by collisions between ions and electrons is
negligible. The authors propose an acceleration that is fed by the energy of an adiabatic
expansion of the electrons. The work
pressure

pe

expanding from volume

V1

W,

done by the electrons at temperature

V2 , is given
Z V2
W =
pe dV .
to

Te

and

by

(2.3)

V1
By the work a space charge is set up that simultaneously accelerates the ions by deceler
ating the electrons. To solve this, the general gas law Pe V = N kB Te and Poisson's law
γ
of the adiabatic state Pe V =
is used. Under the assumption of massless electrons

const

with an adiabatic coecient of

γ = 5/3

the nal velocity reads

r
vd =
The ion kinetic energy is

Ekin = 23 kB Te

3kB Te
.
M

(2.4)

and is in agreement with the observation.

For most plasmas, one can assume isothermal (γ
malise against the ion sound velocity of

p = 1) electrons which is why we nor
cs = kB Te /M . For an adiabatic expansion

consequently follows

r
vd =
For one, two, and three dimensions,
resulting in:

vd1 =

√

1 cs ,

γ

2
cs .
γ−1

(2.5)

takes the values

vd2 =

√

2 cs ,

vd3 =

3, 2,
√

3 cs .

and

5/3,

respectively,
(2.6)

However, if the plasma pulse was longer than the expansion time, the adiabatic cooling is
not observed [59]. This is when the heat ux from the source is sucient to compensate
for the energy loss of the front electrons. The model fails if the electron expansion is
rather isothermal than adiabatic.

4
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et al.

2.2 Self-similar solution by GUREVICH et al.
Gurevich et al. [54] described the expansion of plasma into empty space by self-similar

t and space x in
t = 0 is a semi-innite
ni (x) = n0 H(−x), where H(x) is

solutions of the proles, i.e., solutions that only depend on the time
form of the self-similar variable

τ = x/t.

The initial condition at

plasma uniformly occupying the half space

x < 0,

i.e.,

the Heaviside step function. The time evolution is described by the kinetic equation
for the distribution function

f

for the ions (and analogously for the electrons)

∂f
e ∂Φ ∂f
∂f
+v
−
= 0,
∂t
∂x M ∂x ∂v
where

M

is the ion mass and

Φ

(2.7)

the plasma potential related to the number densities via

Poisson's equation:

∂ 2Φ
0 2 = e (ne − ni ) ,
∂x
where

ne

and

ni

Z

∞

f dv ,

ni = ni (x, t) =

(2.8)

−∞

are the electron and ion densities, respectively. Gurevich et al. claim

that the self-similar solution given by the hydrodynamic equations of an ideal uid does
not hold for real plasmas at early times. This is due to the nite characteristic length, i.e.,
the Debye length

λD .

However, after a certain amount of time the motion of the plasma

eventually approaches a self-similar motion. After a time on the order of

t1 ≈ λD /vthe

the electrons have separated from the ions by approximately one Debye length and
build up a two charge layers, i.e., a double layer. The resulting electric eld prevents the
electrons from going further and therefore limits the expansion to the thermal velocity of
the ions. During a time

t1  λD /vthi  t2

the former sharp boundary between plasma

and vacuum blurs over a distance much lager than the Debye length. After
neutrality

ne /ni ≈ 1

t2 ,

quasi

is restored and (2.8) reduces to

n = ne ≈ ni .

(2.9)

With the assumption that the expansion is occurring much slower than the electron
thermal velocity

vthe

the electrons can be treated as Boltzmann distributed.

The

plasma potential is given by


eΦ = kB Te ln

n
n0


.

(2.10)

By substitution, (2.7) becomes

∂f
∂f
kB Te ∂
+v
−
∂t
∂x
M ∂x

 Z
ln

∞


f dv

−∞

By introducing the dimensionless self-similar variable

x
τ=
t

r

∂f
= 0,
∂v

(2.11)

τ

M
x
= c−1
,
kB Te
t s

(2.12)
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the distribution function

f

and the velocity

cs
g=
n0

v

can be normalised to

r

Ti
2π f
Te

r
and

u=v

 Z
ln

∞

M
v
= ,
kB Te
cs

(2.13)

respectively, and (2.11) takes the form

∂g
∂
(u − τ )
−
∂τ
∂τ


g du

−∞

∂g
= 0.
∂u

(2.14)

This is the kinetic equation for the expansion model that is discussed in the following.

2.2.1 Exact solution at the boundaries of τ → ±∞
For simplicity the electron temperature and the ion temperature are assumed to be
equal,

T = Ti = Te .

unperturbed and for

Considering the boundary conditions, for

x → +∞ no plasma is present.

x → −∞

the plasma is

The boundary conditions for (2.14)

are of the form

lim g = exp(−u2 ) ,

lim g = 0 .

τ →−∞
For

x → +∞ and

therefore

τ →+∞

(2.15)

τ → +∞ the ions have experienced a strong acceleration by
vd has grown much larger than the thermal velocity

the electric eld. The drift velocity
of the ions

vthi ,

which can be neglected The distribution function reduces to

lim f = ni (x, t)δ(v − vd (x, t)) .

x→+∞
The ion density

ni ≈ n

and the drift velocity

vd

(2.16)

is determined by the electrons

∂
∂n
+
(nvd ) = 0 ,
∂t
∂x


∂vd
∂vd
∂Φ
∂
M
+ vd
= −e
= −kB Te
ln n ,
∂t
∂x
∂x
∂x

(2.17)

(2.18)

or in dimensionless variables

(ud − τ )

∂
∂ud
+
(ln n) = 0 ,
∂τ
∂τ

(2.19)

(ud − τ )

∂
∂ud
(ln n) +
= 0.
∂τ
∂τ

(2.20)

From (2.19) and (2.20) directly follows that

(ud − τ )2 = 1 ,
Eq. 2.20 results in

n
= C exp(−τ ) ,
τ →+∞ n0
lim

6

ud = τ ± 1 .

(2.21)

(2.22)

2.2 Self-similar solution by
The proportionality factor

C

Ti → 0

and

et al.

is obtained by applying a continuous connection to the

C depends on
n/n0 = 1 for τ < −1.

numerical solution.
as

Gurevich

the initial ion distribution and reduces to unity
Since the asymptotic behaviour of (2.22) strongly

depends on the Maxwellian distribution of the initial electrons, in particular for the
fast electrons, any distortion of the distribution will have an impact on the asymptotic
solution. This is a crucial fact to be taken into account when comparing the theory with
experimental results.

2.2.2 Numerical solution
Let

F

be a dimensionless force dened by


Z ∞
d
g du .
F = − ln
dτ
−∞

(2.23)

du
F (τ )
=
dτ
u−τ

(2.24)

(2.14) can now be written as

For the unperturbed plasma, the force vanishes as
that

F → 1 ≡ F∞

as

τ → +∞.

τ →τ0

u−τ =

du
dτ

and it follows form (2.22)

It can be found that the force is positive for all

the velocity is increasing monotonically as

lim u = u(τ0 ) +

τ → −∞

du
dτ

τ

τ

and

increases, which follows from

(τ − τ0 )

lim u(τ0 ) = τ → τ0

τ →τ0

τ0

du
dτ

(τ − τ0 )
τ0

=
τ0

F (τ0 )
u−τ

(u − τ )2 = F (τ0 )(τ − τ0 ) .

(2.25)

The limit of (2.25) describes characteristics that are variations of the Maxwell distribu
tion having a cut-o at

u = τ,

u < τ . All characteristics
τ → +∞, F goes to unity

i.e., there are no particles with

bunch according to (2.21) near the curve

u(τ ) = τ + 1.

For

and the solution of (2.24) has the form

lim u = τ + 1 + lim A exp(−u) ≈ τ + 1 + lim A0 exp(−τ ) ≈ τ + 1

τ →∞

τ →∞

τ →∞

(2.26)

g(u) = exp(−u2 ) for τ < τ0 as anchor, one can iteratively
characteristic for any τk+1 = τk + ∆τ using a linearised form of (2.23)
" Z
#
Z ∞
∞
1
ln
g(τk , u) du − ln
g(τk−1 , u) du
(2.27)
F (τk ) = −
∆τ
τk
τk−1

With the Maxwellian
calculate the

and the linearised form of (2.24)



F (τk )
g(τk+1 , u) = g τk , u −
∆τ
(u − τk )


.

(2.28)
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1

g(τ,u)

0.8
τ =−2
τ =−3

0.6

τ =−1

τ=0

τ=1

τ=2

τ=3

τ=4

0.4
0.2
0

−3

−2

−1

0

1

2

3

4

5

u
Fig. 2.2: A family of distribution functions
atively by (2.28) and 2.27, using

g(u) for
τ0 = −3

distribution functions are asymptotically

τ calculated iter
g(τ < τ0 , u) = exp(−u2 ). The
bunching at u = τ + 1 as τ grows.
dierent values of

and

g(τ, u) for dierent values
δ -like
u(τ ) = τ + 1 as τ grows.

Fig. 2.2 shows the numerically calculated distribution function
of

τ.

The distribution rapidly changes from a Maxwellian distribution to a

function. It is bunching asymptotically around
The ion density

ni

is given by the integral

n0
ni = √
π

∞

Z

g(τ, u) du .

By calculating this numerically using (2.28) for
in (2.22) can be found to be

(2.29)

τ

k  1,

the proportionality factor

C = 0.7.

With the use of (2.13) and 2.21, the mean kinetic energy of the ions can be calculated
for

τ → ∞.

With the normalization of

vd ,

is proportional to the electron temperature

it follows that the kinetic energy of the ions
Te and τ 2 :

1
1
1
1
hEkin i = M vd2 = kB Te u2d = kB Te (τ + 1)2 ≈ kB Te τ 2 .
2
2
2
2
The eective ion temperature

Tieff

drops as

τ

(2.30)

grows. The cooling results from (2.26) and

follows the proportionately

Tieff ∝ Ti exp(−2τ ) .
As

τ

grows, the variation of

u

vanishes with

(2.31)

exp(−τ ).

The expansion model holds no upper limit for the expansion velocity as the ion density
reaches out contentiously to innity as soon as

t > 0.

The model describes the rough

evolution of the density proles, but it cannot explain the observations of distinct ion
and electron bursts with nite velocities [38, 59].
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2.3 Expansion simulation by

Widner

et al.

2.3 Expansion simulation by WIDNER et al.
Widner et al. [49] used a computer simulation based on a uid model for the cold
ions and a thermodynamic equilibrium model for the hot electrons. The calculations do
not depend on quasi-neutrality and therefore allow for space charge layers. The source
simulation controls electron temperature, electron density, and plasma potential. The
domain consists of a semi-innite ion density and a relaxed Boltzmann distributed
electron density prole. The model considers the following equations



∂v
e
∂v
+v
=
E,
∂t
∂x
M
∂ni
∂
+
(ni v) = 0 ,
∂t
∂x
where

M

ne = n0 exp
0

eΦ
kB Te


,

∂ 2Φ
= e (ne − ni ) ,
∂x2

(2.32)

is the ion mass. It is solved using Neumann boundary conditions:



∂ 2Φ
∂x2




=

0

∂ 2Φ
∂x2


= 0,

and

Φ0 = 0 .

(2.33)

N

The simulation results (Fig. 2.3) are similar to the analytical solution obtained by Gure-

vich et al. [54]. The rarefaction wave propagates as predicted with ion sound speed. In
the simulation, however, the ions bunch and build up a pronounced ion front within a
few plasma periods. The drift velocity of the front is found to have an upper limit at
around

v d ≈ 3 cs .

The simulation veries the general expansion process described by

Gurevich et al. [54]. But it can reproduce the observed formation of an ion front and
the limitation of the expansion to a nite velocity.

ion and electron densities

1.0
0.8
0.6
0.4
0.2
0.0

-80

-40

0
40
80
120
position in DEBYE lengths

160

Fig. 2.3: Ion and electron densities versus position at several times. Time between plots
is

√
2/fpi .

Computer simulation solutions.

([49] Fig. 1a)
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2.4 Analytical model by CROW et al.
The

analytical

description

Crow et al. [45].

of

the

results

Widner

by

et

al.

[49]

is

given

by

They have developed an advanced model for the collision-free ex

pansion of a semi-innite plasma.

It is a one-dimensional model with the following

assumptions: The electrons are always in equilibrium, employing Boltzmann's rela
tion.

The electron temperature

negligible.

The plasma potential

Te
Φ

remains constant whereas the ion temperature is
is described by Poisson's equation and with the

continuity equations the total set of equations becomes



∂v
e
∂v
+v
=
E,
∂t
∂x
mi
∂ni
∂
+
(ni v) = 0 ,
∂t
∂x
where

ni

and

ne

ne = n0 exp
0

E


,

∂ 2Φ
= e (ne − ni ) ,
∂x2

are the ion and electron densities, respectively,

the ion mass, and

eΦ
kB Te

v

(2.34)

is the ion velocity,

mi

the electric eld. The quantities are normalised with the respective

parameters listed in Tab. 2.1.
By including the Boltzmann relation into the Poisson equation, the three essential
dierential equations of the problem are obtained:

∂v
∂φ
∂v
+v
=−
,
∂t
∂x
∂x

quantity
length
time
velocity
ion density
potential

∂n
∂
+
(nv) = 0 ,
∂t
∂x

∂ 2φ
= exp(φ) − n .
∂x2

(2.35)

norm

x
t
v
n
φ

Debye length
plasma period
ion sound speed
initial density
elec. temperature

p
λD
= p0 kB Te /n0 e2
= 0 mi /n0 e2
ωp−1
i
c
= λD · ωpi
n0
kB Te /e

Tab. 2.1: Normalization of the physical quantities.

2.4.1 Initial condition
The initial situation is a semi-innite ion density given by
is the Heaviside step function. At

and
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t = 0,

d2 φ
= exp(φ) − 1
dx2
d2 φ
= exp(φ)
dx2

n(x) = H(−x),

where

H(x)

Poisson's equation takes the form

for

x<0

(2.36)

for

x > 0.

(2.37)

2.4 Analytical model by

Crow

et al.

Using the ansatz



dy
dx

2

Z
=2

d2 y
dy
dx2

φ

and the boundary condition of

dφ
=0
dx
dφ
lim
= 0,
x→+∞ dx

lim φ = 0 ,

lim

x→−∞

x→+∞

this leads to the electric elds

(2.40)

E = −dφ/dx

E 2 = 2 [exp(φ) − 1 − φ]
E 2 = 2 exp(φ)

and

(2.39)

x→−∞

lim φ = −∞ ,

and

(2.38)

x<0
x > 0.

for
for

(2.41)
(2.42)

Since the electric eld and the potential are continuous, it can be found by subtraction
of (2.41) and 2.42 that

φ = −1

at

x = 0.
Z

1
x = −√
2

φ

−1

Eq. 2.41 integrates formally to

1
p
dφ .
exp (φ) − 1 − φ

(2.43)

Eq. 2.42 can be computed likewise and integrates analytically to


φ = −2 ln
where

e


x
√ + 1 − 1,
2e

(2.44)

is Euler's number - in contrast to the electron charge

e.

If the result of (2.44)

is inserted into the Boltzmann relation, one obtains

ne
1
=
n0
e
φ
x >= 0



x
√ +1
2e

−2
for

x > 0.

(2.45)

Now the initial condition for

can be calculated numerically for

and analytically for

using (2.44).

nally leads to the initial electron density.
of

exp(φ) = exp(−1) ≈ 0.37

x < 0

using (2.43)

With Boltzmann's relation, this 
The electron density has xed value

at the origin and continuously drops to zero.

2.4.2 The expansion (t > 0)
As time evolves, the ion density diers from unity at positions
the position of the front-most ions and is a priory unknown.

x < xf ,

where

xf

denotes

The Poisson equation

(2.35) integrates to

2



Z

E = 2 exp(φ) − 1 −

φ
0



n dφ .

(2.46)

0
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2.4.3 Numerical integration
X− < x < X+ with appropriate boundary
conditions is dened. Since, the potential for x > xf can be calculated analytically
by (2.44), the right-hand boundary is given by X+ ≡ xf , whereas the left-hand boundary
has to be chosen reasonably X−  0 in terms of accuracy versus numerical eort.
To solve the equations numerically, a domain

The numerical integration is done by replacing the equations of (2.35) with the pseu
do-Lagrangian equations of motion

where the

∂φ
Dx
∂χ
Dv
=−
,
= v, n =
,
Dt
∂x
Dt
∂x
operator D/Dt is the total derivative with

the Lagrangian space coordinate.

X− < x < xf ,
respect to the plasma.

The ion front position

right-hand Lagrangian mesh point (i.e.

xf

(2.47)

χ

denotes

is then given by the

xf = X+ ).

The left-hand boundary condition

x = X− for E and φ, the integral
exp(φ) and n expand to

To obtain a nite left-hand boundary condition

x → −∞. Using
1
lim exp(φ) = 1 + φ + φ2 + . . .
φ→0
2

solved in the limes of

is

the limes (2.39),

lim n = 1 + αφ + βφ2 + . . . .

and

φ→0

(2.48)

With some calculus, (2.46) transforms to

−E =
At the left-hand boundary (x
on

φ

= X− )

∂φ √
≈ 1 − α · φ.
∂x

(2.49)

one can impose a gradient boundary condition

in the form

∂φ
∂x

[φ (X− )]−1 =
X−

∂φ
∂x

[φ (X− + δx)]−1 .

(2.50)

X− +δx

The right-hand boundary condition

For the right-hand boundary

x = X + ≡ xf ,

the Poisson integrates to (2.42)

E 2 = 2 exp(φ) .
The general Poisson equation (2.46) can be transformed to



2

Z

x

E = 2 exp(φ) − 1 +

0



nE dx .

(2.51)

−∞
Subtracting (2.42) from (2.51) yields

Z
−

φ
0

Z

xf

n dφ =
0

nE dx = 1 ,

(2.52)

−∞

giving a constant total force on the ions that is equal to unity. This corresponds to the
electron pressure
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n0 kB Te .

2.4 Analytical model by

Crow

et al.

2.4.4 Results
The resulting time evolution is depicted in Fig. 2.4. The densities at the origin remain
−1
at the initial values ne (0) = e
for both ions and electrons. This holds as well for the
plasma potential, as it is coupled to the electron density by Boltzmann's relation. The
electron density prole can be described approximately by


 x
ne (x, t) = exp − − 1 .
t

(2.53)

which is equivalent to the prole calculated by Gurevich et al.[54]. The ions form a
pronounce propagating front which experiences a never vanishing acceleration. Although
the ion velocity at the origin remains is constant at
locity, the front velocity

vf

v(0) = 1,

i.e., at the ion sound ve

is increasing indenitely. Once the ion velocity approaches

the electron mean thermal velocity, a key assumption for the model, the Boltzmann
relation, breaks down [20]. The threshold is determined by the electron thermal veloc
ity

vthe

and does not depend on the ion mass. Taking

v = vthe /4 as threshold, the kinetic

energy of the ions would be given by

Ekin =

1 M
kB Te .
4 πme

(2.54)

This upper boundary is much higher than the one obtained by Widner's simulation,
although the results are qualitatively in good agreement.

However, reported mea

surements during plasma expansion experiments show generally much lower ion veloci
ties [24, 38, 59].
The ion density peak at the front has later been identied as a numerical artefact result
ing from the limited spatial resolution of the initial ion density gradient [48]. Eectively,
the limited spacial resolution has a similar eect on the evolution as an initially nite
ion density gradient (cf. the linear front in Ref. [42]).
(b)

1.0

8

0.8

normalized velocitiy

norm. ion and electron densities

(a)

0.6
0.4
0.2
0.0
−50

ωPi t =
1020
3050
100

0
50
100
150
position in DEBYE lengths

200

20

6

30

40
50

ωPit = 10
4

2
0
−50

0
50
100
150
position in DEBYE lengths

Fig. 2.4: (a) Ion and electron densities against position at several times
(b) Ion velocity against position for dierent times.

200

([45] Fig. 4)
([45] Fig. 6)
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2.5 Expansion experiment by HAIRAPETIAN and STENZEL
Hairapetian and Stenzel has set up a plasma expansion experiment [23]. The ex
perimental setup is illustrated in Fig. 2.5. A fast valve injects a localised neutral gas
cloud around a pulsed thermionic discharge. The generated plasma freely expands along
a homogeneous magnetic eld and generates ion with energies of up to

100 eV

shown in

Fig. 2.6a. The plasma density and potential evolution have been measured, revealing
two things. First, the potential prole features a propagating double layer and second,
the total potential drop is only
a surplus of

17 eV

83 V

as depicted in Fig. 2.6b. The ions have therefore

in kinetic energy which cannot be explained by the potential drop

alone. The authors proposed that the propagation of the double layer allows the ions
to experience the set up electric eld for a longer time while they are moving along,
resulting in an over all longer acceleration period.
Further analysis [24] has shown that a test particle would indeed gain the measured
kinetic energy within

10%

when experiencing the measured potential evolution.

double layer propagates with a velocity of
to the ion sound velocity

vDL = 3.3 km/s

The

corresponding approximately

cs = 3.1 km/s.

Fig. 2.5: The setup of Hairapetian and Stenzel's expansion experiment.([23] Fig. 1)
(a)

(b)

Fig. 2.6: (a) The density prole to the left and the ion energy to the right and
and (b) the plasma potential evolution.
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t = 100 µs

([23] Fig. 2 and 5)

3 Diagnostics
A major challenge in the present thesis is the spatio-temporal measurement of expanding
plasmas. Key parameters are the plasma potential, the particle densities, the electron
temperature and the ion energy distribution function.

In most low-temperature plas

mas, electrostatic Langmuir probes can be used to obtain the most of these parameters
with a reasonable spatial resolution. However, the proper analysis requires a complete
current-voltage characteristic of the probe. This limits the temporal resolution and is
strongly inuenced by rapid plasma uctuations. To bypass these limitations, dierent
specialised probes are used.

Emissive probes are used for plasma potential measure

ments (section 3.2), double probes to obtain the electron temperature (section 3.3), and
retarding eld energy analysers (RFEA) for the ion energy distribution (section 3.5).
The neutral gas density plays an important role in the expansion experiment, as it de
termines to a large extend the collisionality. A fast valve is used to increase the source
neutral gas density to meet the ignition condition by maintaining the low neutral gas
density in the expansion chamber. The gas density distribution in space and time is con
sequently non-trivial and is measured with the use of a miniaturised ionisation gauges
(section 3.4).
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3.1 LANGMUIR probes
A Langmuir probe is a small, biased electrode that can be placed in the region of
interest of the plasma. The current-voltage characteristic of the probe can be used to

Vf ,

determine various plasma parameters, such as oating potential
electron temperature

Te ,

electron density

ne ,

and ion density

ni .

plasma potential

Φ,

The Langmuir probe

characteristic is given by the ux of electrons and ions on the probe surface. A schematic
of a Langmuir characteristic is shown in Fig. 3.1. It can be separated in three regions:
The ion saturation regime

Vp  Φ,

the electron saturation regime

V p > Φ,

and the

transition regime in between. The electron and ion uxes are inuenced by a variety
of additional parameters, such as collisions, magnetic eld, and geometry of the probe
itself.

A number of dierent probe theories have been developed to analyse the spe

cic cases [6063].

In the simplest case of an unmagnetised collisionless plasma with

Maxwellian distribution of electrons and ions, the original Langmuir theory [60] can
be used for the evaluation of the probe characteristic.
The space charge potential of the plasma is referred to as the plasma potential

Φ.

Biasing

a probe more positive than the plasma potential basically results in saturation of the
electron current. However, the sheath around the probe expands, which results in an
increase of the eective probe area. For a probe bias lower than the plasma potential,
electrons with insucient energy are repelled in the electric eld around the probe. The
electron current

je

is determined both by the electron energy distribution function

and by the probe bias

Vp

with respect to the plasma potential

2πen0
je (Vp ) =
m2e
with

W = me v 2 /2 + e(Vp − Φ).

Z

[64]:

∞

[W − e(Vp − Φ)] f0 (W ) dW ,

(3.1)

eVp

For a thermal plasma, the electron current

transition regime is proportional to the Boltzmann factor

probe current jp (Am−2)

Φ

f (W )

exp(eΦ/kB Te )

je

in the

[65]. For the

j

e,sat

0

ji,sat
0
Φ
V
f
probe bias Vp (V)

Fig. 3.1: An idealised Langmuir characteristic.
curve ts to obtain plasma parameters.
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The dashed lines are guide lines and

3.1

Langmuir

probes

electron current one obtains


je = jesat exp
and the electron temperature

Te

e(Vp − Φ)
kB Te


(3.2)

is given by

kB Te =

e(Vp − Φ)
.
ln(je /jesat )

(3.3)

The exponential transition regime makes a smooth transition to the saturation regime,
generating a knee in the probe characteristic at the plasma potential. A quite robust
method to determine the plasma potential is to calculate the intersection of the expo
nential t of the transition regime and a linear t of the electron saturation regime [66].
Another method is to use the inection point of the characteristic which can be shown
to be close to the plasma potential [67].
For increasingly negative probe bias, the electron current diminishes and the ion current
starts to dominate. The ion saturation current
[68] for cold ions

n0

is given in Bohm's sheath analysis

Ti = 0:
jisat

where

jisat

r
 
kB Te
1
,
n0 ecs = n0 e
= exp −
2
emi

is the plasma density,

cs

e.

The factor

jesat = −n0 ev̄e /4 = −n0 e
v̄e =

accounts

It reads

r

where

Euler's

Bohm also derived the electron

for the plasma density decrease in the pre-sheath.

jesat .

e denotes
exp(−1/2) ≈ 1/2

is the ion sound velocity, and

number - in contrast to the electron charge
saturation current

(3.4)

p
8kB Te /πmi

kB Te
,
2πme

is the average electron velocity and the factor

(3.5)

1/4

is given by

the integration of the solid angle over the half-space.
Thus, the plasma density

n0

is proportional to the saturation currents and can be ob

tained either way

ji
n0 = sat
e

r

emi
je
= − sat
kB Te
e

r

2πme
.
kB Te

(3.6)

Therefore the measurement of the ion saturation current would be sucient to determine
the electron density. This, however, requires the knowledge of the local electron temper
ature. If the electron temperature is not measured independently, it would require the
recording of the total Langmuir probe characteristic.
The wall potential of Bohm's model corresponds to the potential of an unbiased probe
at oating potential. A probe at oating potential draws no net-current and the ion and
electron current cancel out each other. The oating potential is related to the plasma
potential and the electron temperature by

kB
Vf = Φ − α Te
e
where

Mi

with

1
α = ln
2



emi
2πme


≈

1
ln (Mi ) + 3.34 ,
2

(3.7)

is the ion mass in atomic mass units [69].

17

3 Diagnostics

3.1.1 Limitations in the experimental setup
In the plasma expansion experiment, the usefulness of Langmuir probes is limited. In
rf-discharges, the probe characteristic is strongly inuenced by plasma potential uctu
ations [70]: The characteristic is folded with the potential uctuations when measured
against a reference potential.

This results in an overestimation of the electron tem

perature. Under certain circumstances, it is possible to compensate the probe against
rf-uctuations [71].
The method, however, is only applicable in high density plasmas, i.e., where the ion
plasma frequency

f pi

is much higher than the rf-frequency

fpi  frf .

The low density in

the plasma expansion experiments does not allow for rf-compensation. As an alternative
approach, the electron temperature is measured with a double probe (cf. section 3.3).
The accuracy of plasma potential measurement is depending on how well the knee in
the characteristic can be identied. It is consequently necessary to acquire the probe
characteristic with high resolution.

In particular at the low plasma densities in the

beginning of the plasma expansion, the probe draws only small currents which results
in a weak signal-to-noise ratio and requires strong averaging to ensure a reasonable
accuracy.

This increases the measuring time to unacceptable levels.

Emissive probes

oer a reliable, direct measurement (section 3.2).

Langmuir probes are used to measure the electron and ion saturation currents. Since
sheath expansion plays a role, the saturation currents are expected to be increased by up
to a factor of two. Energetic electrons and ions have a strong inuence on the saturation
currents. At higher probe bias, to limit this inuence, sheath expansion becomes more
severe and secondary electron emission can form another source of errors [72, 73]. Most
critical is the strong time dependency of the plasma potential. At a xed probe bias,
the variation of the potential leads to a shift in the characteristic with the possibility
to leave the saturation regime. It is necessary to carefully analyse the probe data with
respect to the plasma potential and oating potential evolution.
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3.2 Emissive probes
An emissive probe provides a direct and reliable measure of the plasma potential [74].
This is in contrast to a Langmuir probe which measures the oating potential
unbiased.

This is due to the potential drop within the Debye sheath.

Vf

when

If the probe

is emitting electrons the potential drop in the sheath can be reduced and the oating
potential approaches the plasma potential

Φ.

In a Maxwellian plasma, the following

equation holds for emissive probes [74, 75]:


eΦ = eVf + kB Te ln
where

jesat
jem + jisat

Te is the electron temperature in eV units, and jesat


,

(3.8)

and jisat are the electron and ion

saturation current densities, respectively. The emission current

jem

is usually achieved

by thermionic electron emission (Edison-Richardson-Eect) and the emission current
reads [76]

jem(Tw ) =
where

Tw

AR Tw2



Ww
exp −
,
kB Tw

denotes the temperature of the probe surface,

(3.9)

AR

the Richardson fac

tor and Ww the work function of the probe material (for tungsten:
105 Am−2 K−2 , Wwtungsten = 4.54 eV [77]).

AR ≈ 6 ·

The probe has to be heated in order to reach an emission current that is comparable to
the electron saturation current. The heating can be achieved in several ways, e.g., with
a laser [74, 75, 78], by the plasma itself [79] or by Ohmic heating [80, 81]. Combining

Richardson's-Law (3.9) with (3.8) one obtains the theoretical discrepancy between the
emissive oating potential and the plasma potential for a given wire temperature

Tw .

The dependency is depicted in Fig. 3.2. The plot shows the saturation towards a cold
probe at the well-dened value

α

found in (3.7). Further, a logarithmic scaling of the

Φ − Vf (kBTe/e)

10

js= 101Am−2 ~ ne=1014m−3
js= 102Am−2 ~ ne=1015m−3

5

js= 103Am−2 ~ ne=1016m−3
js= 104Am−2 ~ ne=1017m−3

0

−5

1600

1800

2000

2200

2400 2600 2800 3000
wire temperature Tw [K]

3200

3400

3600

Fig. 3.2: Theoretical dierence between the oating and plasma potential in relation to
the wire temperature for dierent electron densities.
argon plasma. The density approximations hold for

The data is based on

Te = O(10 eV).
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required wire temperature with the plasma density is predicted. It also addresses the
possibility of overheating which would lead to an overestimation of the plasma potential.
In real plasmas, however, space charge eects result in an early saturation of the emission
current [82]. The transition from the Langmuir to the emissive probe characteristics
is shown in Fig. 3.3. An increase of the probe temperature results in an increase of the
oating potential. Nevertheless, the oating potential still underestimates the plasma
potential. This deviation is determined by the ion mass and the electron temperature
(eΦ

− eVf = O(kB Te )

for

Ti  Te

[83]).

Overheating yields a more accurate plasma

potential measurement, but increasing the temperature also decreases the lifetime of the
probe by surface melting and embrittlement. The benets of emissive probes over Lang-

muir probes in terms of plasma potential measurements are the possibility to directly
measure the plasma potential and, more importantly, their robustness against plasma
drifts and electrons beams [74]. Although the easy use is one of the main advantages of
emissive probes, the accuracy can be improved by the use of more complex setups, e.g.,
the dierential probe feedback loop control circuit designed by Yao et al. [84].
For the present experiments a Ohmically heated probe is used as illustrated in Fig. 3.4.

0.05 mm is formed to a loop of 2 mm length and 1 mm
at a current of 2 A. To allow a fast repair of the probe

A tungsten wire with a diameter of
width and is slightly overheated

after melting of the lament, the electrical contact between the feeding wires and the
loop is realised in the following way: The probe rod is a ceramic tube with two channels
with a diameter of about

0.5 mm.

The main feeding wires are connected to thick tungsten

wires with a diameter on the order of

0.2 mm.

The tungsten wires reach all the way to

the tip of the probe where they are capped aligned with the ceramic. The channels are
then tightly lled with further tungsten wire pieces of dierent diameters, xating the
main wires. This naturally leaves some space between the tungsten pieces in which the

0.15

Te= 5eV, ne= 6.1017m-3

0.1
Ip (A)

0.05

T = 2500K T = 2400K

0
-0.05

T = 2600K

-0.1

T = 2700K

-0.15
-0.2
-50
Fig. 3.3:

Ip -Vp

Vf

T = 2800K

-40

-30

-20 -10
(V p - Φ) (V)

0

20

characteristics for a single emissive probe with the probe temperature as

a parameter. The oating potential saturates around
due to the space-charge eect.

20

10

−4.95 V

at

Tw = 2600 K
([83] Fig. 2)

3.2 Emissive probes
loop wire can easily t and the surrounding wires provide sucient electrical contact. A
similar method is described in Ref. [81] using silver wires. The present method, however,
has the advantage that the contact wires are not melted by the lament, allowing reuse.

feeding
wires

R

filling
wire pieces

probe
signal

R

probe tip
(tungsten wire)

power
supply
Fig. 3.4: Emissive probe with heating circuit: The resistors
resistivity of the probe's wiring (e.g.

R

are large compared to the

R = 1 kΩ).
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3.2.1 Temporal resolution
Since the dynamics in the present experiments are expected to be on the order of micro
seconds, one has to take special care about the heating circuit of the emissive probe.
The heating power needs to allow for ne adjustments in order to to reach a sucient
electron emission while staying well below the melting temperature of the lament.
Further, the heating power is about

25 W (Vh ≈ 12.5 V, Ih = 2 A)

which means that a

battery powered heating circuit is problematic, especially if the circuit should operate for
long term. As the batteries drain over time, additional adjustments become necessary.
For a more reliable heating, a line powered circuit is the better choice.

Since power

supplies have a nite stray capacity to ground, they are not perfectly oating devices.
A stray capacity results in an upper frequency limit for the plasma potential reading
(f3 dB

≈ 10 kHz) which is why it needs to be minimised.

This can be done by using an AC

driven heating circuit. If the drive frequency is higher than the characteristic cooling
rate, the lament temperature and therefore the electron emission is approximately
constant.

The reduction of the stray capacity can be achieved by installing a simple

transformer.

f3 dB > 1 MHz, using a drive frequency
I0 = 3.2 A. The 5 kHz-ripple has an amplitude

The cut-o frequency has been increased to
of
of

fh = 5 kHz and a primary current of
1 V at the low density plasma case and

becomes undetectable once plasma density is

high enough. This is not critical if the plasma density is too low since an overheated
emissive probe gives inaccurate readings nonetheless, owed to space charge eects. How
ever, overheating of the probe is done to cover a broad density and plasma potential
range without adjustments. Only in this way, it is possible to track the plasma potential
throughout a total pulse.

22

3.3 Double probes

3.3 Double probes
A strong uctuating plasma potential generally leads to perturbed measurements with
electrostatic probes like Langmuir probes. If the uctuation frequency is much smaller
than the ion plasma frequency

ffluc  fpi , the perturbation eect on a Langmuir probe

characteristic can be compensated. No immediate need for compensation measures have
oating probes like the double probe. The schematic of a simple double probe setup is
depicted in Fig. 3.5. It basically consists of two Langmuir probes that are located at
a distance

d

with

λD  d  LG ,

where

λD

gradient length of the plasma parameters.

is the Debye length and

LG

the minimum

The electric circuit is a oating, tunable

voltage source, e.g. a battery combined with a potentiometer.
The ion density and the electron temperature can be derived from the

Is -Vs characteristic.

Since a double probe system is oating, the total probe currents must balance via the
external circuit

Is = Ii1 + Ie1 = −(Ii2 + Ie2 ) .
where

Is

is the source current and

to the probe tips

1

and

2,

Ii1 , Ii2 , Ie1 ,

and

Ie2

(3.10)

are the ion and electron currents

respectively. The bias of the two probes will self-adjust to

V2 − V1 ≡ Vs .
Due

to

the

(e.g. probe

exponential

1)

nature

of

the

probe

(3.11)
characteristic,

the

increase of the potential dierence

Vs

positive

Vf .

will self-bias only slightly above the oating potential

probe

Likewise, an

decreases the negative probe bias since the posi

tive probe current is much more sensitive to changes in the bias voltage. The current
eventually saturates when no more electrons are collected by probe
dius

rp

is much larger than the Debye length

section 3.3.1). For nite
increasing

Vs

rp /λD ,

the ion current

2

If the probe ra

Is saturates (cf.
Is ) increases with

source current
consequently

due to sheath expansion (cf. section 3.3.2).

I e1
1

λD , the
Ii2 (and

2.

IS

I i1
VS
Ie2

+
_
+
_

V0

I i2
Fig. 3.5: Schematic of a simple double probe circuit. For fast uctuating plasmas, it is
useful to use only battery powered components in the circuit.
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3.3.1 Idealised double probe characteristic
For a Maxwellian electron energy distribution function, the electron current can be
expressed as an exponential function of the probe voltage


Iep = jep Ap exp
where

A is the probe area, jep

eVp
kB Te


Vp < 0

with

and

p = 1, 2

(3.12)

is the electron current density at the sheath edge, and

the electron temperature [85]. The index

p denotes the respective probe.

Te

is

By substituting

the electron currents in the oating probe condition (3.10) and using (3.11), one obtains

X




eVs
A2
exp
.
Ii = −Ie1 1 +
A1
kB Te

This simplies for identical probes (A1

(3.13)

= A2 , Isat = Ii1 = Ii2 ) and yields the ideal double

probe characteristic


Is (Vs ) = Isat 
The electron temperature
point

Te

exp
exp




eVs
kB Te



eVs
kB Te



−1
+1





 = Isat tanh

eVs
2kB Te


.

(3.14)

can be obtained by dierentiation at the inection

Vs = 0:
Isat
kB Te = e
2



dIs
dVs

−1



.

(3.15)

Vs =0

3.3.2 Inuence of the sheath expansion
The expansion of sheath modies (3.15) [86].

A simple approach to take the sheath

expansion into account is by a correction factor of the ion currents, proportional to the
probe potentials

V1
Ii1 = Aji1 − SV1 = Isat − SV1 ,

S is an empirical
current Is becomes
where

sheath expansion factor.

(3.16)

For identical probes, the external

Is = −Ie1 + Isat − SV1

(3.17)

Vs , giving

eIe1
dV1
=
−S
k T
dVs
" B e 


 2 #
2
e2 Ie1 dV1
eIe1
d V1
=
+
−S
.
2 2
kB Te dVs
kB Te
dVs2

and can be dierentiated with respect to

dIs
dVs
and

d2 Is
dVs2



(3.18)

(3.19)

In order to derive the electron temperature from (3.18), one has to approximate
and

dV1 /dVs

which is possible in the limit

dV1
1
=
dVs
2
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and

S→0

at the inection point

[Ie1 ]Is =0 = −Isat + S∆V1 ,

Ie1

Is = 0:
(3.20)

3.3 Double probes
Isat is the saturation current and ∆V1 is the probe potential dierence between the
electron-ion current separation and the inection point. A relation between Vs and V1

where

has been given by Johnson and Malter [87]

δV1
ln F/G
=
.
δVs
ln [(F − 1)/(G − 1)]

(3.21)

As they discovered experimentally, the electron-ion current separation occurs at a cur
rent ratio

P

Ii / − Ie1 of F = 50. . . 100. The current ratio at the inection point is
G = 2, indicating symmetric probes. The relation between V1 and Vs can

approximately

therefore be approximated by (3.21) and one obtains (cf. Fig. 3.6a):

∆V1 ≈ 0.84 · ∆Vs .

(3.22)

From (3.18), the corrected expression for the electron temperature

Te

read as

kB Te
Isat − 0.84 · S∆Vs
=
,
e
2 [dIs /dVs ]Vs =0 − S
where

(3.23)

∆Vs can be obtained by the intersection of the linear t of the intermediate part of

the probe characteristic and the two saturation sections. This approach is illustrated for
a typical double probe characteristic in Fig. 3.6b. The linear ts are drawn as grey lines.

∆Vs and Isat are given in red. The so obtained ion
temperature Te are used to calculate the ion density in (3.4).

The intersections and key parameters
saturation current

Isat

and

(a)

2 ∆Vs

(b)

0.9

0.85
0.83

0.8

F = 100

2 Isat

0

F = 50

0.7
0.6

Is

ratio δV1/δVS

1

0

0.5
ratio Ie1/ΣIi =G−1

1

0
Vs

−1
Fig. 3.6: (a) Dependence of δV1 /δVs on G
for two dierent values of
−1
The values for G
= 0.5 are marked by the dotted lines.

F (50

and

100).

(b) Schematic of a double probe characteristic. The required parameters
and

Isat

∆Vs

for the electron temperature determination are marked.
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3.3.3 Experimental realisation
To ensure oating conditions for the double probe, an entirely battery powered circuit is
recommended. However, a 

Keithley 2400 

source-meter (i.e. an insulated power supply

that can simultaneously measure both current and voltage with high accuracy) was used
instead. The device has the advantage that it can be controlled remotely and combines
the supplying and measuring circuit in one calibrated unit.

Its low stray capacitive

coupling to ground allows for a good oating behaviour. There are two operation modes
available: A voltage controlled mode and a current controlled mode. The comparison of
the two modes shows a better performance for the current controlled mode. To minimise
the systematic error the total characteristic is acquired. The required parameters
and

Isat

∆Vs

are obtained as illustrated in Fig. 3.6b. This method is robust against osets in

the current and voltage measurements.
The double probe concept becomes inaccurate if energetic electrons play a role. This is
since a symmetric probe only collects tail electrons which account for less than

15% of the

electron energy distribution function [85]. An asymmetric double probe can encounter
this issue.

By increasing the probe area of the ion collecting probe, the ion current

can be increased.

The oating criterion requires a higher electron current and which

covers a larger amount of the electron energy distribution function. However, in order
to signicantly improve the robustness of the double probe against energetic electrons
4
a probe area ration on the order of 10 (Ar) is required [88]. Such a probe area ratio
cannot be realised for the present plasma expansion experiments without loosing the
required spatial resolution.
Due to the weak signal-to-noise ratio a concrete measurement during the plasma expan
sion experiments could not be performed. In order to obtain a range for the expected elec
tron temperature, stationary plasmas have been set up in such way that they cover the
properties expected during the plasma expansion. The adjusted properties are namely
the electron density, the input power, the working gas pressure, and the magnetic cong
uration. The data obtained by double probe measurements in these stationary plasmas
is used to extrapolate the electron temperature during the fast expansion.
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3.4 The pressure probe
For monitoring the neutral gas density, a miniaturised hot-lament ionization gauge
is used which will be referred to as pressure probe. The design of the gauge, used in
this thesis, is similar to the one described by Buckley [89].

For spatially resolved

measurements during a gas pu, the gauge is mounted onto a probe rod.

I princi

ple, the gauge consists of three probes: One emissive probe and two Langmuir probes
which act as cathode, anode, and collector, respectively. The hot cathode (heating cur

Ih = 0.63 A) provides a constant electron current Ie = 1 mA drawn by the anode
Ve = 100 V). The accelerated electrons partially ionise the gas by electron
impact ionisation. The so created ions are picked up by the collector (Vi = −57 V) and

rent

(bias voltage

an ion current

Ii ≈ C Ie nn
proportional to the neutral gas density

nn

(3.24)

is created [89]. For convenience, the probes

are arranged along a pentagonal pattern, given by the ve holes of a

2 mm

diameter

ceramic tube as illustrated in Fig. 3.7a. The ceramic tube hosts the four connectors in
such a way that the three electrodes are arranged in a triangle. Under constant pressure
conditions, the probe is calibrated in a range from

Pfeier Vacuum© ).

p0 = 5

to

500 mPa.

The pressure

EVR 116,

is varied by adjusting the gas in-ow via a remote controlled pin hole valve (

The measurement is taken after the gas pressure, measured by

a commercial ionization gauge, has settled to a constant value.
automated, reproducible calibration method.

This allows for an

The calibration measurement (circles)

and the applied t, used for conversation, are depicted in Fig. 3.7b.

The plot shows

an approximately linear relationship between the probe current and the pressure both
plotted on a logarithmic scale. The pressure measurement in the intermediate pressure
range appears to be underestimated by the t. Note that this region is just in the middle
of two settable pressure ranges of the commercial ionisation gauge. The discrepancy is
most likely due to an overestimation of the gauge. Nevertheless, the region is narrow
and the relative error is less than a factor of two.

(b)

electron
emitter
(cathode)
Vh = 0, (Ih)
electron
current
(anode)
Ve > Vh , Ie

ion
current
(collector)
Vi < Vh , Ii

ceramic
tube

ionization gauge calibration

0

10
pressure pn (Pa)

(a)

−1

10

−2

10

measurement
fit: a(x+c)b

−3

10

−2

10

−1

0

10
10
probe current Ip (µA)

1

10

Fig. 3.7: (a) Sketch of the ionization gauge design.
(b) Calibration curve of the ionization gauge.
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3.5 Retarding eld energy analysers
A retarding eld energy analyser (RFEA) can be used for the direct measurement of the
ion energy distribution function.

At rst, a simple ion energy analyser blocks out all

electrons as they would dominate the detected current. In a second stage of development,
the entering ions are discriminated by their kinetic energy and the remaining part is
collected as current signal. The RFEA, used for the present thesis, contains four grids
(labelled E, R, D, S) and a collector plate (labelled C) arranged in series [90].

The

assembly of the RFEA design is illustrated in Fig. 3.8 (blue prints for the individual
parts can be found in the appendix of the thesis). The electrical contacts for the grids
are provided by thin (0.5 mm) copper rings pressed against the grids by the separating
Teon

® rings.

The grids are tungsten meshes with a transmission of about

80%.

The

assembled RFEA is shown in Fig. 3.9a with the probe rod mounted to the bottom.

18x18x12 mm including the lids.
5 mm which ensures a reasonable signal amplitude without

The housing is made of stainless steel and measures
The orice has a diameter of

losing too much of the analysers directivity.
The main concept of the RFEA is to block out the electrons and to lter the ion cur
rent with respect to their directed kinetic energy.

This is schematically illustrated in

Fig. 3.9b. In order to reduce the inuence on the surrounding plasma, the rst grid E
is kept oating. The bias of the electrostatic grids R and S and the collector C are set
to

−100 V, −18 V

and

−9 V,

respectively. The theoretical potential prole though the

grids is depicted in Fig. 3.9c. Grid E prevents the plasma from perturbations, grid R
repels the electrons, grid D discriminates the ions and grid S compensates for eventually
secondary electrons emitted by the collector plate C. Sweeping the bias of D yields the
current-voltage characteristic.
stainless steel stainless steel stainless steel
orifice
collector
lid

Teflon®
insulator

copper
contacts

stainless steel
lid

M2 screw

M2 screw

M4 grub screw
Teflon®
insulator

tungsten
grid

stainless steel
housing

Fig. 3.8: Schematic illustration of the RFEA assembly. The opening is facing to the left
and the probe rod mount is at the bottom.
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(a)

(b)

R

D

S

C

(c)

V

electrons

D
Φ

ions

S
E

eγ

R

plasma
<<0 V

<0

-0

Fig. 3.9: (a) Photo of the RFEA in front view (top) and side view (bottom).
(b) Grid setup of an RFEA with schematic electron and ion trajectories.
(c) Idealised potential prole of an RFEA in plasma environment.

3.5.1 Derivation of the ion energy distribution function
To derive the ion energy distribution function (IEDF) from the measured characteris
tic

IC (VD )

the simple theory by Ingram et al. can be used [91]. The collector current

can be written as

Z

vmax

vf (v) dv ,

IC = Ae

(3.25)

vmin
where

A

is the orice area,

ity, respectively, and
bias

VD

f (v)

vmin

and

vmax

are the minimum and maximum ion veloc

is the ion velocity distribution function. The discrimination

of grid D determines the minimum velocity of the ions. For a non-zero plasma

potential

Φ,

it is necessary to introduce a relative bias

U = VD − Φ .

The minimum

velocity can be written as

r
vmin =
Since

vmax

is independent of

U,

2eU
.
M

(3.26)

the expression can be dierentiated to optain

dIC
dvmin
= −Aevmin f (vmin ) ·
dU
! dU
r
2
Ae
2eU
= −
f
.
M
M

(3.27)

(3.28)

Hence, the ion velocity distribution can be obtained by dierentiation of the collected
2
ion current. More precisely, dIC /dU against U is equivalent to f (v) against v or Ekin ,
the kinetic energy.
Since the perpendicularly oriented REFA collects mainly ions from the bulk plasma,
it can be used to obtain the plasma potential [92]. The convolution of
a

dICk /dU ,

dIC⊥ /dU

with

obtained by an up-stream facing RFEA, results in a broadened IEDF of

down-streaming ions.
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3.6 Time-resolved measurements
It needs special care to obtain time-resolved measurements with a Langmuir probe or an
RFEA. Both diagnostics require full characteristics that depend on a bias
one dimensional data sets

D(Vp ) for each spatio-temporal position.

Vp

resulting in

If plasma parameters

are uctuating, sweeping of the probe bias results in a perturbed characteristic since
during the sweep the plasma parameters change. Instead, the probe bias is kept at a xed
level during each discharge and is changed on a shot-to-shot basis. If the reproducibility
is sucient, the probe characteristic is obtained by combining the data of dierent shots.
Regarding the amount of data and time of acquisition, the resolution of the probe bias
and the spatial dimensions is limited.
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4.1 The Piglet device
The

Piglet

is a small, linear helicon device, consisting of a source section and an ex

Pyrex®

pansion chamber (Fig. 4.1), described in full detail elsewhere [92].
consists of a

20 cm

long,

13.5 cm

diameter

Its source section

tube surrounded by an air-cooled

Boswell-type helicon antenna [93] and an external metal shield. The helicon antenna
is powered by an 

ENI 

rf-generator modied to obtain a fast rise time

τ ≈ 10 µs

of

Prf ≈ 300 W. A stainless steel expansion chamber with a diameter and
length of 30 cm is attached to the source, where the axial origin z0 = 0 is dened.
At z = 30 cm the chamber is terminated by a stainless steel end-plate providing a num
rf-pulses at

ber of feed-through for probes and a pressure gauge. The source section is terminated
with the pumping section separated by a metal grid at ground potential. The turbo
◦
molecular pump can be mounted in a 90 angle, providing space for an optional gas
pung system as presented in section 4.1.1. The device is embedded in a magnetic eld
conguration briey discussed in section 4.1.2.

Piglet

will be used for two kinds of experiments: One has a magnetic eld with a strong

axial gradient and a uniform neutral density. It is meant to form a propagating double
layer as described in Ref. [23] (section 2.5). The second one has an axial neutral density
gradient and a uniform magnetic eld, for a collisionless plasma expansion.

pump

positioning
system

gas
inlet
rf source
10 cm
Fig. 4.1: Sketch of the

Piglet

device including gas-pung system, magnetic eld coils,

probe positioning system and pump section.
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4.1.1 Gas injection system
The gas injection system consists of a 

Series 9 

cated almost at the back of the source region at

28 V

the valve yield operation parameters of

τorig = 2 ms

of

at

solenoid valve that is centrally lo

zv ≈ −195 mm. The specications of
0.4 A. This allows for a release time

and is by far to slow for our experimental requirements. A control cir

cuit for a faster valve has been designed and build as shown schematically in Fig. 4.2a.

C = 1.7 µF is charged in advance by the supply voltage Vsup = 300 V over
R1 = 10 kΩ. The charge current is limited to prevent the supply voltage

The capacitor
the resistor

from directly driving the valve. The network signicantly increases the rise time of the
current by increasing the initial voltage. The voltage has to decrease after the current
threshold of

2A

overheating.

is reached in order to limit the current, protecting the solenoid from

The current-voltage evolution is depicted in Fig. 4.2b for a release time

τopen = 200 µs.

of

The current threshold is marked by a dashed line. When the eld

eect transistor (FET)

Q

is opened at

t = 0,

the current rises.

The capacitor is dis

charged and the applied voltage begins to drop gradually, eventually causing the current
to saturate after

130 µs.

In this way, the discharge of the capacitor passively limits

the valve current to a maximum of

3 A.

An inverse recharge of the capacitor via the

inductance of the solenoid is prevented by the diode

D.

This limits the release time to

a few hundred microseconds which prevents the vacuum vessel from being ooded with
neutral gas. For pressure control, the closing of the valve can be initiated by closing the
FET. In this case, the current is instantly shut o within the response time of the FET.
This causes the solenoid to induce a reversed potential of up to
relaxed over the parallel resistor

−800 V that is gradually

R2 = 10 kΩ.

The valve needs to be placed close to the back of the source region at
Its orice is then in direct contact with the source plasma.

z ≈ 200 mm.

Tests have revealed that

direct exposure of the sealing needle to plasma has a negative inuence on its sealing
capabilities. The opening of the valve has consequently been covered with a stainless
(b)

Q

R2

D

valve

valve voltage/current
500

4

250

2

0

0

C

−250

R1

−500
−100

Vsup

current Iv (A)

VTTL

voltage Vv (V)

(a)

−2
−800 V\
0

100
200
time t (µs)

300

−4
400

Fig. 4.2: (a) Schematic of the valve control unit and its connectors.
(b) Measured temporal evolution of the valve voltage and current during a
shot.

Parameters for operation are the supply voltage

TTL width
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τTTL = 200 µs.

Vsup = 300 V

and the

4.1 The Piglet device
steel plate for protection, the guard plate. The guard plate additionally forces the gas
pu to ll the source region, rather than to stream directly into the chamber. A simple
particle simulation has been made to study the neutral density distribution during the
pu. The 2D spatial prole of the density is shown in Fig. 4.3 as a colour-coded contour
plot for the time instant

t = 0.5 ms.

The contour levels are on a logarithmic scale and

reect the local density, normalised to the common maximum of both simulation runs.
The simulation run without a guard plate (Fig. 4.3a) shows a localised maximum of
the neutral density, propagating quickly through the source region.

It has a smooth

transition into a background gas density towards both the vacuum chamber and the
valve. In the presence of the guard plate (Fig. 4.3b), the gas is prevented from streaming
directly towards the chamber. Instead, the gas is deected and streams predominantly
in radial direction. As a result, the axial propagation of the gas density maximum is
dominated by diusion and a more homogeneous density prole forms inside the source.
The density gradient in direction of the valve is much sharper, but the transition towards
the vacuum chamber has not improved. Nonetheless, the broader, more homogeneous
region of high neutral gas density improves the ignition condition and consequently leads
to a more reliable discharge operation.

position r (mm)

−200
50
(a)

−150

−100

−50

0

position r (mm)

100%

0

10%

50
(b)

50

0

50
−200

−150

−100
−50
position z (mm)

0

1%
50 n (a.u.)
n

Fig. 4.3: The simulated gas density distribution (a) without and (b) with a guard
plate

0.5 ms

after opening the valve.
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4.1.2 Magnetic eld conguration
In order to create a magnetic guide eld in the device, the source and the expansion
chamber are embedded in a pair of coils with

500 ± 5 windings around the source and 80

windings around the expansion chamber. The source coils allow for a reasonably high
magnetic eld at low currents without the requirement of water cooling. The expansion
chamber coils prevent an operation at magnetic eld beyond
eld is required due to their reduced number of windings.

10 mT

if a homogeneous

The homogeneous congu

ration is shown in Fig. 4.4a. The plot shows a colour-coded plot of the

r-z -plane

in the

entation.
strength

of the device.

The grey solid lines are the magnetic eld lines.

Bz

and its axial gradient

respectively.

Bz

component

The schematic of the device is superimposed for ori

∇z Bz

The axial magnetic eld

are plotted as blue solid and red dashed curve,

Both curves are scaled to their respective peak values.

The maximum

Bz = 7.1 mT, the maximum eld gradient ∇z Bz = 16.8 mT/m and the
∇z Bz /Bz ≤ 15%. For an alternative setup, a second magnetic eld conguration

eld strength is
ripple

is used. It is shown in Fig. 4.4b and features a relatively strong magnetic eld gradi
ent at the intersection of source and expansion chamber. Its maximum eld strength

Bz = 4.7 mT

and its maximum eld gradient

(a)
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0

0
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−5
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−200

−100

0
100
200
position z (mm)

300

5

70
Bz (mT)

70

5
Bz (mT)

position r (mm)

∇z Bz = 37.9 mT/m.

(b)

150

position r (mm)

is

0

0

70

150
−200

−5
−100

0
100
200
position z (mm)
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Fig. 4.4: (a) The homogeneous magnetic eld conguration and (b) one with a strong
magnetic eld gradient. The magnetic eld strength is colour coded. The solid
blue and dashed red curves show the axial magnetic eld strength prole and
its gradient. Some magnetic eld lines are indicated in grey.
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4.2 Experiment control system
The measurements are performed with the use of

LabVIEW

control

VI s.

Several data

acquisition devices, signal generators, trigger lines, and position systems are controlled
with this package. It allows for an accurate repetition of the expansion experiment at
a xed duty cycle, using several probe diagnostics. The xed duty cycle, even during
probe positioning, ensures a similar neutral gas pressure condition for each shot.

Ion

and electron saturation current measurements as well as neutral gas density and plasma
potential measurements can be directly acquired.

Langmuir probe and RFEA char

acteristics are obtained by ramping shot-by-shot the bias voltage of the probe or the
retarding grid, respectively.

An overview of the parameters that can be controlled is

given in Tab. 4.1.

parameter

description

Path

destination path for the save data les

Ramp?

`no ramp' or the signal output device

Ramp-Steps

number of steps in the ramp

Ramp-Vmin

start value of the ramp

Ramp-Vmax

end value of the ramp

Ramp-Spacing

`linear' or `logarithmic' scaling of the ramp

DAQ?

`test' or the data acquisition device

DAQ-Vmin

initial lower limit of the voltage range

DAQ-Vmax

initial upper limit of the voltage range

DAQ-TimeLength

total measuring time

DAQ-TimeDelay

delay before acquisition

DAQ-Probe

attenuation setting

DAQ-RangeTOset

temporal oset of the automatic range adjustment

DAQ-RangeVOset

minimum range of the automatic range adjustment

DAQ-RangeVEdge

tolerance of the automatic range adjustment

Valve?

`no valve', `digital', `analogue', or the external device

Valve-topen

time when the valve is opened

Valve-tclose

time when the valve is closed

Valve-topening

width of the opening pulse

Valve-tclosing

width of the closing pulse

Valve-Vopen

signal level to keep valve open

Valve-Vclose

signal level to keep valve closed

Valve-Vopening

signal level of the opening pulse

Valve-Vclosing

signal level of the closing pulse

RF-OnTime

time when the rf-power is turned on

RF-OTime

time when the rf-power is turned o

Wait

time from shot to shot

Attributes

list of specic parameters (e.g. rf-power, B-eld)
Tab. 4.1: List of experimental control parameters
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4.2.1 Automatic range adjustment
To ensure an optimum use of the available resolution of the digital oscilloscope, an
automatic range adjustment has been implemented.
checked for its minimum and maximum value.

Each shot the acquired data is

If one of them uses the full range, an

over- or under-range event is detected and the measurement is discarded. The new range
is determined by the minimum and maximum values of the current measurement plus a
buer:

Range = Vmin − ∆V...Vmax + ∆V ;

∆V = max(Vmax − Vmin , V0 ) .

The range is controlled by three parameters: DAQ-RangeTOset
set

V0

and DAQ-RangeVEdge

.

The temporal oset

excludes spikes during the triggering process.
size of the buer range, respectively.
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V0

and

t0 ,

(4.1)

DAQ-RangeVO

t0 denes a region of
 dene the absolute

interest and
and relative

5 Computer Simulation
5.1 About the code
The Particle-In-Cell (PIC) simulation, used in this thesis, is developed after the
code, originally written by Albert Meige [94].

JanuS

The code has kindly been provided

Space Plasma Power and Propulsion group (SP3 ) of the Research School of
Physics and Engineering (RSPE ) of the Australian National University (ANU ) in Can

by the

berra. It has been further developed in terms of performance and adapted to the current
experiments. During the process, several versions of the code have been used. For simpli
cation, only the most recent version is described in the following sections. For a better
comparability, the spatial axis of the code will be labelled as

z -position in correspondence

to the cylindrical symmetry of the experiment.

5.2 The code structure
The PIC-code is written in

MATLAB ® .

In terms of performance, this is not necessarily

an issue. Nonetheless, it requires special attention when implementing the desired op
erations. The most important rule is to avoid loops by replacing them with equivalent

MATLAB ® .

matrix operations. By implementing the code as proper functions, instead of scripts, one
can make use of the

Just-In-Time

compilation feature in

The feature sig

nicantly improves performance by compiling the code just before runtime. This speeds
up the runtime of the code by reducing the overhead of interpreter. Especially for-loops,
which cannot be expressed as matrix operation, benet from this approach. Further, a
parallel computation module (parallel) has been implemented. It can either use the

Parallel Computing Toolbox

or one of three open source solutions (memory mapped

le, tcp, or udp). The code is divided into several modules hierarchically called by the
main routine

PICstart.

The most important modules are compiled in Tab. 5.1 as a

structured owchart [95].
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PICstart
Initialize
Initialize_particles
parallel

- main procedure
- initiating simulation
- initiating particles
- setting up parallel computation

for-loop macrostep

parallel.particle_split

- distributing particles among threats

for-loop microstep

Collision_valve
Collision_ions
Collision_iel
Collision_chx
Collision_elec
Collision_eel
Collision_exe
Collision_ion
GetDensity
parallel.sync
Source_rf
ParticlePusher
ParticlePusher_GetEPhi
Boundary
Drain
CreateNDestroy
RFEA
Magnetic
parallel.particle_join
data_save
plot_macrostep

- calculating neutral gas density prole
- selecting ions with a collisions event
- elastic collision algorithm (ions)
- charge exchange collision algorithm
- selecting electrons with a collision event
- elastic collision algorithm (electrons)
- excitation collision algorithm
- ionisation collision algorithm
- accumulating particle densities
- synchronising shared data
- source algorithm
- handling particle motion
- solving Poisson's equation
- handling particle-wall interaction
- particle loss algorithm (disabled)
- reallocating particle arrays
- accumulating IEDF and EEDF
- applying magnetic eld eects (disabled)
- collecting particle arrays from threats
- saving state to le
- creating graphical output

Tab. 5.1: Simplied owchart of the Particle-In-Cell code
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5.3 Simulation modules
5.3.1 Monte Carlo collisions
The

Monte Carlo

collision module contains a main collision procedure (Collision)

and the applications for the valve simulation (Collision_valve) and for the ion
(Collision_ions) and electron collisions (Collision_elec). The collisions scheme is

based on the model given by Vahedi and Surendra [96]. The PIC simulation does
not consider electron-electron, ion-ion, nor electron-ion collisions. These collisions can
be neglected compared to the collisions with neutrals in the source region and compared
to the plasma dynamics (νc

 ωpi )

in the expansion region.

Collision_valve
The collision module can simulate a pung system by weighting the collision probabili
ties according to a given neutral gas density prole

nn (z, t).

The prole has a maximum

on the source side, a transition region, and a minimum on the chamber side. It is deter
mined by the gas pressure in the source
front width

wn ,

nn s

and the chamber

nnc ,

the width of the gas

vn :



z − z0 − vn t
1 − erf
+ nn c .
wn

and the gas expansion velocity

nn (z, t) =

nns − nnc
2

(5.1)

For a gas expansion velocity dierent from zero, it is taken into account for the neutral
particle velocity in ion-neutral and ionisation collisions.

Collision_ions/elec
During initialization, the energy-resolved cross-sections for all considered collision types
are calculated. Only collisions with neutral are considered. They are split into elastic
and charge exchange collisions for ions and elastic, excitation, and ionisation collisions
for electrons. The cross-sections data is provided in form of sub-modules

sigma_???_*.

The modules return the cross-sections, taken from dierent sources [97110]. The max
imum

pmax

of the total collision probabilities for each ions and electrons is used as

pre-selection quantity. The application of the
lection of a random particle sub-set based on
probabilities

ri

Monte Carlo

pmax , the calculation of the relative collision

for this sub-set, and the collision algorithms applied onto particles that

have been selected for the respective collision type based on
consists of

Nc

scheme consists of a pre-se

ri .

particles, randomly chosen from the total set of

Nc = floor(pmax N + R) ,
where

R

1/N .

N

particles:
(5.2)

stands for a random value, drawn from the standard uniform distribution on

the open interval (0,1).
of

The pre-selected sub-set

Since

pmax

R ensures the correct collision probability if pmax is on the order
1, Nc  N holds. Thus,

is typically a number much smaller than
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the correct collision probabilities (pi

Nc

of particles.

= ri pmax )

need to be calculated only for a fraction

neutral particles are created as potential collision partners.

Their

velocity is randomly drawn from a Maxwell distribution with a dened temperature

Tg = 300 K)
Collision_valve

(e.g.

and modied for eventual neutral particle drifts introduced by the
module.

After the relative probabilities

compared each against a private

n−1
X

ri ≤ R <

i=1

R

n
X

ri

are calculated, they are

according to the criterion

ri

⇒

use collision algorithm

n.

(5.3)

i=1

Thereby, each particle can either undergo exactly one of the considered collisions or

Collision_iel and
charge exchange interactions Collision_chx for the ions and elastic Collision_eel,
excitation Collision_exc, and ionisation collisions Collision_ion for the electrons.
none if

R ≥

P

ri .

The considered collisions types are elastic

Collision_GetVout
This sub-function is called by four of the ve collision algorithms. It derives the nal
velocity

~vout

of an incident particle with the velocity

and nal energy

Escat .

~vin

for a given scattering angle

cos χ

The calculation of the nal velocity as well as the calculation of

the input values are following Vahedi and Surendra's formalism

sin χ cos φ
sin χ sin φ ˆ
~vˆout = ~vˆin cos χ + ~vˆin × ~i
+ ~vin × (~i × ~vˆin )
,
sin θ
sin θ
where

θ

and

φ

are given by

cos θ = ~vˆin · ~i

and

φ = π(2R − 1)

and

~vˆin , ~vˆout ,

(5.4)

and

unity vectors parallel to the indecent velocity, the scattered velocity, and the

~i

are

z -axis,

respectively [96].

Collision_iel
This function simulates an elastic collision between an ion and a neutral particle in the
inertial frame of the neutral particle. The scattering angle

cos χ

is chosen randomly by

√
cos χ =
The energy of the scattered ion

Escat

R.

is given by

Escat = Einc cos2 χ ,
where

Einc

(5.5)

(5.6)

is the relative kinetic energy of the incident ion.

Collision_chx
Simulates a charge exchange collision between an ion and a neutral particle, simply by
substituting the ion velocity with the velocity of the neutral particle.
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Collision_eel
This function simulates an elastic collision between an electron and a neutral particle in
the inertial frame of the neutral particle. The scattering angle

cos χ

is randomly chosen

using

2 + Einc − 2 (1 + Einc )R
.
cos χ =
Einc
The nal energy

Escat

(5.7)

is given by

Escat = Einc −

2me
(1 − cos χ) .
mi

(5.8)

Collision_exc
This function simulates an excitation collision between an electron and a neutral particle
in the inertial frame of the neutral particle. The scattering angle

cos χ is randomly chosen

using (5.7) and the nal energy is given by

Escat = Einc − Eexc ,
where

Eexc

(5.9)

is the excitation energy.

Collision_ion
This function simulates an ionisation collision between an electron and a neutral particle
in the inertial frame of the neutral particle. The collision creates a new ion with the
same velocity as the neutral particle and an electron with the random energy.

Enew
where

B(Einc )




Einc − Eion
= B(Einc ) tan R arctan
,
2 B(Einc )

is the electron spectrum shape parameter

scattering angle

cos χ

B(1-70 eV) ≈ 10 ,
Escat

is given by

Escat = Einc − Eion − Enew ,
Eion

[111]. The

of both the new and the scattered electron is randomly chosen

using (5.7) and the nal energy of the scattered electron

where

(5.10)

is the ionisation energy and

Enew

(5.11)

the energy of the newly created electron.

5.3.2 Source
The source module simulates the plasma source either by introducing a perpen
dicular rf-eld (Source_rf) or simply by adding particles of a certain distribution

(Simple_simple). During parallel computation, the source module needs to be called
before or after the synchronisation, depending on the selected sub-module.
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Source_rf
The electrons are accelerated by a perpendicular electric rf-eld. The eld is calculated
using Meige's algorithm

"
#
1
eNσ X
∂Ey
=
J0 sin(ωrf t) −
(ve ,i ) ,
∂t
0
Lsource i∈source y
where

J0

Nσ the
Lsource the source length, and vey ,i

is the control parameter determining the the electric eld amplitude,

number of particles represented by each super-particle,
the

(5.12)

y -component of the velocity of the i-th electron [94].

Ionisation processes and heating

can only occur due to electron-neutral collisions. Since the calculation of the inductive
eld

Ey requires the sum of the y -components of the electron velocity, the the source_rf

module need to share this information with the other threats in advance if parallel
computation is used.

Source_simple
The simple source creates a dened number of electrons and ions in a predened source
region.

The velocity is randomly drawn from a Maxwell-distribution with a given

temperature. The

Source_simple

module requires no shared information, however, it

returns sets of created particle pairs. In order to ensure unique identication numbers
for each particle, it is recommended to synchronise the threats afterwards if parallel
computation is used.

5.3.3 Particle pusher
GetDensity
The

GetDensity routine determines the cell indices and weighting factors of each particle

based on their position. Therefore, the simulation is technically a cloud-in-cell (CIC)
simulation [112]. The aggregation of the densities of each particle species is realised by
the

accumarray

function, which has the best performance compared to sparse matrices

or loops. The code provides the possibility to alter the particle density according to the
boundary condition. Although

GetDensity

is part of the

ParticlePusher

module, it

is called separately by the main routine. This is, because its output, the accumulated
charge density, needs to be shared with the other threats if parallel computation is used.

ParticlePusher
The particle pusher uses the particle densities that are returned by
solves the Poisson equation (ParticlePusher_GetEPhi).

GetDensity

and

It nally calculates the

weighted acceleration and updates the axial velocity and position of each particle:

vi+1/2 = vi−1/2 + ai dt = vi−1/2 + q Ei /m dt ;
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zi+1 = zi + vi+1/2 dt .

(5.13)
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ParticlePusher_GetEPhi
This routine calculates the plasma potential using a sparse Poisson matrix given by
the boundary conditions. The original code has dened wall potentials at both source

Boundary_GndGnd).

and sink side (Dirichlet's condition,
to dene a wall capacity

C

It provides the possibility

in order to simulate an insulating source region. Thus, the

Q as Φ0 = Q/C (Boundary_CapGnd).
Other implemented types of boundary conditions are based on Robin's conditions (Φ0 =
0, (∂Φ/∂z)N = 0) or Cauchy's conditions (Φ0 = 0, (∂Φ/∂z)0 = 0).
source potential is given by the accumulated charge

Writing the dierentiation in terms of nite dierences, one nds



∂Φ
∂z


i



Φi+1 − Φi−1
=
,
2∆z

hence

∂Φ
∂z


= 0 ⇒ Φi−1 = Φi+1 .

(5.14)

i

From this, the Poisson matrix can be constructed. The Poisson matrix for Dirich-

Φ0 = 0 reads




0
−2 1


  Φ1  
  Φ2  =  1 −2


.

let's boundary condition



1 −2


 0

1

.
.
.

1
−2

..

..

..

.

.

..
..

..

.
.
.

.



The matrix for Neumann's condition

.




Φ1
ρ1
  Φ2 



 = c  ρ2  .
.
.
.

.

(∂Φ/∂z)0 = 0

or

.
.
.

Φ−1 = Φ1 ,

(5.15)

as one part of the

mixed boundary conditions (Robin), is written as



−2 2
 1 −2

..
.
0

0
1

...

..

..

.

.












Φ0
Φ1
Φ2



ρ0




 = c  ρ1  .

.
.

.
.
.

(5.16)

.

For Cauchy 's boundary condition, Dirichlet's and Neumann's condition are com
bined. The matrix can be written as



−2 2
 1 −2

..
.
0

0
1

...

..

..

.

.










0
Φ1
Φ2
.
.
.





2

  −2
=

..
.

0
1

...

..

..

.

.






ρ0
Φ1


  Φ2 

 = c  ρ1  .
.
.
.

.
.
.

(5.17)

Cauchy's boundary condition in combination with a reective wall can be used to
imitate a symmetry axis. The charge accumulated at the symmetry axis

z0

has to be

counted twice, i.e., once as part from the real, positive semi-space and once as part from
the mirrored, negative semi-space.
The electric eld at each node is calculated by the potential dierence of its two neigh
bouring nodes

Ei = c(Φi−1 − Φi+1 ),

where

c

is a constant containing the physical quan

tities and normalisation factors. The electrostatic force on each particle is determined
by linear interpolation using the weighting factors.
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5.3.4 Boundary condition
This module handles the two axial boundary conditions for ions and electrons.

Boundary
The boundary conditions for both sides can be customised individually. In the default
setup, the two grounded absorbing walls are simulated.
simulation region (z

< 0 ∨ z ≥ zN )

Particles that have left the

are simply marked for removal.

The lost charge is accumulated and can be used to simulate insulating walls. Thereby,
the charge

C

C and denes the wall potential
ParticlePusher_GetEPhi module.

is weighed by the wall's capacity

Dirichlet's boundary condition in the

of

An other boundary condition is the reecting wall with Neumann's boundary con
dition (∂Φ/∂z

= 0).

Particles, which pass the reecting wall, are not removed but

re-entered with inverted axial velocity.

This eectively simulates a mirror-symmetric

domain of twice the original length. As long as the plasma parameters

ne , ni ,

and

Φ

are homogeneous near the boundary, the reecting wall is a good approximation for a
semi-innite plasma and is used in section 7.4.
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5.3.5 Particle arrays management
For performance reasons, the removal of marked particles and the merging with the
new particle arrays are performed in one step. This is handled by the

CreateNDestroy

routine.

CreateNDestroy
The algorithm compares the number of particles, marked for removal
ber of particles that are created
by

Nr

Nc .

If

Nr <= Nc ,

Nr ,

with the num

the marked particles are replaced

new particles and rest is appended to the particle array.

If

Nr > Nc , Nc , Nc

marked particles are replaced by the new particles and the rest is erased. This reduces
the reallocation of memory to once per time-step and species.

5.3.6 Diagnostics
Most plasma parameters (i.e.
calculated by the
val

τs

plasma potential and the electron and ion density) are

ParticlePusher

module.

They are averaged over one saving-inter

and transformed into their physical units. The acquisition of the velocity/energy

distribution function is implemented as separate routine (RFEA).

RFEA
This routine accumulates the velocity distribution of each species up to a given maximum
−1/
kinetic energy. The velocities are weighed by m 2 , where m is the particle mass. The
accumulation is done by the accumarray function.
th
th
only called every 10
or 100
time-step.

For performance reasons,

RFEA

is

5.3.7 Output
After every saving-interval

τ = 0.1 µs

the current state of the simulation is stored in a

le. Further, to allow for insight into the simulation results during runtime, the plasma
potential and the plasma density proles are plotted. Additionally, samples of ions and
electrons are displayed in a phase space diagram.

Scalar quantities, i.e., the particle

count, simulated time, run-time, etc., are displayed in the command window.
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5.4 Benchmark
The original code has already been used successfully to simulate the formation of current
free double layers [94]. However, the code has been completely rewritten in the context
of the present thesis. To benchmark the code, simulation runs are compared to analytical
calculations for simple test setups. The rst test setup is a
in the low collisionality regime (p

= 0.1 Pa).

1 m long uniform rf-discharge

The walls are kept at ground level. With

the relation

e Vf = e Φ − α kB Te

with

α ≈ 5.2

for argon

(5.18)

as given by (3.7) in section 3.1, one obtains the bulk plasma potential by substituting the
oating potential

Vf

with the wall potential

Vw = 0 V.

The equilibrium plasma density

and potential proles, as obtained from the simulation run, are depicted in Fig. 5.1a.
The red curve is the logarithmically scaled plasma density. The blue curve is the plasma
potential prole. The electron temperature

Te = 2.9 eV

is computed from the electron

Φ ≈ 15.1 V is
Φ0 ≈ 15.8 V ± 0.1 V.

velocity distribution function. From (5.18), a bulk plasma potential of
predicted, which is in good agreement with the simulated value of

The plasma is heated by applying an external electric rf-eld. This heating mechanism
requires a high electron collision rate in order to achieve a net power absorption during
one rf-cycle. One rf-cycle divides into four regions; two, where the electrons gain energy
and two, where they loose energy again. Thus doubling of the rf-frequency can be seen
in the Fourier spectrum of the power absorption, shown in Fig. 5.1b. The amplitude is

f = 2frf compound. The
8
The value fpe 0 ≈ 2.3 · 10 Hz,

normalised to the total power. Most of the signal power is in the
spectrum also exhibits the electron plasma frequency
calculated for the peak plasma density

n0 ,

f pe .

is marked by the vertical dotted line. The

spectral peak is smeared out to lower frequencies due to lower densities towards the
edges of the prole.

(a)

plasma profiles
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Fig. 5.1: (a) Simulated plasma potential (blue, left axis) and electron densities proles
(blue, right axis). (b) Fourier-spectrum of the power deposition.
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The absorbed power is given by

Pabs /A =
where

J0

1 J02
L,
2 σm

(5.19)

is the peak current density induced by the antenna and

σm

is the conductivity

of the plasma [69]. The conductivity is given by

σm =
where

ns

e 2 ns
∝ n0 ,
me νm

is the plasma density at the sheath edge.

(5.20)

ns

The edge plasma density

is

n0 . For a plasma with plane parallel geometry
hL0 = ns /n0 (Lee's parameter [113]) is given by the

proportional to the peak plasma density
and grounded walls, the ratio
relation

"



hL0 = 0.86 3 +
where

L
2λi




2 #−1/2
Lcs
+ 0.86
,
πDa

(5.21)

L is the system length (the source dimension), λi the ion mean free path, cs the ion
Da the ambipolar diusion coecient. Expression (5.21) has been

sound velocity, and

obtained by heuristically joining the expressions, found for the low collisionality, the
high collisionality, and the intermediate case [69]. The three cases are expressed by the
three terms in the square brackets in (5.21).

hL0

is constant at high neutral gas pressures

since the collisionality is independent of the plasma density. For the equilibrium case,
one nds

Pabs ∝ n0 ∝ J0 .

(5.22)

The computer simulation of the temporal evolution of the net power absorption, time
averaged over each rf-cycle, is shown in Fig. 5.2a. The power absorption saturates at
2
about 10 W/m , which is in reasonable agreement with the global model of an electro
positive plasma [69]. The power consumption

Pabs

yields

Pabs /A = 2 eEt ns cs ,
(b)

net power deposition

density developement (τrf= 500µs)

60
bulk electron density ne/n0

power density P/A (W/m2)

(a)

50
40
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0
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Fig. 5.2: (a) The time evolution of the power absorption averaged over one half-waves for
a simulated rf-pulse duration of

500 µs.

(b) The time dependent peak plasma

density normalised to the equilibrium density

n0
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where

Et

is the total energy-loss per ion-electron-pair [69]. The factor two origins from

the two sides of the simulation regime and
and

z

A

represents the spatial domain in the

dimension of the one-dimensional simulation. The total energy-loss

Et

y

is the sum

of the average energy losses of electrons and ions when they hit the wall and the average
energy loss

Ec

due to collisions:

Et = Ee + Ei + Ec ≈ 2 Te + 5.2 Te + Ec .
The average collisional energy loss per created electron-ion pair

(5.24)

Ec

depends on the rate

coecients for elastic, excitation, and ionisation collisions with the neutral gas particles
(Keel ,

Kexc ,

and

Kion ).

An approximation for

Ec

can be derived in form of [69]

Kion (Te ) Ec = Kion (Te ) Eion + Kexc (Te ) Eexc + Keel (Te )

3me
Te .
mi

(5.25)

Te = 2.9 eV, one nds Ec ≈ 65 eV and a total energy loss Et ≈ 86 eV. The ion sound
cs ≈ 2.7 km/s. This yields a saturated power absorption of P ≈ 9.3 W/m2 ,
2
which is close to the power absorption 9.4 W/m obtained in the computer simulation.

For

velocity is

2
In the simulation, the energy sources and sinks can be analysed in more detail. 7.3 W/m
2
2
is lost due to electron collisions, 5.0 W/m for excitation and 2.3 W/m for ionisation
collisions. The contribution of elastic collisions is negligible. Energy losses due to ion
2
collisions account for a total of 0.3 W/m . The ion and electron losses to the walls account
2
2
for 1.6 W/m and 0.5 W/m , respectively. The ratio is in rough agreement with 5.2/2
from the approximated wall losses used in (5.24).

The electric eld, arising from the

plasma potential prole, transfers energy from the electrons to the ions.

The plasma

energy, the electron energy loss, and the ion energy gain should balance, accordingly.
The simulation fulls this criterion only if the spatial grid is able to resolve the sheath

1 mm ≈ 2λD , the net energy gain of the ions is almost
1
loss of the electrons. For a grid spacing 0.1 mm ≈ λD ,
5

well enough. For a grid spacing of
twice as high as the net energy

used for the present simulation runs, the two balance quite well.

The sum over all

sources and sinks balances well, which proves that all important channels are taken into
account.
If the total kinetic energy of the particles is considered, a net energy increase
2
of 0.03 W/m is observed. The additional energy can be traced back to the average
16
−3
density increase with the rate dn/dt ≈ 7 · 10 m /s. With an electron temperature
2
of Te ≈ 2.9 eV, one obtains an additional power absorption of −0.03 W/m . Hence, the
the worst case numerical heating is less than

1h

and can be neglected.

The power

sources and sinks are compiled in Tab. 5.2.
The plasma discharge gradually approaches a stationary state, in which the created ion
electron-pairs balance the losses to the wall. As mentioned above, this condition is not
yet met after

500 µs.

The time development of the bulk density is depicted in Fig. 5.2b.

The solid blue curve is the plasma density and the dashed red curve illustrates the den
sity development that would be obtained from the ion saturation current if a constant
electron temperature

Te is assumed.

The plot shows both the plasma build-up and the af

terglow separated by a vertical dotted line. During both dynamic phases, a discrepancy
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between the two curves is observed, indicating a dynamic electron temperature develop
ment. In contrast to the afterglow, where the discrepancy is signicant, the assumption
of a constant electron temperature during the build-up phase is acceptable. The electron
temperature drops rapidly during the afterglow, resulting in a drop of the ion sound ve
locity and thereby the ion saturation current. An exponential best t yields three e-fold
times

τ1 ≈ 27 µs, τ2 ≈ 140 µs,

and

τ3 ≈ 900 µs.

The fast time scale

τ1

describes the

ion saturation drop due to inelastic cooling of the electrons (excitation and ionisation)
until the temperature is of about

2 eV.

Due to the cooling, inelastic collisions become

less and less frequent and eventually the electrons are mainly cooled by the less ecient
elastic collisions [114]. During this time, the electron temperature decrease is small and
the density and ion saturation current can be considered as proportional again. Their
decrease is described by the slow time-scale.

P/A (W/m2 )
ions
electrons

new

i

0.005
0.15

ii
wall

−1.60
−0.51

E-eld

iii

1.89
−1.85

rf-eld

iv

9.44

iel/eel

v

v
chx/exc

−0.07
−0.003

−0.22
−4.95

ion

v

−2.29

net

0.03

(i) Energy of new particles.
(ii) Energy of particles that have hit the walls.
(iii) Energy-loss/-gain in the axial electric eld.
(iv) Energy-gain in the electric eld of the rf-source.
(v) Energy-loss during the respective collision event.
(vi) Net energy gain due to an increase of the number of particles.
Tab. 5.2: Power sinks and sources averaged over

1 µs

until

vi

t = 500 µs.
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5.4.1 Axial prole
The source region is dominated by neutral collisions. The plasma is quasi-neutral and
the source term for the ions and electrons is determined by the number of ionisation
collisions which is proportional to the electron density.

The source region is enclosed

by two grounded absorbing boundaries for simulation test runs. The density prole is
predicted to be elliptical with no collisions and sinusoidal at high collisionality [69]. The
collisionality parameter
path

λi

and the system

χ = L/λi
length L.

is dened by the neutral pressure via the mean-free

High collisionality

If the collision rate is high enough, the diusion coecient is determined only by the
neutral density and can be considered as constant. The diusion equation reduces to
the Helmholtz equation

νiz
n = 0,
(5.26)
D
where νiz is the ionization frequency and D the ambipolar diusion coecient [69].
The solution of (5.26) with the boundary conditions n(0) = 0 and n(L) = 0 is the
∇2 n +

eigenfunction [69]

r
n(z) = n0 sin(βz)

with

β=

νiz
π
= .
D
L

(5.27)

For a constant input power P , the ionisation frequency νiz depends on the integrated
RL
density
n(z) dz = 2n0 /β and the average energy loss per created electron-ion pair Ec .
0
With the use of (5.27) one obtains

νiz =

Pβ
= β 2D .
2n0 Ec

(5.28)

A weakly ionised plasma is dominated by collisions with neutrals and the diusion
coecient

D depends only on the temperatures Te and Ti and the neutral gas density nn .
n0 and the resulting ux at the edges Γe are then

The stationary peak plasma density
given by

n0 =

PL
2πDEc

and

Γe =

P
.
2Ec

(5.29)

Simulation results

Simulation runs were conducted for three dierent collisionalities
and

χc = 2000

χa = 0.2, χb = 200,

corresponding to the collisional, the intermediate, and the collisionless

regime. The resulting density proles are shown in Fig. 5.3 for ions (blue curve) and
electrons (red curve). To guide the eye, a sinusoidal and an elliptical prole are included
as dash-dotted and dotted curves, respectively.

These curves are the solutions of the

diusion equation for a collisionless and strongly collisional plasma [69]. The proles,
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obtained in the computer simulation, are in good agreement with the analytical model
in all three cases.
Note that for the collisionless regime, the ionisation energy has been reduced by a factor

100

of

in order to articially increase the ionisation rate. This is necessary to maintain

the plasma density. In the computer simulations that are analysed in this thesis, the
source region can always be described by the high collisional model.

(b)

(c)

intermediate collisionality

−3

particle density n (10 m )

4

14

particle density n (1016m−3)

low collisionality

particle density n (1014m−3)

(a)

3
2
1

0
−0.5

ni
ne
cos(α)
elliptical
0
position z (mm)

0.5

10
ni
5

ne
cos(α)
elliptical

0
−50

0
position z (mm)

50

high collisionality
20
15
10
5
0
−50

ni
ne
cos(α)
elliptical
0
position z (mm)

50

Fig. 5.3: Simulated ion (blue) and electron (red) densities for three dierent ion colli
sionalities (ac). For case (a) the ionisation rate has been articially increased
by a factor of

100

in order to maintain the plasma. The idealised proles for

the collisionless and the collisional limit are included as dotted and dash-dotted
curves, respectively.

51

5 Computer Simulation

5.5 Default settings
In Tab. 5.3 is the list of parameters used for the discussed PIC-simulations. This setup
will be used as the default setup. However, in section 7.5 a few of the default parameters
are varied in order to analyse their inuence on the plasma expansion dynamic. These
parameters are marked by (var ). The original conguration le for the default setup is
provided in the appendix (A.8)
parameter

default value

boundary condition

Dirichlet (Φ0

system length
time step (dt)
grid size
ion mass
electron mass
electron mass
macrofactor
initial electron temp
initial ion temp
initial electron count
initial ion count
initial region
gas temp
gas pressure source
gas pressure chamber
gas front initial position
gas front velocity
gas front width
RFEA spatial resolution
RFEA temporal resolution
RFEA energy resolution
RFEA energy scaling
RFEA energy range

500 mm
10−10 s
5000 cells (0.1 mm per cell)
40 u (var)
1 me
1 me
109 particles per super-particle
0.5 eV
0.026 eV (300 K)
10000 (var, nb = 2 · 1013 m−3 )
10000 (var, nb = 2 · 1013 m−3 )
uniformly distributed over the full region
◦

25 C
1 Pa
1 mPa (var)
100 mm
0 m/s (var)
0 mm (var)
1 mm
0.1 µs
2001 steps

uniform spacing on the velocity scale

−100 . . . 100 eV

source type

rf (inductive)

source power factor

ramp from
−2

inductive current density
source range
source frequency

= ΦN = 0)

0 to P in 0.1 µs, then constant, P = 1 (var)
10 Am · P
0 . . . 100 mm (end of source range denes x = 0)
10 MHz

Tab. 5.3: The settings for the default setup of the PIC-simulation used in this thesis.
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The expansion experiments are the backbone of the present research. The data obtained
by the PIC simulation allows detailed insight of the particle motion individual uxes
and inuence of specic parameters.

However, in order to have any justication, the

continuum parameters, such as plasma potential proles, density proles, and electron
temperature, are required to be in reasonable relationship to real experimental data. The
general experimental setup is given in chapter 4, whereas descriptions of the engaged
diagnostics can be found in chapter 3.

This chapter will deal with the problem of

measuring the electron temperature before analysing two dierent setups for plasmas
expansion. The rst setup is basically a pulsed rf-source somewhat comparable to the
setups used in ref.

[115] and [90].

It deals with the collisional expansion and the

expansion in a lower density background plasma. In contrast, the last part of the chapter
deals with the setup of a collisionless expansion. Hereby, a fast valve is used to increase
the neutral density in the source suciently for ignition, while keeping the density in
the expansion chamber as low as possible.
Since the collisional setup allowed for a less time expensive way to average the acquired
data, the focus will be on the structure of the ion velocity distribution function. The
recovering time of four seconds in the collisionless setup limits the number of acceptable
averages, which is why the analysis is focused on the dynamic structures in the density
evolution instead. The region of interest on the temporal axis is reduced by an order of
magnitude, concentrating on the dynamics during and right after the ignition.
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6.1 Electron temperature
The time resolved measurement of the electron temperature is challenging due to a
non-thermal electron component.

It is therefore extrapolated from measurements in

comparable stationary plasmas. The dependence on the neutral gas density and input
power is obtained by varying the neutral gas pressure (pn
(Prf

= 100

to

300 W).

= 0.3

to

2.5 Pa)

and rf-power

The electron temperature and plasma density is measured with

the use of a double probe. The resulting double probe characteristics are depicted in
Fig. 6.1 and Fig. 6.2a. The averaged measurement points are plotted as bullets, the solid
lines are linear best t curves of the regions of interest, i.e., the saturation regions and
the inection point. The input parameters and the computed electron temperatures and
densities are given, too. The electron temperatures range from
down to

Te = 3 eV at pn = 2.5 Pa.

Te = 5 eV for pn = 0.3 Pa

There is a clear trend to lower temperatures at higher

neutral gas pressures.
(b)

Prf = 100W, pn = 0.3Pa
Te = 4.2eV
ni = 1.2⋅1016m−3

10

0

−10
−40

−20
0
20
probe bias Vp (V)

probe current Ip (µA)

probe current Ip (µA)

(a)

Prf = 300W, pn = 0.3Pa
Te = 5.3eV
ni = 2.7⋅1016m−3

20

0

−20

40

−40

−20
0
20
probe bias Vp (V)

40

Fig. 6.1: Raw data of double probe measurement at low pressure for two dierent powers.
The coloured lines represent the linear best ts for evaluation.

Prf = 100W, pn = 2.5Pa

current Ip (µA)

5
0
−5
−10
−20

0
20
probe bias Vp (V)

Prf = 100W, pn = 3Pa
4

16

10

3
2
1
0
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0

Fig. 6.2: Double probe measurement at high pressure.
instant

t = 10 ms

2

4
6
time t (ms)

8

10
10

(a) Raw data from the time

with the linear best ts. (b) Temporal evolution of electron

temperature and density as evaluated from double probe measurement.
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electron density ne (m−3)

Te = 3.1eV
ni = 1.1⋅1016m−3

10

(b)

electron temperature Te (eV)

(a)

6.1 Electron temperature
At higher pressures, it is possible to measure the temporal evolution of the electron

Prf = 100 W and pn = 2.5 Pa, the plasma takes
100 µs to be dense and stable enough to enable the analysis of the double

temperature during an rf-power pulse. At
approximately
probe data.

The time evolution of the electron temperature and the corresponding

density is shown in Fig. 6.2b. As the plasma forms, the temperature reaches a maximum
just before the density approaches its stationary value.

After

t ≈ 6 ms

both plasma

density and temperature become stable within the range of their uctuations.

The

temperature range is small compared with the ion density range. Since the saturation
current is proportional to the square root of the electron temperature, the inuence of
election temperature variation can be neglected. In the case of Fig. 6.2b, if one assumes
a constant electron temperature of
of

Te = 3 eV

±20% when calculating the density.

Since the pressure in the source during the plasma

expansion experiments is on the order of
temperature is chosen to be

Te = 4 eV

one obtains in a maximum relative error

pn = 0.3 Pa, the reference value for the electron

(cf. Fig. 6.1).
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6.2 Collisional expansion
The experiments are rst carried out without using the gas pung system described in
chapter 4. Similar experiments on collisional expansion have been performed by others
in the past [90, 116].

chapter 4, but the source is terminated with a
The neutral gas pressure
of

pn = 0.1 Pa.

Pyrex®

The experimental setup is comparable to the one described in

pn

plate, instead of the fast valve.

is controlled by a needle valve keeping it at a constant value

The collisionality in the chamber is signicant in terms of electron impact

ionisation and ion energy loss due to ion-neutral collisions. As stated by Koopman [28],
the preceding electrons can form an ionisation front. The ionisation of neutrals in the
chamber is important to note especially when the expansion velocity is determined. One
has to distinguish between the ion population that actually expands from the source and
the ion population that formes in the chamber. The diagnostic instruments are triggered
together with a short rf-power pulse of the length
width of

τrf = 100 µs

is shown in Fig. 6.3a.

τrf .

The measured rf-power of a pulse

The plot shows the temporal evolution

of the forward power as sum of the absorbed power (blue) and the reected power
(red) measured with a directional coupler.

The coupling is fairly well right from the

beginning with a reected power fraction of less than

10%.

becomes insignicant and the absorbed power saturates at
power reaches the constant value of
between

t ≈ 15

and

30 µs

90 W

40 µs the reected power
around 90 W. The absorbed

After

10 µs. The forward power overshoots
10%, which is mostly compensated by an

after

by approximately

increase of the reected power.
The setup is used to investigate the inuence of the source ionisation rate on the for
mation of double layers.

This is why the magnetic eld is chosen to have a strong

magnetic eld gradient, which supports the double layer formation [117].
sponding magnetic eld conguration is shown in Fig. 6.3b.
represents the

(a)

Bz -component in the r-z -plane of the device.

power pulse (directional coupler)

The corre

The colour-coded plot

The schematic of the device

(b)
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0

0

50

100
150
time t (µs)

200

70

10

0

0
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−200
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−100

0
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Fig. 6.3: (a) Forward (red) and eective power (blue) measured with a bi-directional
coupler in front of the matching network.

(b) Magnetic eld conguration

given by the magnetic eld strength (blue, solid) and its gradient along the
axis (red, dashed). A set of magnetic eld lines is given in grey.
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is superimposed for orientation. The eld lines are plotted in grey. The axial magnetic
eld strength prole

Bz

and the axial gradient

∇z Bz

are depicted as blue solid and

red dashed curve, respectively. Both curves are scaled with their respective peak value
(Bz

= 16.5 mT, ∇z Bz = 149 mT).

ordinate.

The origin of the curves matches the origin of the

The plot shows that the magnetic eld gradient has its maximum near the

centre of the source. It has been demonstrated that in linear helicon devices the posi
tion of the double layer strongly depends on the axial position of both the intersection
of source region and expansion chamber and the maximum magnetic eld gradient [118].
For a magnetic eld gradient that is located on the source side of the intersection, the
double layer is expected to form inside the expansion chamber.
Since the plasma is generated in the source, it is assumed that the plasma does not
interact with the intersection boundary before the plasma has reached the chamber.
Therefore, a double layer was expected to form in the source at rst before propagating
into the chamber as investigated by Hairapetian and Stenzel [24, 58]. During our
experiments a variety of dierent magnetic eld gradients have been exposed. A propa
gating double layer has never been observed. Nonetheless, the experimental results have
two important outcomes:
(i) Magnetic eld gradients have only little inuence on the plasma expansion be
haviour and dierences in the magnetic eld congurations can be neglected.
(ii) The collected data oers the opportunity to investigate the inuence of the colli
sionality on the plasma expansion behaviour.
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6.2.1 Expansion proles in the collisional regime
Plasma expansion is determined by the dynamics of the ions. To investigate the plasma
expansion, the space-time evolution of the ion saturation current and the plasma poten
tial is measured and shown in Fig. 6.4 as colour-coded plots. The respective temporal
proles of the spatial maximum (z

= −50 mm) are included into the graphs as red curves

sharing the time axis. The stationary spatial proles are plotted as blue curves sharing
the position axis (t

= 100 µs).

colour bar, respectively.

The scale of the ordinate matches with the scale of the

The plasma density cannot directly be determined from the

Te

ion saturation current. This is, because the electron temperature

is another unknown

quantity. As discussed in section 6.1, the expected temperature variation is relatively
small compared to the density variations.

Te = 4 eV is used. The
3.4 · 1016 m−3 which is in the

Subsequently, the average electron temper

ne

ature of

so obtained plasma density

has a maximum value

of

same order of magnitude as the value determined by

(5.29).
The density prole in Fig. 6.4a shows that the density increases at a nearly constant
rate as soon as the power is turned on.
density overshoot is
about

45 µs.

5%,

Around

t = 20 µs

it starts to saturate.

similar to the power overshoot, with a maximum value at

The time evolution of the density is constant after

after switching-o of the rf-drive at
density drops to around

The

30%

t = 100 µs.

70 µs

and drops rapidly

Within the source region, the plasma

of the local peak density value.

As a consequence, the

plasma is expanding into a lower density background plasma rather than into vacuum.
The spatial prole has its maximum value in the source region.

The source prole is

z < −100. Towards the intersection z < 0, the plasma density drops
∇ne = 2 · 1017 m−3 /m. Beyond the intersection z = 0, the density gradient
16
−3
becomes gradually weaker with a minimum value of ∇ne = 2·10 m /m at z = 290 mm.

relatively at for
rapidly with

The contour lines indicate some small scale structures in the chamber. The ion current
has a local temporal maximum between

15

and

25 µs,

present over the total spatial

range. The maximum is marked by the dotted line. Its propagation velocity is much
higher than any characteristic ion velocity. This indicates that the ions origin from local
(a)
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Fig. 6.4: The space-time evolution of ion saturation current on a logarithmic scale (a)
and the plasma potential (b).
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electron impact ionisation.
The plasma potential shown in Fig. 6.4b reveals a similar behaviour in form of a plasma
potential maximum that spreads out over the whole device around

t = 20 µs.

The

increased plasma potential indicates an increased electron loss to the walls in the rst
phase of the ignition. The compensating ion ow is directed to the source wall as it is
proportional to the sheath edge density.
The comparison between the plasma potential and the ion current indicates a non
isotropic electron temperature with a local minimum around the intersection.

This,

however, is due to an undervaluation of the plasma potential by the emissive probe
measurement in the region of higher density, i.e., the source region. With the given pa
16
−3
rameters (ne < 4 · 10 m , Te ≈ 4 eV, and p0 = 0.1 Pa) the electron mean-free-path λe
is larger than

100 mm.

The spatial electron temperature prole is expected to have only

little variation, considering the perpendicular velocity components.
In order to inspect the small scale structure of the ion saturation current, a high-pass
lter is applied.

The ltered signal is normalised by a low-pass ltered signal of the

same data set. The result is depicted in Fig. 6.5 as a colour-coded texture onto a shaded
surface of the original data. Small, collective variations of the ion saturation current can
be identied in the texture as parallel stripes of blue and red regions. After the power is
turned on, a wave packet emerges from the source. The waves propagate at supersonic,

vw ≈ 5.4 km/s. The last wave propagates at about the ion
vw ≈ 3.5 km/s. When the power is turned o, a second wave packet is
a constant velocity of vw = 4 km/s. The signicance of these waves is

but decreasing velocities
sound velocity
launched with

fairly low as the wave amplitudes are insignicant compared to the local average value.
The hypothesis is that the waves are related to an ion beam that is observed in the ion
velocity distribution function. This is analysed in more detail in the following section.

ion saturation current fluctuations
200

1

time t (µs)

150
vw= 3.5km/s
100

0

50
vw= 5.4km/s
0
−100

0
100
200
position z (mm)

rel. fluctuations (a.u.)

vw= 4km/s

−1

Fig. 6.5: The space-time evolution of the ion saturation current in logarithmic scale as
shaded surface. The colours represent the uctuations of the signal. The lines
mark the wave fronts emerging from the source region at dierent velocities.
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6.2.2 Ion velocity distribution function
The ion velocity distribution function is obtained using two RFEA measurements, one
parallel to the symmetry axis (z -axis) and one perpendicular to it. The parallel mea
surement collects ions propagating downstream, i.e., away from the source, while the
perpendicular measurement collects only background ions. The perpendicular measure
ment can be used to determine the local plasma potential which yields the oset between
discriminator bias and actual kinetic energy of the collected ions. Fig. 6.6 shows the two
measurements of the parallel (a) and perpendicular (b) analyser. Given by (3.28),

dI/dU

is directly proportional to the ion velocity distribution function in energy units.

The

colour-coded plots show the velocity distribution functions of both the down-streaming
ions and the background ions. It is shifted on the energy axis by the plasma potential
Radial symmetry justies the assumption that the perpendicular drift vanishes and the
so-obtained perpendicular distribution centres around the plasma potential. This infor
mation can be used to reconstruct the absolute energy scale for the parallel ion velocity
distribution functions. The distribution function is calculated by applying a sharpening
lter onto the data measured in the perpendicular direction with respect to the dis
criminator bias. In order to maintain a certain sharpness of the resulting distribution
functions, the amplitude is rescaled. The resulting prole emphasises the maximum of
the distribution function as shown by the blue contour in Fig. 6.6b.

It is convoluted

along the bias with the parallel RFEA data, resulting in the reconstructed parallel ion
velocity distribution depicted in Fig. 6.6c.
The combined signal clearly shows the existence of a second ion population propa
gating at high velocities, i.e., an ion beam with an average kinetic energy of approx
imately

16 eV.

the chamber.

However, the beam is deteriorating signicantly while propagating into
If the beam deterioration would be due to the fringing magnetic eld,

one would expect a decrease of the background plasma density to an equal degree. If
the beam deterioration would be due to diusion, the beam density gradient should be
smaller than the background density gradient. However, the beam density gradient is
much stronger than the background density gradient. More conclusively, the ion beam
deteriorates due to charge exchange collisions and thereby populates the background
plasma with new ions produced out of the neutral gas background. The intermediate en
ergy levels in phase space are predominantly populated by ions that have lost a fraction
of their kinetic energy in elastic collisions with neutrals.
For a temporal investigation, the parallel RFEA data is acquired for an rf-power pulse
of

τrf = 0.5 ms.

128 cycles for each position and
1 kHz follows a duty cycle of 50%.

The temporal signal is averaged over

discriminator voltage.

From the repetition rate of

The measurement result is a three dimensional matrix of averaged collector currents,
which is processed by a smoothing spline lter along each dimension by making use of
the periodicity of the temporal axis. A dierentiation with respect to the bias results in
ion velocity distribution functions in energy units that are shifted along the energy axis
by the plasma potential. Since the elimination of the oset (as done in Fig. 6.6) is not
possible throughout the entire period, the oset is maintained. Under the assumption
that there is no signicant population propagating upstream, the population that centres
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around the lowest bias can be considered as the background population centring around
the plasma potential.
Fig. 6.7 shows the result of the following processing: At each space/time coordinate, the
distribution function is normalised to its maximum. The normalised distribution func
tions dene distinct contour lines in the position-bias plane and the time-bias plane,
corresponding to a given isovalue.

In three dimensions, these contour lines form a

wire-frame that is rendered as isosurface.
(a)
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Fig. 6.6: Reconstruction of the ion velocity distribution using the downstream (a) and
perpendicular (b) RFEA measurement. After applying a sharpening lter on
the perpendicular data (blue contour) a cross correlation of the two datasets
results in an approximation of the actual distribution (c).

The dotted line

marks the electron temperature, respective the ion sound velocity.
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ferent relative density levels and allow for an impression of the evolution in space and
time. The caps are colour-coded in shades of red and represent the distribution function

1 ms

at the time

and the position

295 mm,

respectively. The isosurface itself is coloured

corresponding to the bias. The plots depicted in Fig. 6.7ac are processed for the same
data in the described way, using dierent isovalues, i.e.,

1/2, 1/4

and

1/8

of the local

maximum.
The data can be split in three temporal regions, the early phase of the power pulse

t<

0.1 ms, the stationary plasma during the plasma pulse until t = 0.5 ms, and the remnant
plasma that forms the initial condition of the subsequent discharge.

Note that the

plasma expands into a background plasma, rather than into vacuum.
The early phase of the power pulse is dominated by a signicant rise of the plasma
potential.

Although plot (a) reveals an ion beam already during this phase, plot (b)

and (c) support the fact that the plasma potential rises throughout the whole chamber
to up to
imately

80 V (red region) with a small uniform gradient
60 V/m. This shows, how weak the signal is in

towards the source of approx
the early stage, compared to

the noise level. In the transition to the stationary phase, the plasma potential decreases
by roughly

50%

(turquoise region). However, the isosurface has formed a second layer

emerging from the source side (orange region). It can be identied as a pronounced

16 eV

ion beam. Comparing the three dierent plots Fig. 6.7ac, it becomes evident that the
beam reaches far into the chamber while the beam density decreases.

The preceding

tip of the beam is well separated from the background for all isovalues. The interme
diate phase space volume between background and beam is populated and reaches the
threshold isovalue a few ten millimetres upstream of the beam front. The beam prole
remains stationary until the rf-power is turned o at

t = 0.5 ms, where it vanishes almost

instantaneously.
In the afterglow, the plasma potential drops rapidly, but it remains at a value of approx
imately

7V

(blue region) near the chamber wall. The spatial prole features an inverse

gradient in the centre of the chamber (Z

= 150 mm), pointing away from the source.
The temporal dynamic vanishes quickly after 0.6 ms. There is evidence for a dynamic
behaviour upstream of the gradient, indicated by the curved edge of the U = 0 V contour
near z = 100 mm.
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Fig. 6.7: Isosurfaces of the parallel RFEA signal of a long power pulse for dierent iso
values (ac). The end caps of the isosurfaces show the normalised colour coded
distribution. The isovalues are

62

1/2, 1/4,

and

1/8,

respectively.

6.2 Collisional expansion
The experimental results show that the dynamic behaviour of the plasma occurs only
in the rst few ten microseconds.

The low density and the loss of beam ions make

it dicult to measure a signal strong enough to stand out of the noise.

The actual

expansion, based on the density evolution, appears to be slower than the particle velocity
of the ion beam. To obtain an eective expansion velocity, the RFEA data is processed
at each spatio-temporal position as follows: The RFEA signal is dierentiated and the
result is normalised to its maximum. The maximum bias, at which the processed data
still exceeds a given threshold, is calculated. The threshold is equivalent to the isovalue
and the desired maximum bias is represented by the topmost isosurface of data sets
(Fig. 6.7).

An example of the processed data for one isovalue is shown in Fig. 6.8a

as a colour plot.

The bias of the topmost isosurface is given in shades of red.

If the

beam energy is high enough, a sharp transition between background plasma (bright) and
beam (dark) is visible. The eective expansion velocity is obtained by tting a straight
line (solid black) to this edge. This velocity may be dierent for each isovalue and is
therefore calculated for a range of isovalues. Fig. 6.8b shows the relationship between
isovalue and eective expansion velocity. For each isovalue, a velocity is computed and
represented by a red cross. Since the beam is decaying spatially, a lower isovalue will
result in a higher velocity.

This is up to a point, where the isovalue is approaching

the noise level. The transition is clearly visible slightly above

3%,

where the calculated

velocities suddenly drop and even become negative. The velocity has a global maximum
for isovalues on the order of

4% at velocities of 3.2 km/s.

The

96% interval is enclosed by

dashed lines. This eective velocity corresponds to an ion sound velocity at an electron
temperature of

4.2 eV

tting well the given value above.

The collisional plasma expansion is sonic and strongly determined by neutral collisions.
In order to investigate super sonic plasma expansion, the ion-neutral collisions need to
be reduced, e.g. by reducing the chamber pressure. This issue is addressed in the next
section using the advanced setup described in chapter 4.
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Fig. 6.8: (a) Topmost isosurface of the data presented in Fig. 6.7 as colour plot for the
isovalue

4%.

The solid line is a linear t to the dark-bright transition. Its slope

corresponds to an eective expansion velocity.

(b) The eective expansion

velocities plotted against the isovalues, with which they are computed.
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6.2.3 Brief summary of the collisional plasma expansion
The rf-eld of the antenna periodically accelerates the source electrons. An energy trans
fer into thermal energy of occurs via collisions. The collisions with neutrals may result in
ionisation. At this point, due to their high mass, the ions can be considered as immobile
and they stay where they have been created. The initial density prole is determined by
the plasma source and the mean free path of the electrons. The temporal evolution of
the bulk plasma is in good agreement with the modelled proles by Ashida et al. [119].
The spatial density prole features a strong gradient near the intersection of source and
chamber.

The density gradient is connected to a potential gradient which, as times

evolves, leads to the formation of an energetic ion beam. The potential drop and the
resulting beam energy
temperature

Ekin = 16 eV

Te = 4 eV.

are signicantly higher than the observed electron

The existence of an ion beam is often connected to the presence

of a so-called double layer [13].

This in in agreement with a hypothesis pointed out

by Meige et al. [94], according to which a double layer forms between two regions of
signicantly dierent ionisation and loss rates. The potential drop, observed here, is in
agreement with the Boltzmann relation and does not reasonably match the denition
of a double layer [120].
The beam energy (Ekin

= 16 eV)

corresponds to an ion velocity of almost

9 km/s.

The

ion beam is supersonic with velocities two to three times the ion sound velocity. The
expansion velocity of the beam density, however, is about the ion sound velocity. This
discrepancy is not caused caused by geometrical expansion, diusion, or magnetic map
ping in the fringing magnetic eld.

There is evidence that the beam diminishes due

to particle losses by elastic and charge exchange collisions. Since the neutral gas popu
lates a similar phase space than the background ion population, each charge exchange
collision replaces a beam ion with an ion that is indistinguishable from the background
ion population.

Elastic collisions, however, lead to a population of the intermediate

phase space. After a short time of approximately

20 µs,

the ion energy distribution, the

density, and the plasma potential reach a stationary prole.
A very similar experimental setup is used in Ref. [25] in order to examine the ion beam
formation under the presence of current-free double layers with the use of LIF diagnos
tics. The authors report a temporal delay of the ion beam signal with respect to the
ignition of the plasma on the order of
exceeds

T = 30 ms.

τ = 20 ms

if the pause between two discharges

The authors suggest the delay is either due to the formation time

of the double layer or due to the build-up time of meta-stables that are required for
the LIF system.

The RFEA measurements provide evidence for an ion beam after a

maximum delay of

τ = 50 µs

even for the rst discharge of the averaging sequence. The

period between the discharge and the previous one is

T  1 s  30 ms

owed to probe

repositioning and data acquisition. Therefore, the formation of the double layer occurs
on a much faster time scale and cannot explain the reported delay.
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6.3 Collisionless expansion
Most observations of plasma expansion in space can be treated as an expansion of dense
plasma into vacuum or a region of negligible density. In many of these cases, the plasma
expansion can be considered as collisionless. In order to set up an equivalent situation
in a laboratory experiment, it is necessary to control the neutral gas pressure prole.
More precisely, it is necessary to provide the plasma production region with enough
neutral gas pressure for ecient stochastic heating and electron impact ionisation. On
the other hand, the neutral gas density in the expansion chamber needs to be as small
as possible to reduce the collisionality during the plasma expansion. This is achieved
by using a fast solenoid valve that provides the source with just enough neutral gas
for ignition. The ignition is triggered by a pulsed rf-source. In order to determine the
initial state and the neutral gas pressure evolution during the pulse, the neutral gas
expansion is systematically investigated (section 6.3.1).

The power, coupled into the

plasma, critically depends on the plasma parameter in the source. The coupling during
the beginning of the rf-pulse is time dependent as the plasma density is increasing. Since
the initial phase of the rf-pulse is of interest, the rf-power is monitored and the network
is matched for an optimal coupling during that period of time (section 6.3.2).
The initial phase endures only a few hundred microseconds, while the recovery time for
the experiment is on the order of seconds, given by the pumping performance.

This

prevents the use of diagnostics that require excessive averaging or acquisition time, such
as Langmuir probes. Instead, the plasma potential is obtained using an emissive probe
and the ion and electron densities are determined via their respective saturation cur
rents.

A check of the reliability of the density measurement is made in section 6.3.6.

For Maxwellian electrons and cold ions, the saturation currents relate to the densities
via the electron temperature (cf.

section 3.1).

A direct measurement of the electron

temperature is generally challenging and not possible in the present setup due to a weak
signal-to-noise ratio as a result of the small plasma density. The electron temperature
is discussed separately in section 6.1 with the goal to obtain a good approximation.
The space-time evolutions of the plasma parameters are presented and analysed in sec
tion 6.3.3.
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6.3.1 Neutral gas expansion
In order to determine the initial state and the possible inuence of the neutral gas
expansion on plasma expansion, the neutral gas density is separately investigated, i.e.,
in the absence of the plasma. For a rst impression of the radial and azimuthal structure
of the gas pu, the valve outlet is recorded with a fast CCD camera, while pung into
a low density plasma background.
visible.

The plasma excites the pued gas and it becomes

The recorded brightness is depending on many parameters, but it serves as

approximate impression for the neutral gas density prole. A typical image of the gas
pu is depicted in Fig. 6.9. It shows the luminescence of the out-streaming gas separated
in four plumes, three of which are visible in the picture. The shadows separating the
plumes are cast by the screws holding the guard plate in place. The relation between the
neutral gas density and the recorded luminescence depends on a number of parameters.
The integration length in the line of sight is homogeneous if a homogeneous expansion
of the plume along the axis is assumed. The electron impact excitation yield depends
on the plasma density prole, which has a gradient towards the centre.

The neutral

gas density prole is consequently under-represented towards the edges. The exposure
time is about constant but the exposition window is shifted in time from the bottom
to the top.

As a result, the bottom-right of the image shows an earlier, less evolved

state of the plume than the top-right of the image. The bottom-right plume is therefore
darker.

Reections on the walls have a strong impact on the recorded brightness as

they articially increase and widen the line of sight. Due to reections, the background
structure of the vessel becomes visible. The background structure is mainly given the
grid, which separates the source region from the pump region, and the guard plate of
the valve.
To calibrate the valve, the relation between the TTL-trigger pulse and the pressure
evolution is investigated. The time

τTTL

determines the duration until the valve supply

circuit is interrupted as described in section 4.1.1. The neutral gas pressure evolution
on a long time scale is measured using the Bayard-Alpert ionisation gauge installed
on the backplate of the device.

In Fig. 6.10a the temporal evolution of neutral gas

τTTL .
τTTL = 140 µs, 200 µs, and 260 µs, respectively,
intermediate steps of ∆τTTL = 10 µs. The plot shows

pressure in the chamber is depicted on a logarithmic scale for dierent values of
The coloured curves are associated with
while the grey curves represent

Fig. 6.9: Luminescence of the gas pu injected into a background plasma.

The pu

consists of plumes sketched by the lines and arrows. The plumes are separate
by the shadows cast by the four screws xing the guard plate.
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that the actual temporal evolution of the neutral gas pressure is rather independent
of

τTTL . In all cases, the neutral gas pressure in the chamber reaches its maximum at
50 ms. After the maximum, the turbo molecular pump, mounted at the back of

around

the source module, continuously reduces the neutral gas density. Before the roll-over,
the axial gas pressure prole has a gradient towards the source. The gradient eventually
changes sign and the neutral gas pressure in the chamber decreases exponentially with
a rate determined by the performance of the pump. The neutral gas pressure decrease

20 dB/s in
p0 ≈ 10−3 Pa.

is exponential with approximately

the beginning and becomes smaller when

approaching the base pressure

This mainly determines the time for the

setup to recover between each two measuring cycles.
To obtain also the spatial prole of the neutral gas distribution, a pressure probe is used
(cf. section 3.4). The probe allows the measurement of local neutral gas densities by
ionisation. Fig. 6.10b shows the temporal evolution of the probe current for dierent
positions.

The current at positions close to the chamber wall (z

= 300 mm)

shows a

similar but sharper prole as measured with the gauge (Fig. 6.10a). The spatial prole
is almost at with the exception of the rst few milliseconds when the neutral gas
pressure has a pronounced gradient towards the source.
The probe current is calibrated to obtain neutral gas densities.
gas temperature (Tg

= 300 K),

Assuming a constant

the data can be converted into a neutral gas pressure.

A space-time prole of the neutral gas pressure is depicted in Fig. 6.11a as a colour
coded contour plot. The temporal evolution is limited to the rst

5 ms

of the gas pu.

The levels of the contour lines are logarithmically scaled. The gas front marked by the

vn = 650 m/s ≈ 2cn .
0.5 ms for the gas cloud to

dashed line expands supersonically with a velocity of
velocity is reported in Ref. [23]. It takes about

A similar
ll half of

the source tube, which is in agreement with the simulation discussed in section 4.1.1.
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Fig. 6.10: (a) Temporal evolution of the neutral gas pressure in the chamber mea
sured with a Bayard-Alpert ionisation gauge mounted at the back plate.
The curves refer to dierent trigger widths
from

140 µs

to

260 µs.

τTTL ,

ranging in steps of

10 µs

(b) Space-time evolution of the neutral gas density

measured with the pressure probe for

τTTL = 200 µs.

The signal is normalised

to the maximum pressure in the centre of the chamber.
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The value of

0.5 ms

is taken as delay for the rf-pulse during the plasma expansion ex

periment. The measurement reveals that the gas pu actually consists of a series of at
least two individual pus.

The two pus become apparent by the two local maxima

1.2 ms

as time progresses, a major one around
maxima are located near

z = −150 mm.

and a minor one around

3.6 ms.

Both

The two gas pressure maxima are due to the

elasticity of valve's sealing needle which tends to bounce o the opening, before closing
it completely. A comparison of three subsequent measurements (Fig. 6.11) veries the
high reproducibility of the gas pu in both temporal evolution (onset of the edge) and
amplitude (maximum).

The two regions of interest are shown rescaled in respective

sub-plots. In particular, the second local maximum is reproducible which indicates that
the bouncing of the sealing needle is well systematic.
In summary, the analysis reveals two important things that play a role for collisionless
plasma expansion experiments:
(i) The valve provides a suciently high neutral gas density in the source for ignition
before a density increase is observed in the chamber.
(ii) The dynamic of the neutral gas expansion is slow compared to the expected dy
namic of the plasma expansion.

A good separation of the neutral gas dynamic

from the plasma dynamic is expected.
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Fig. 6.11: (a) Space-time measurement of the neutral gas pressure in absence of a plasma.
The dashed line marks the gas front velocity

vn .

(b) Temporal evolution of the

probe signal for three subsequent shots. The time between each shot is τs = 4 s,
−3
allowing for a base pressure of less than pb = 10
Pa. The sub-plots are 7:1
zooms of the regions marked by the grey rectangles.
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6.3.2 Power
The coupling of the antenna to the plasma is a critical factor for the experiment. It is
necessary to heat the electron eciently in the very early phase of the rf-pulse to be
able to create a plasma density gradient as steep as possible. The antenna is matched
with a

π -type

network. The impedance of the antenna strongly depends on the plasma

parameters in the source and needs to be optimised for the initial phase, rather than
for the cw-operation.

A bi-directional coupler in front of the matching network can

measure the forward and the reected rf-power of the plasma-antenna system including
the matching network.

The measured forward power is an upper limit for the power

dissipated in the plasma. Another way to determine the rf-power is to directly measure
the antenna current. The antenna current is proportional to the induced current in the
plasma.

The temporal evolution of the power and the associated antenna current for

the unmagnetised setup is shown in Fig. 6.12a and 6.12b, respectively. Fig. 6.12a shows
the measured forward power, as sum of the reected (red area) and the absorbed power
(blue area), against time. The rf-power is turned on at

t = 0.5 ms.
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Fig. 6.12: (a,c) Forward power (red) and absorbed power (blue) measured with a di
rectional coupler in front of the matching network.

(b,d) Antenna current

measured with a current monitor at the antenna. (a,b) shows the unmagne
tised case; (c,d) the magnetised case.
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τ = 5 µs at Pmax ≈ 410 W before reaching a stationary value of Prf ≈ 280 W
at t = 0.7 ms. Fig. 6.12b shows the antenna current measured with a current monitor
versus time. The antenna current shows a steep ramp to a maximum value of IA ≈ 26 A
before levelling at IA ≈ 19 A after t ≈ 0.7 ms.
peaks within

The power and the antenna current evolution for the magnetised setup is shown in
Fig. 6.12c and 6.12d, respectively. With a magnetic eld, the matching is more sensitive
to the plasma parameters.

The matching to the discharge is optimised for the best

coupling during ignition, where

Peff ≈ 400 W

is dissipated. As the plasma density rises,

the coupling gets worse and the eective power drops by a factor of

2.5 to Peff ≈ 160 W.

In this phase, the reected power rises and the measurement becomes inaccurate. The
antenna current drops from a maximum of
assumption that

Peff ∝ IA ,

IA ≈ 26 A

down to

IA ≈ 16 A.

Under the

see eq. (5.22), this corresponds to a power drop of

The input power value becomes stationary after

t ≈ 700 µs.

40%.

In the early phase, the

input power is signicantly increased and the initial ionisation rate is enhanced. The
resulting increase of the maximum density gradient is expected to be benecial for the
plasma expansion dynamics. During the power drop to its stationary value after a few
tens of milliseconds, the power balance predicts a decrease of the electron temperature.
This decreases the ion sound velocity
plasma expansion dynamics.
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and is expected to lead to a deceleration of the

6.3 Collisionless expansion

6.3.3 Plasma parameters
To simplify the plasma expansion dynamics, a homogeneous magnetic eld is applied.
This forces the expansion to be quasi one dimensional by inhibiting the radial plasma
motion. The dynamic behaviour of the plasma expansion is then reected in the axial
proles of the plasma parameters.

The most important plasma parameter is the ion

density as it directly visualises the ion expansion if ionisation in the expansion region
is negligible.

The ion density is measured using Langmuir probes biased negatively

to establish the ion saturation regime. This probe setup will further be referred to as
the ion probe.

Assuming a constant electron temperature (cf.

section 6.1), the ion

saturation current is proportional to the ion density. The space-time evolution of the
ion density is shown in Fig. 6.13a as a logarithmic colour-coded plot.
Before

t = 500 µs

there is no the plasma, given by the long recovery-time of

two measuring cycles.

4s

allow the plasma to decay after each discharge. The rf-drive is turned on at
and with some delay (t

between

The recovery-time is needed to re-evacuate the device and to

≈ 530 µs)

t = 500 µs

plasma is created and the plasma density increases

inside the source region. Starting from the source, a local density peak propagates into
the chamber at high velocity (dotted and dashed lines). This structure is in the focus of
the subsequent analysis. The spatial prole has a distinct gradient towards the source
that is reaching further into the chamber as time evolves. The ion density in the source
constantly rises until the rf-drive is turned o at

t = 1000 µs

the afterglow phase.
Since the ion saturation current is proportional to

√

Te ,

and the plasma changes to

it drops faster than the plasma

density. The best t is obtained with a sum of three exponentials with the e-fold times
of

τ1 ≈ 8 µs, τ2 ≈ 26 µs, and τ3 ≈ 230 µs.

This is shown in Fig. 6.13b, where each share is

represented by a dierent colour. The dierent decay times correspond to dierent loss
channels of the electron energy which limit the ion ux to the wall. The three dominant
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Fig. 6.13: (a) The space-time evolution of the ion density in logarithmic scale. The solid
dashed and dotted black lines mark the velocities

vn , vi

and

ve ,

respectively.

(b) Exponentially decreasing density in afterglow. The three areas correspond
to three half-life times dening the decrease.
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loss channels are inelastic collisions (dominant in the beginning), elastic collisions, and
particle losses to the walls [114]. The particle loss is given by the ion drift to the walls,
i.e., the Bohm ux

Γi = ni cs .

The expected decay is on the order of milliseconds.

In order to analyse the dynamical structure of the plasma expansion during the early
phase of the rf-pulse, a more detailed view on a shorter period of time is given in Fig. 6.14.
The ion density is plotted as a colour-coded contour levels on a logarithmic scale. The
regions, in which the ion probe current is negative, are indicated by the blue area. The
gure clearly shows, how a fast ion population is ejected from the source region just as
the density becomes measurable around

t ≈ 530 µs.

Four characteristic velocities can be

identied in the gure:
The fastest velocity occurs at the transition region between the negative and the positive
probe current, inside and near the source region. The sign changes inside of the source
along the dotted line corresponding to

ve ≈ 10 km/s.

In the expansion chamber (z

the sign changes along the dashed line corresponding to

vi ≈ 1.8 km/s.

> 0),

The negative

current that is picked up beyond these boundary lines is due to a strongly negative oat
ing potential that arises from energetic electrons. The probe current remains negative
even for the most negative bias applied

V = −93 V.

If the local peak of the ion current that is launched around
expansion velocity of

vΦ ≈ 5 km/s

t = 530 µs is traced, an initial

is observed. As shown below the initial propagation

is accompanied by the maximum plasma potential gradient

∇Φ .

This ion population

decelerates after entering the expansion chamber and propagates at a velocity

vi

along

the transition line between positive and negative ion current.
The fourth velocity characterises the expansion of the bulk plasma density. The bulk
plasma density nicely follows the neutral gas expansion and has the same expansion
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Fig. 6.14: Space-time evolution of the ion density on a logarithmic scale.
lines represent the velocities of the bulk plasma
front
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(dashed), the potential gradient

population

ve
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The black

(solid), the isolated ion

(dash-dotted), and the fastest ion

(dotted). The blue area marks the region of negative oating

potential, where fast electrons reach the probe.
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velocity

vb ≈ 650 m/s.

It consists mainly of cold ions formed by local ionisation and is

limited by the local neutral gas density. The bulk density expansion can be described
by the empirical function



z − z0
t − t0
exp −
.
nb (z, t) = n0
τ
λ
The best t to the ion density evolution yields

532 µs, τ = 118 µs,

and

λ = 45.3 mm

with a

(6.1)

z0 = −80 mm, n0 = n(z0 , 650 µs), t0 =
residual of less than 1%. The best t

is plotted in Fig. 6.15a as black contour lines superimposed on the normalised colour
coded space-time evolution of the ion probe current. The contours of the t function
align well with the measurement throughout most of the prole. In the region around
the local maximum, the discrepancy between t function and data becomes more sig
nicant. By subtracting the t from the data, the residual is obtained emphasising the
dierences (Fig. 6.15b). The discrepancy between the data and the t function shows
the pronounced ion population and hints for a second, less intense, but even faster ion
population (indicated by the arrow).
Measuring the plasma density via the electron saturation current is not possible in the
same manner since the electron current does not saturate as well as the ion current. The
measurement is also very sensitive to plasma potential changes and the analysis of the
entire Langmuir probe characteristic would be required. Still, a rough approximation
of the density evolution can be obtained by measuring the current onto the probe biased
near the electron saturation regime. For a correct interpretation of the dynamics, it is
required to rule out the dierent interdependencies of the current.

This probe setup

will further be referred to as the electron probe and the so-obtained density as electron
density. Fig. 6.16a shows the raw signal of the electron probe for a bias of

UP = +93 V
vb , vi ,

as colour-coded contour plot on a logarithmic scale. The characteristic velocities
and

ve

are indicated as black solid, dashed, and dotted lines, respectively. The electron

current has its onset along the

ve

line.

In the expansion chamber, the onset is less

pronounced and smeared out between the ion
(a)

vi

and the electron front

ve .

This can

(b)
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Fig. 6.15: (a) Colour coded space-time prole of the ion density. The t function (6.1)
is given by the black contour lines. (b) The remaining ion density after sub
tracting the t, featuring the pronounced ion population.
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be seen more clearly in the expanded plot Fig. 6.16b. The measured data is converted
into the plasma density values assuming
is superimposed as white contour lines.

Te = 4 eV.

For orientation, the ion density

The electron probe current rises like the ion

density, but with no evidence of a local maximum.
At about

t = 700 µs

in Fig. 6.16a the electron probe current drops and a signicant

discrepancy arises between the ion and the electron probe current.

t = 950 µs and
t = 1000 µs. This occurs

It reaches a mini

mum around

rises to its global maximum once the rf-drive is turned o

at

since the electron probe is not biased with respect to the

plasma potential, but with respect to the grounded chamber wall. Any variation of the
plasma potential aects the relative bias and in turn the collected current. This can be
elucidated by comparing the electron current with the plasma potential measurement.
The plasma potential is depicted in Fig. 6.17a as a colour-coded plot versus time and
axial position. The plasma potential is measured with both an emissive probe and an
RFEA. Both diagnostics are unreliable at low plasma densities. For the RFEA, this is
due to the low signal-to-noise ratio and the resulting problem to identify the minimum
of the derivative. The emissive probe builds up a positive self-bias if the plasma den
(a)

(b)
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Fig. 6.16: (a) Space-time evolution of the electron current (b) Initial phase of the com
puted electron density. The ion density is indicated by white contour lines.
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Fig. 6.17: (a) Space-time evolution of the plasma potential. (b) Scaled-up diagram of
the initial phase. The ion density is indicated by white contour lines.
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sity is not high enough, resulting in an overestimation of the plasma potential.

The

shown data is computed from both measurements. The regions of high discrepancy have
been interpolated from their nearest neighbours or set to zero, if reasonable, in order
to reconstruct a continuous space-time evolution. The plasma potential reaches a maxi
mum a few tens of milliseconds before the turn-o of the rf-drive. The plasma potential
maximum is close to the bias of the electron probe which results in a reduced electron
probe current. After the rf-drive is turned o the plasma potential drops rapidly. This
leads to an increase of the relative probe bias and the electron current. Eventually, the
electron density drop compensates this probe current rise and the electron saturation
current drops exponentially as observed for the ion saturation current.

If the plasma

potential is taken into account, the minimum and the nal increase of the electron satu
ration current coincide with a maximum of the plasma potential and the potential drop
after the rf-drive is turned o. The onset of the electron current in the chamber is also
accompanied by an increase in the plasma potential. Since an increase in the plasma
potential leads to a shift of the relative probe bias, the probe collects a smaller electron
current. Thus, the onset of the electron density is expected to be sharper than seen in
Fig. 6.16b. The electron density onset is given by the dotted line and its propagation
velocity is

ve .

The plasma potential has two temporal maxima, one at the beginning of

the rf-pulse and another one before the rf-pulse ends. The rst maximum propagates
with

vi

into the expansion chamber, indicated by the dashed line in Fig. 6.17b.

The spatial potential gradient, i.e., the electric eld, is shown in Fig. 6.18 as combined
coloured-coded and contour plot. The black lines are the contours of the electron density
for comparison.

The white dashed, dash-dotted, and dotted lines correspond to the

vi , vΦ , and ve , respectively. The electric eld propagates with vΦ before it
slows down at z = 100 mm, i.e., in the rst third of the chamber. Beyond z = 100 mm,
its propagation velocity is vE ≈ 3.2 km/s (solid white line). The maximum of the electric
velocities

eld is found to be between the ion front and the electron front. The electric eld prole
is expected to have a more detailed structure, but the poor signal-to-noise ratio requires
strong low-pass ltering which suppresses the high-frequent structures.
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Fig. 6.18: The space-time evolution of the electric eld. The electron density is indicated
by black contour lines for orientation.
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6.3.4 Ion velocity distribution
The ion velocity distribution is measured with an RFEA (cf. section 3.5). The signal
to-noise ratio is usually poor and averaging is a necessity. The pumping performance
limits the maximum repetition rate of the experiment (τ

> 1 s).

That is why the spatial

resolution and averaging are restricted to an acceptable minimum. The distribution func
tions of the perpendicular (red) and parallel (blue) ion velocity components are shown in
Fig. 6.19 for a spatio-temporal position before (Fig. 6.19a) and after (Fig. 6.19b) the ion
front has passed by the RFEA at

z = 50 mm.

The perpendicular RFEA measurement

is also used to determine the plasma potential.

An energy oset

distribution function is a measure for the axial drift velocity.
before the front is approximately

ve = 10 km/s

∆E

for the parallel

The ion drift velocity

vp ≈ 6 km/s when
approximately equal to vΦ .

and it drops down to

the front has passed by. The velocity behind the front is

The measurement with RFEAs is prone to systematic errors. In particular the energy
resolution is rather poor. This is mainly caused by four sources of errors:
(i) Imprecise alignment of the grids inside the detector leads to deection of the inci
dent ions [121].
(ii) A wide acceptance angle increases the ion signal magnitude, but it also reduces
the directivity of the measurement [122].
(iii) The energy shift of a propagating ion population, i.e., an ion beam, results in a
width of the RFEA signal proportional to
perature and

Ep

p
Tp Ep , where Tp

is the population tem

the energy shift [123]. This eect can be observed by comparing

the width of the two distributions in Fig. 6.19a and Fig. 6.19b.
(iv) The rf-uctuations of the plasma potential can aect the ion movement and reduce
the energy resolution, even if the ion plasma frequency is an order of magnitude
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lower than the rf-frequency [124].
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Fig. 6.19: The ion velocity distribution function of the downstreaming ions (red, dashed)
in comparison to the ion distribution function obtained with an RFEA facing
perpendicular to the stream direction (blue, solid).

The distributions are

obtained at times instants before (a) and after (b) the ion front has passed by
the analyser.
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6.3.5 Magnetic eld
The magnetic eld is expected to have a strong inuence on plasma expansion.

A

homogeneous magnetic eld restricts the plasma to expand quasi one-dimensionally.
Conversely, a strong magnetic eld gradient enforces a two- or three-dimensional plasma
expansion.

In Fig. 6.20 the ion density expansion prole is presented for three dier

ent congurations.

The magnetic eld gradient and the homogeneous magnetic eld

congurations are described in section 4.1.2, the unmagnetised setup is obvious. Both
magnetised congurations (Fig. 6.20b,c) dier only by the current in the coils around
the expansion chamber. The magnetic eld strength in the source region is similar and
the coupling into the plasma is comparable, which means that small adjustments of the
matching network yield an equivalent power dissipation. Since the bulk plasma is created
in the source region, ignition and production of the plasma varies only little between the
two magnetised congurations. The ion density proles show a fast expansion of an in
termediate density plasma emerging from the source region between

t = 520 and 540 µs.

This is well in advance before the bulk plasma later reaches similar ion densities. In the
unmagnetised case (Fig. 6.20a), the ion population has a higher density and the separa
tion from the bulk is more pronounced but quickly diuses after entering the chamber.
The magnetic eld can suppress or support the diusion depending on the magnetic eld
topology. For a homogeneous magnetic eld, the plasma propagates mainly along the
axis, i.e., the plasma expansion is quasi one-dimensional. The diameter of the plasma
remains constant and the density gradient is given by the ratio between source and sink.
The presence of magnetic eld gradient leads to an additional density decrease as the
plasma propagates along the axis due to magnetic mapping. This enhances the plasma
density gradient and may lead to the formation of a double layer [13]. The magnetic
eld gradient forms a magnetic mirror.

The mirror eect converts perpendicular par

ticle velocity into parallel particle velocity as the electrons and ions move away from
the maximum magnetic eld located in the source region. In the ion density evolution
(Fig. 6.20b), the additional ion acceleration compensates the sudden deceleration of the
ion population that is observed in the case of a homogeneous magnetic eld (Fig. 6.20c).
Apart from the evolution of the ion population, the plasma expansion dynamic is similar
in all three congurations.
(a)

unmagnetised

(b) magnetic field gradient

(c) homogeneous magnetic field
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Fig. 6.20: space-time evolutions of the ion saturation current in logarithmic scale for
dierent magnetic eld congurations (ac).
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6.3.6 Reliability of the data
In the collisionless expansion experiment, the important dynamics occur in only a few
tens of milliseconds. On the other hand, the repetition rate is limited by the slow diu
sion of the neutral gas. Averaging methods are time consuming and cannot be used for
some of the more complex diagnostics, such as the Langmuir probe and the RFEA.
Some assumptions are necessary to reduce the amount of data required. The most impor
tant assumption is on the electron temperature: It is assumed to be uniform and constant
and consequently does not allow any variation of the electron energy distribution. This
limits the accuracy of the ion density as calculated from the measured ion saturation
currents. The knowledge of the ion density proles is crucial for the interpretation of the
plasma expansion experiments. The density, calculated from the ion saturation current,
depends only on the square root of the electron temperature. Compared to the variation
of the ion density, the relative variation of the electron temperature plays a minor role.
The present experiments are dedicated to the dynamics of the plasma expansion into the
expansion chamber, which is characterised by a density increase by orders of magnitude.
An accuracy of the density measurement within a factor of two is satisfactory.
allowed range for the actual electron temperature

Te

is therefore between

1

and

The

16 eV.

A second source of errors for the density measurement is the dynamics of the oating po
tential and the plasma potential. Since the probe is biased with respect to the grounded
chamber wall, the bias changes with respect to the plasma potential. This directly inu
ences the probe current due to the sheath expansion eect. In extreme cases, the probe
bias may even leave the saturation regime, leading to a severe underestimation of the
saturation current or even negative values. Since a negative electron saturation current
and hence a negative plasma density is unphysical, this kind of invalid data can easily
be detected. The intermediate regime remains an issue. To study the reliability of the
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6.3 Collisionless expansion
saturation currents, the dependency of the probe current on the probe bias is studied by
acquiring the probe current at six axial positions for a series of probe biases. The probe
bias ranges form

70 V

to

100 V

in steps of

0.5 V.

The measured probe current traces

are normalised to their temporal maximum. Although the resolution is insucient for
a proper Langmuir analysis, the data can be used to investigate the sensitivity of the
electron saturation current to plasma potential changes.
The temporal evolutions of the current signal for all biases are analysed statistically. The
probe current distribution versus time is shown in Fig. 6.21 as colour-coded histograms
for six dierent positions.
The average value of the electron current measurement (section 6.3.3) is represented by
the superimposed blue solid line.

Since the electron currents are normalised, they do

not depend on the bias as long as the plasma potential is constant.

If, however, the

plasma potential changes, a discrepancy from the linear relation between to the probe
current and the probe bias results in a broadening of the distribution. The measured
current distributions are found to be narrow, which indicates only a small disturbance
from linearity. The rf-ltered and averaged electron current measurements (blue curves)
can be considered as proportional to the saturation current. This holds true as long as
the probe bias

Vp

is higher than the plasma potential

Φ.

For

Vp = 93 V

this threshold is

reached by the plasma potential only during its peak just before the rf-power is turned
o. The related decrease of the electron probe current is discussed above.
By subtracting the ltered averaged signal from the unltered signal of the Lang-

muir probe, one can observe small oscillations at
and

540 µs.

fosc = O(100 kHz)

between

t = 520

These oscillations cannot be spatially resolved and do not compare to the

wave packets that are observed in the collisional case (section 6.2).
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6.3.7 Brief summary of the collisionless plasma expansion
With the use of a fast gas injection valve, the collisional dissipation can be reduced
and a distinct density structure becomes observable. The ion probe current shows ev
idence for a local ion density maximum at the ion front as predicted by a number of
models [40, 45, 46, 48, 49].
evaluated in section 7.3.

However, the signicance of the ion density peak will be

The structures found in the ion probe current evolution ex

hibit four characteristic velocities, three of which are related to plasma motion.
fastest velocity

ve

The

characterises the transition between negative and positive ion probe

signal inside the source and is dened by the electron probe current onset. The second
velocity

vΦ ≈ ve /2

is the propagation velocity of the local maximum of the ion probe

current inside the source region.

The maximum of the ion probe current propagates

together with the peak of the potential gradient

∇Φ .

It is correlated with the average

velocity of the ions in the region upstream of the ion front as measured with the RFEA.
If an electron temperature of
sound velocity as

vΦ ≈ 1.6cs .

Te = 4 eV

is assumed, the velocity scales with the ion

After passing by the intersection between source region

and expansion chamber, the local maximum of the ion probe current decelerates.
propagation velocity saturates at the third characteristic velocity

vi .

Its

The reason for the

deceleration is not fully understood, but it is assumed to be related to the break down
of the power feed (cf. section 6.3.2). The smallest velocity is the expansion velocity of
the neutral gas cloud pued into the source region. Its expansion velocity
twice the neutral gas sound velocity

cn .

vn

is about

Since the neutral gas density essentially limits

the electron impact ionisation probability, the dynamic of the neutral gas density prole
is reected in the plasma density prole.
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7 Simulation Results
In order to get insight into the particle dynamics during the expansion process, par
ticle-in-cell (PIC) simulation runs have been performed, tailored to the experimental
conditions. The PIC simulation allows for the study of single (macro-) particle motions
as well as collective quantities, such as the electrostatic potential
bution functions
and

Te .

fv ,

the particles densities

ni

ne ,

and

Φ,

the velocity distri

Ti

and the particle temperatures

Fig. 7.1 shows a schematic of the typical simulation setup given in section 5.5.

Similar to the experiment, the simulation is separated into two regions, the source re
gion (z

< 0)

and the expansion region (z

> 0).

Both regions are terminated by a

grounded metal wall (Dirichlet's condition), the source wall and the camber wall, re
spectively. In the source region, an electric rf-eld, dened by the inductive current

jrf ,

eectively heats the electrons. The neutral gas pressure in the source region is kept con
stant at

p = 1 Pa,

representing the gas pu. In the simulation, the neutral gas pressure

only inuences the collisionality.

In order to ensure a free expansion, the neutral gas

pressure in the expansion region is generally set up much lower than in the source region
with a typically value of

p = 1 mPa.

The pressure dierence ensures that ionisation

collisions predominantly occur in the source region.
The evolution of the source prole determines the initial condition of the expansion
and therefore strongly inuences the plasma expansion process.

After describing the

general features of the expansion process in section 7.1, section 7.1.2 focuses on the
characterisation of the source region. Finally, in section 7.5 the inuence of a number
of input parameter on the expansion dynamics is analysed.

source region

expansion region
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i

λ i ≈ 4m
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Fig. 7.1: Schematic view of the default PIC setup (cf. section 7.1). The graphic illus

p, and
the initial plasma density ne in the source (z < 0) and expansion region (z > 0).
trates the induced rf-current density

jrf ,

the neutral gas density prole
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7.1 General plasma expansion process
The expansion process as computed by the simulation has some common features. The
typical axial plasma density prole is depicted Fig. 7.2. Initially, the simulation domain
was homogeneously lled with background plasma of the plasma density

nb

(horizontal

dashed line). By electron impact ionisation, source ions are introduced in the source re
gion, triggering the expansion. The plot shows the ion density as two accumulated areas
on a logarithmic scale against the axial position

z

after a simulated time of

t = 30 µs.

One can distinguish between the bulk plasma, the plateau plasma, and the ambient
plasma, separated by a dashed (z

≈ 0)

and a dotted line (z

≈ 130),

respectively. The

separation is also reported for other one [33] and two [35] dimensional PIC simulation,
where, however, the plateau was less pronounced. In comparison, the present simulation
compensates for the rarefaction wave, owed to the active source. The plasma density
14
−3
reaches its maximum of nm ≈ 6.4 · 10 m
near the centre of the source region. Its
source prole can be approximated with the collisional model (cf. section 5.4.1). The
plateau plasma has an intermediate almost constant density and intersects with the am
bient plasma in a strong plasma density gradient. The ambient plasma shows a small
density increase against
front.

nb

The deviation from

formation (λD

≈ 3 mm)

with an approximately constant gradient near the plateau

nb

beyond

z ≈ 300 mm

is due to a sheath and pre-sheath

in front of the chamber wall at

z = 400 mm.

The total plasma

density prole is separated into two sub proles given as colour coded areas. The blue
area represents the background ions and the red area represents the source ions created
by electron impact ionisation. Due to the much higher neutral gas pressure in the source
region (z

< 0), ionisation predominantly occurs here.

Some source ions have propagated

into the plateau and thereby displaced the background ions illustrated by the darkened
areas. The displaced background ions accumulate near the intersection of the plateau
and ambient plasma and form the plateau front. Others are repelled by the front and
enter the ambient plasma in form of an ion stream. The left hand background ions in
the source region are lost to the source wall.

bulk plasma

15

ion density ni (m−3)
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ions
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Fig. 7.2: Source ions (red) mainly govern bulk and plateau.
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The ambient plasma is

almost exclusively formed by background ions (blue) from the initialisation.
The prole is a sample at
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t = 30 µs.

7.1 General plasma expansion process
The corresponding plasma potential is depicted in Fig. 7.3 (blue).

Applying Boltz-

mann's relation, the plasma density can be tted to the plasma potential prole. The
tting curve is depicted in red and results an average electron temperature of

Te = 3.2 eV.

It can be seen that the assumption of a constant electron temperature fulls the relation
very well. In particular, the Boltzmann's relation ts well at the plateau front, ruling
out that a double layer is formed [120]. Notable dierences can be found in the area

z = 350 mm

beyond

near the chamber wall, indicating a temperature decrease in the

sheath or pre-sheath.
The dynamic of the proles is dominated by the expansion of the plateau plasma into
the ambient plasma. This process can be seen in Fig. 7.4 by comparing plasma potential
proles of three dierent simulation times.

The plateau front position, given by the

z ≈ 36, 83 and 128 mm at the respective times t. The plateau
in vf ≈ 4.4 km/s and is supersonic (cs ≈ 2.8 km/s at Te = 3.2 eV).

knee, is
results

front velocity

Soon to the beginning of the simulation run, another structure appears. The generally
constant plasma potential prole shows some structure marked by the circles. Between
the structure and the bulk plasma the plateau plasma potential has a local minimum. At
the structure the plasma potential suddenly rises to a maximum and begins to oscillate
with a damped amplitude towards the plateau front.
(centre of the circles) is

z ≈ 17, 26

and

36 mm,

The position of the structure

respectively, resulting in a propagation
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Fig. 7.3: Plasma potential (blue) and tted Boltzmann relation (red) at
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Fig. 7.4: Plasma potential prole for the default setup at three dierent time instances.
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1 km/s.

velocity of approximately

The ion dynamics associated with this structure can be seen in phase space depicted in
Fig. 7.5. The gures show the ion phase space at three dierent times around
Figure (a) and (b) contain the plateau front around

z = 30

and

40 mm,

t = 10 µs.

respectively, for

orientation. At the location of the structure, one can observe the formation of a hole in
phase space, a vortex marked by the red circles. Tracking the centre of the circle, one
∗
nds that the vortex initially propagates with approximately vv = 1.8 km/s, but it slows
down to vv = 1 km/s around t ≈ 10 µs. The vortex is propagating sub-sonically at all
times. This slow-down shifts the structure in the proles towards the rst quarter of the
plateau (cf. Fig. 7.4).
The formation of a vortex has been reported and explained as a wave-breaking mech
anism [33, 40, 41, 47].

In Ref. [41], Vlasov-Poisson equations are used to solve a

similar plasma expansion problem. The resulting phase spaces are depicted in Fig. 7.6.
The gures show the evolution in phase space during the expansion of a plasma (x
with a plasma density that is ten time larger than its ambient plasma (x

> 0).

At

< 0)
t=4

the phase space shows a bunching of the ambient plasma that have formerly been close
to the origin (trace illustrated by red dots). The gradient of the edge to the ambient
plasma becomes innite near the tip (x

= 4).

At

t=6

the main plasma has overtaken

the ambient plasma and the ambient edge degrades, the wave-breaking event has oc
curred. As time evolves, the ambient edge forms a growing structure (red circle) that is
comparable with the onset of the vortex in Fig. 7.5a around
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Fig. 7.5: Phase space of ion super-particles. The plateau features a vortex that is driven
by the source side and converts the directed velocity of the down streaming
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Fig. 7.6: The logarithm of Vlasov-Poisson solution (log(f )) for a background plasma
density ratio of
([41], Fig. 20)
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nr = 0.1

at dierent time instants

t = 4, 6,

and

8

(ac).

7.1 General plasma expansion process
The distributions depicted in Fig. 7.6a and Fig. 7.6c are in qualitatively good agreement
with the distributions obtained by the PIC simulation depicted in Fig. 7.7a and Fig. 7.7b,
respectively. Both solutions show the characteristic triangular shape of the phase space
in the early phase (a) and a decelerated ion population (red circle) at later times (c)
and (b), respectively. Depicted in Fig. 7.7c, the nal structure after the wave-breaking
event. It shows the separation of the plateau around position

20 mm

into two regions

of dierent mean velocity ans ion temperature. The source side of the plateau is faster,
however, streaming into the vortex, the drift velocity is converted into thermal energy of
the chamber side region. At the plateau front, a stream of ions is owing into the ambient
plasma with the velocity

vs ≈ 2vf .

The end of the stream consists of an ion population

that is even faster and has been launched during from the wave-breaking event. This ion
burst (blue ellipsis in Fig. 7.7c) has a broad velocity distribution function that is tearing it
apart. Its maximum velocity is about

vb ≈ 10.5 km/s.

The additional acceleration of the

burst can be reconstructed by a simple simulation of a certain propagating electric eld.
In section 7.2 such a simulation is discussed in detail. The ion stream is contributing to
the ambient plasma density and explains the plasma density increase in Fig. 7.2 Given
by Boltzmann's relation, the plasma density increase aects the local plasma potential
and creates a further accelerating electric eld.
For comparison, the ion and electron density proles are shown in Fig. 7.8 for the respec
tive time instances. At
at the location where

t = 2 µs (a), the ion density shows a pronounced local maximum
the wave-breaking takes place (z ≈ 5 mm). This maximum is

entangled with the wave-breaking process (ion collapse [43, 125]) and predicted by a
number of models [40, 42, 45, 46, 48, 49] The electron density is in equilibrium and has
a quasi exponential prole (cf. (2.53)). As the wave-breaking progresses (b), the peak
of the ion density becomes broader and splits into two maxima of similar amplitude,
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but dierent velocity.

≈ 13 mm) is corresponding to
(zf ≈ 10 mm) is due to the decelerated

The downstream peak (zv

plateau front, whereas the upstream peak

the
ion

population (red circle in Fig. 7.7b). The electron density prole is smoothly following
the ion density increase and shows the onset of the plateau. The prole becomes at
ter after time (c) with a steeper exponential drop at the plateau front. The two peaks
(zv

≈ 20 mm, zf ≈ 40 mm)

in the ion density prole get further separated. They delimit

a region of approximate constant ion density.
The space-time evolutions of the plasma potential, the axial electric eld, the ion density,
and the electron density are depicted as colour-coded plots in Fig. 7.9ad, respectively.
The extent of the ion burst and the positions of the plateau front and the vortex are
marked by a solid, dashed, and dash-dotted line, respectively. In the early phase of the
simulation (t
bar.

≈ 1 µs) the plasma potential Φ

is much higher than the range of the colour

Its value in the expansion region is about

21 V.

The excessive potential level is

due to the high electron temperature during the time when the power input per electron
is still very high.

The prole shows a second and a third potential peak propagation

parallel, in front of the vortex (dotted lines). They indicate a distortion of the proles,
triggered by drift instabilities [33, 126] in the plateau plasma. They set on at
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vv ≈ 1 km/s, vf ≈ 4.4 km/s,

and

vb ≈ 10.5 km/s.

7.1 General plasma expansion process
and

t3 ≈ 21 µs.

The location of the ion burst separates the unperturbed background

plasma from the region where the ion stream density is causing a weak plasma potential
gradient. The resulting electric eld
and

vb

Ez ,

shown in Fig. 7.9b, in the region between

vf

is small but non-zero leading to a continuous acceleration of the ions. However,

towards the ion burst the electric eld vanishes. In the expansion region, the electric
eld reaches its pronounced maximum around

Ezmax ≈ 600 V/m

at the plateau front.

In contrast, the vortex and its accompanying structures (dotted lines) feature a wave
pattern of negative and compensating positive electric elds. The background plasma
remains unperturbed with no net electric eld.
The ion and electron density proles (Fig. 7.9c and d) are very similar but with sharper
axial structures in the ion density.

Both density proles show a local increase at the

vortex a constant plateau density and a sharp edge at the plateau front. The ion stream
between

vf

and

vb

is evident in form of an axial gradient in the ion density as well as

the neutralising electron density. The discrepancy in the detailed gradients in the axial
density proles is a indicator for charge separation.
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7.1.1 Particle uxes
The ions in the plateau have a net drift downstream. In order to maintain the plateau
density source side, the plateau ux needs to be compensated by an equivalent ion ux
coming from the source region. The ion and electron uxes are depicted in Fig. 7.10 for
three dierent times
ion uxes

Γi

ta = 10 µs, tb = 20 µs,

and

tc = 30 µs.

It can be seen that the

upstream to the wall and downstream into the plateau are both growing

at approximately the same rate (a). The downstream uxes are slightly reduced since
the potential drop into the ambient plasma is smaller than to the wall. Over time, the
peak plasma density in the source increases and begins to saturate. This results in an
increase and nally in a saturation of the ion uxes (b). The plateau ux

Γp = np vf

(dotted lines) is somewhat lower than the ion ux at the source edges. The adjustment
of the two uxes occurs upstream of the vortex and is continuously.

Between vortex

and plateau front the ion ux and the ion density is rather constant.
holds also for the ion drift velocity.

In result, this

At some later stage (c), the source prole has

become stationary and the ion ux prole of in the source can be described by a cosine
function (cf. section 7.1.2).
Both uxes correspond to the particle losses to either side.
the wall and the plateau, respectively.

The ux is absorbed by

Thus, the source interacts with the plateau

intersection in the same way as with an absorbing wall. The source can be described by a
high collisional plasma emerged between two grounded wall as described in section 7.1.2.
In the plateau the absorbed ux can either lead increase of the plateau ion density or
to a spatial expansion, i.e., the propagation of the plateau front. For a constant plateau
ion density

np , the front velocity vf

would therefore be given by the input ux according

to

Γe (x = 0) = Γp = np vf .

(7.1)

Hence, there is a relation between the peak plasma density and the plateau plasma
density.
velocity

Furthermore, the background plasma density is inuencing the plateau front

vf .

A detailed analysis of the plateau properties will be given in section 7.5.4.

The electron ux shown in Fig. 7.10 is following the ion ux, but with an oset. This
2
results in a net current owing upstream jnet = 21 mA/m . The current compensates
for the reduced ion ux onto the chamber wall. Once the fastest ion population reaches
the chamber wall the plasma settles in a new stable condition. In result, the net-current
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Fig. 7.10: The ion and electron uxes in the PIC simulation at three dierent times
(ac). The dotted lines correspond to the nal plateau ux
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drops, but as it will be shown in section 7.1.2, the current persist nite even after the
plateau front has reached the the chamber wall.

For the considered simulation time

during the analysis, this event is unimportant. The current is closed via the grounded
boundaries.

If one wall is set up as insulating, i.e., a charge accumulating wall, the

net-current vanishes. The ion motion, however, is unaected.
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7.1.2 Source proles
The source region is a very important part of the simulation setup as it is the origin
of the expansion.

The source generates the bulk plasma self-consistently via electron

impact ionisation and the bulk plasma prole and properties are determined by the
boundary conditions.
edge properties.

The most important parameters are the collisionality and the

The source wall is absorbing and grounded, the intersection to the

expansion region, however, is open.
The source density prole, produced by the PIC simulation, is depicted in Fig. 7.11a.
The data (blue) can be well tted by a sinusoidal function (red) and is describable by
the collisional model (cf. section 5.4.1).
The corresponding tangential t of the ion drift velocity is depicted in Fig. 7.11b and
shows a similar good match. The ion sound velocity is marked as dashed lines for the
up and downstream direction. The upstream intersection (-cs ) with the drift velocity is
approximately

5 mm

in front of the source wall, indicating the edge of the sheath [68].

The downstream intersection (cs ) is located at the intersection between source and ex
pansion region (z

= 0).

This indicates that the bulk plasma evolves as if the expansion

region is an imaginary sheath edge. Following Bohm's criterion [68], the bulk plasma
can be considered as independent of the events in the expansion region.
The transition is depicted in Fig. 7.11 in form of particle density and electric eld
proles (ni ,

ne , Ez ).

The dotted line marks the intersection of source and expansion

region. It can be seen how, at rst, the electron and ion densities begin to separate in the
pre-sheath (z

< 0).

The surplus of positive charge leads to a strong increase of the electric

eld. This, in turn, results in an increased ion acceleration and therefore thinning of the
ion density. Since the absorbing wall is missing, the proles will eventually reach a point,
at which the ion density drop due to acceleration is faster than the electron density drop
due to repulsion. The density dierence decreases again and very close to the transition,
it changes sign. At this point the electric eld has reached its maximum and drops to
zero after a few Debye lengths. Thus, the potential drop from the edge potential to

Te .

the plateau level can be signicant, i.e., on the order of the electron temperature

Consequently, the plateau ion velocity and therefore the plateau front velocity is super
3
sonic. The kinetic energy of the plateau ions can roughly be estimated by: Ekin ≈ kB Te .
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Fig. 7.11: (a) Plasma density prole of the source plasma. (b) Ion drift velocity in the
source region. (c) Typical electron and ion density prole and the resulting
electric eld at the transition between source and expansion region.
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7.1.3 Ion velocity distribution function
In order to illustrate the dynamics in ion phase space, the ion velocity probability density
(IVPD) is presented in a certain way. An example of the space-time evolution of the
IVPD is shown in Fig. 7.12.
and velocity
at

0.1%

vz

The graph displays an isosurface in position

z,

time

t,

of the ion velocity probability density fv . The isovalue of the surface is
fviso = 10−3 fvmax , and the surface encloses the populated

of the maximum value

phase space. To provide information of the inner distribution, the caps of the graph,
i.e., the front side and the left hand side of the graph, have been colour coded in shades
of red according to the respective ion velocity probability density. The isosurface itself
is colour coded according to the velocity.

The origin

(0 mm, 0 µs, 0 km/s)

marks the

intersection between source and expansion region, the time the source is turned on, and
the average velocity of the initial ions.
The illustration shows well, how the ions propagate into the expansion region (z

> 0).

The expansion prole can be separated into three populations/regions well separated
by the colour tone of the surface. The ambient and source ions at rest are covered in
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Fig. 7.12: Isosurface plot of the ion velocity probability density for the default setup with
enhanced particle resolution. The most signicant features are emphasised by
the coloured lines and ellipses.

The black dotted lines mark the respective

velocity levels in the front side and the left hand side of the axes.

91

7 Simulation Results
blue, a broad ion stream that is forming the plateau in green and the fast ion stream
and ion burst in orange and red, respectively. The source ions have a low velocity as
they are generated out of the neutral gas population at room temperature with a drift
velocity of

vn = 0 in the default setup.

The peaked plasma potential prole in the source

region creates a for ions accelerating electric eld pushing them away from the source
centre. Thus, the ion velocity is increasing towards the edges of the source (z
and

z = −100 mm).

At

= 0 mm

z = 0 the neutral gas density drops by three orders of magnitude,

resulting in strong gradients of the collision and ionisation rates.

The plateau forms

z ≈ 0 mm
vf ≈ 4.4 km/s.

near the intersection and propagates with a constant average velocity from
at

t ≈ 0 µs

to

z ≈ 130 mm

at

t = 30 µs,

giving a propagation velocity of

The propagation can easily be traced either by following the sharp edge of the front
itself or by the local minimum of the drift velocity that is located just behind the front
as indicated by the blue dotted line. The plateau front features a narrow area of strong
acceleration of the ambient ions.

They are repelled by the plateau front at the blue

dashed line and form an energetic ion stream marked by the solid blue ellipsis.
velocity gain is approximately twice the front velocity.

The

The initial ion acceleration is

increased due to the initially sharper plasma density gradient. This results in a burst of
even faster ions marked by the blue dash-dotted ellipsis. This ion burst consists of ions
with dierent velocities according to their position relative to the initial electric eld
maximum. The ion burst in phase space therefore attens and the intersection with the
ion stream becomes less distinguishable over time. Consequently, the burst is much more
pronounced in the early phase. Its formation has been successfully reproduced with the
kinetic simulation presented in section 7.2.
The ion velocity distribution oers an easily way to nd the vortex as it leads to ion
heating on its downstream side.

A possible candidate for the heating mechanism are

plasma drift instabilities [126]. The red dashed line marks the position of a sudden ion
temperature increase that is related to the vortex. This position is also entangled with
a local maximum of the ion drift velocity and can easily be tracked in time as shown
by the red dotted line. The ions that are decelerated in the vortex remain at a positive
drift velocity and form a second ion population marked by the red ellipsis.
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7.2 Propagation of an electric eld
The expansion of plasma is expected to be connected with the propagation of a strong
electric eld [23]. Thus, the eect of a propagating electric eld on a resting plasma has
been studied using a simple single particle simulation with an initially Maxwellian ion
energy distribution. The electric eld is simulated as a propagating Gaussian prole.
It is determined by:

∆Φ
E0 (z, t) = √
exp
2π σz
where

σ z = λD



(z − vE t)2
−2σz2

vE

the width of the Gaussian, and


,

(7.2)

the propagation velocity. Time evolu

tion is obtained using a leap-frog method. The electric eld perturbation

E1

is obtained

with the method of successive over-relaxation (SOR) [127] of the plasma potential under
the assumption of the Boltzmann relation:

E1 (z, t) ∝ −

∂Φ
,
∂z

∂ 2Φ
∝ c ln(Φ) − ni .
∂z 2

(7.3)

The outcome of such a simulation is depicted in Fig. 7.13 for three dierent time-steps.
The electric eld is resembles a potential drop of

e∆Φ = 2 kB Te

vE = cs .

propagating at

The graphs show the spatially resolved ion velocity distribution in energy units. The
blue curve is the integrated ion density in arbitrary units. The external electric eld
and its perturbation

E1

E1

The electric eld

E0

are given as red and green curve, respectively.

arising from the plasma density perturbation, has two local max

E0 (dotted lines). It is formed by an ion stream
z ≈ 36 mm in Fig. 7.13c. The ion stream arises

ima preceding the original electric eld
at

z ≈ 28 mm

and an ion burst at

from ions that formerly were at rest in front of the electric eld.
by, it accelerates these ions.

As the eld passes

They eventually become faster than the electric eld

propagation and exit the eld region with a velocity twice as fast as its propagation
velocity

vs ≈ ∆v = 2 vE .

The ion burst is due to ions originated near the formation of

E0

(7.2) at

z = 0.

They

have been close to the upstream edge of the electric eld maximum and gained energy
As the electric eld propagates, it accelerates those
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ions up to its propagation velocity. The ions catch up with the electric eld and gain
additional kinetic energy while they pass through the potential gradient. In the moving
frame of the electric eld the ions gain velocity according to the energy of the underlying
potential drop

∆Φ .

This corresponds to the mechanism described by Hairapetian and

Stenzel (section 2.5). The velocity gain reads

r
vb ≈ ∆v ≈ vE +

2 e∆Φ
,
mi

(7.4)

which can be much higher than the ion stream velocity if the potential drop is larger
than the threshold

1
e∆Φ = mi vE2 .
2

(7.5)

The simulation shows how the ambipolar electric eld, set up at the plateau front,
inuences the ambient plasma. When repelled, the ambient ions are accelerated to twice
the front velocity, forming an ion stream. The repulsion capabilities of the electric eld,
however, is depending on its underlying potential drop and its velocity. If the potential
drop is insucient, the ambient ion are absorbed instead. The limit for repulsion is given
by (7.5). In the case of a propagation at ion sound speed, this (7.5) yields

e∆Φ = kB Te /2.

The response to this critical electric eld is shown in Fig. 7.14.
The electric eld is just large enough to accelerate the ambient ions the the ion sound
speed, i.e., the propagation velocity of the electric eld.

In result all picked up ion

accumulate at one location, upstream of the electric eld, generating an ever growing
ion density peak.

The peak contributes to an additional electric eld

superposition with

E0

is strong enough to repel further ions.

E1 ,

which in

If the electric eld is

smaller than the critical on, the ambient ions will be absorbed. Their particle density
then contributes to the plateau ion density resulting in a amplication of the initial
electric eld. This may lead to a partial reection. If the electric eld is much smaller
than the critical electric eld, it will absorb the ambient ion even after amplication.
In this cast, the density dierence can be considered as a small perturbation, and the
dynamics can be described with the propagation of ion acoustic waves [128].
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7.3 Comparison between simulation and experiment

7.3 Comparison between simulation and experiment
Although the simulation is tailored to the experimental situation, numerical issues pre
vent a quantitative match of the plasma parameters, in particular the electron density.
Nevertheless, the temporal evolution of the parameter proles show a qualitatively good
agreement with the experimental data. The comparison with virtual diagnostics allows
for a better interpretation of the probe data.

7.3.1 Saturation current and particle density proles
One very important feature of the experimental data is the strong discrepancy of the
ion and electron densities near the front, obtained by the respective saturation currents.
However, there is no evidence for the corresponding electric eld. From PIC simulation
results, a virtual diagnostic tool calculates the current to a virtual Langmuir probe

Vp = ±15 V, the resulting current
times t. The two gures show well the

with arbitrary biasing. For two dierent bias voltages
proles are shown in Fig. 7.15 for four dierent

formation of the local maximum of the ion saturation and electron saturation currents.
However, the local maximum of the electron saturation current is lesser pronounced than
the one of the ion saturation current. The comparison of the ion and electron saturation
current proles with the respective density proles is depicted in Fig. 7.16a. The proles
have been normalised to their maximum and show qualitatively the same proles. The
actual ion and electron densities match almost perfectly but show a discrepancy with the
saturation currents. While the discrepancy of the electron saturation current is given
by the electron temperature prole (cf. (3.5)), the ion saturation is disturbed by the ion
drift in the plateau and the stream. The drift leads to an additional probe current and
an overestimation of the plasma density.
The same discrepancy can be observe in the experimental data depicted in Fig. 7.16b.
The plot shows the measured ion and electron current proles normalised to their respec
tive maxima (z

= −75 mm)

The ion current prole has a local maximum (z

which is much more pronounced than observed in the PIC simulation.
(a)

(b)

PIC: ion current (Vp= −15V)
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Fig. 7.15: (a) Ion and (b) electron saturation currents computed from simulation data
for a probe bias

Vp = ±15 V

and four simulation times

t.
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local maximum of electron current prole is degraded to the knee of a localised density
gradient. Both proles are qualitatively in good agreement with the PIC simulation.
Using the same method, it is also possible to qualitatively reconstruct the change of
sign of the probe current in the ambient plasma region in the expansion experiment.
Figure 7.17a shows the result of the calculation for a simulated probe bias of

VP = −15 V.

It shows that in the lower right triangle (early times far away from the source) the
electron current is high enough to result in a negative net-current to the probe.

The

t = 5 µs.

This

negative triangle is intersected by a narrow band of positive current around

reects exactly what has been measured in the experiment. The measured probe current

VP = −49 V is
after t = 530 µs.

for a bias of

depicted in Fig. 7.17b for comparison. The positive band

is evident

These times, in both simulation and experiment, coincide

with the temporal maximum of the plasma potential
to

Φ,

Φ

in the source region. Relative

this leads to a more negative probe bias, preventing more electrons from being

collected.

The qualitatively good agreement of simulation and experiment indicates

that the plasma expansion experiment produces comparable dynamics as observed in
(b)

PIC: probe currents vs. density
1
0.8

t = 30µs

0.6

ion current
electron curr.
ion density
electron dens.

0.4
0.2
0

expansion profile (t = 570µs)
1

probe current jp (a.u.)

probe current | density (a.u.)

(a)

50

100
150
200
position z (mm)

ion current
0.8

electron curr. − je

0.6
0.4
0.2
0

250

ji

−50

0
50
100
position z (mm)

150

Fig. 7.16: (a) Ion and electron saturation currents in comparison to the normalised ion
and electron density proles in the simulation. (b) Experimental data of the
ion and electron saturation current proles as presented in section 6.3.3.
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lation from simulation data and (b) by experimental data.
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7.3 Comparison between simulation and experiment
the simulation. Although the local ion current increase is predominantly related to a
change of the plasma potential, it is still evidence for a minor ion density increase. This
is in good agreement with observations in laser plasma expansion experiments [28].

7.3.2 Plasma expansion dynamics
The characteristic velocities, found in the simulation, can be a multiple of the sound ve
locity

cs ≈ 2.9 km/s

calculated from the electron temperature in the source

The plateau front propagates with
reaches velocities of

vs = 3.3 cs .

vf ≈ 4.4 km/s ≈ 5/3 cs ,

The experimental plasmas have a much higher electron

density and plasma potential and a higher electron temperature
to

cs ≈ 3.1 km/s.

Te = 3.3 eV.

whereas the ion stream

Te ≈ 4 eV corresponding

Assuming the characteristic ion velocities have xed ratios with the

ion sound velocity, the ratios obtained from the PIC simulation can be used to calculate
the expected ion velocities in the experiment. In this case the plateau front velocity is ex
∗
∗
pected to be vf = 5/3 cs ≈ 5.2 km/s and the ion stream velocity vs = 3.3 cs = 10.3 km/s.
These values are in good agreement with the ion energies obtained with the RFEA.

10% for the front velocity (vf = 5.9 km/s) and less than 5%
for the beam velocity (vs = 10 km/s). There is good reason to identify the electron
front velocity ve in the experiment with the ion burst vb in the PIC simulation and the
fast ion population before deceleration vΦ with the plateau front vf . Interestingly, the
front velocity is close to 5/3 = 1.6̄ ≈ 1.7 times the ion sound velocity. This is in good
√
3cs
agreement with the experimental results found by Hendel and Reboul (vd =
The discrepancy is only

(2.5)) indicating an adiabatic expansion of the plasma. In a Maxwell distributed elec
3
trons population almost 40% of the electron have higher energies than kB Te allowing
2
for faster nal velocities for a fraction of the expanding plasma.
The matching factors show how well the PIC simulation is able to reproduce the ex
pansion experiment qualitatively and quantitatively.

This especially holds for the re

production of the ion saturation current measurement, verifying the experimental ion
population being the front of the plateau. Further, the simulation allows for a detailed
analysis of the parameters inuencing the expansion velocity.
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7.4 Ion front shapes
The comparison of the experimental with the simulation results in section 7.3.1 reveals
that the detected amplitude of the ion density peak at the ion front is overestimated,
but exists in an attenuated form.

The simulation runs show a clear bunching of the

ions while they expand into an ambient plasma.

The bunching of the ions is part of

the wave-breaking mechanism and the formation of a vortex in the phase space of the
ions (cf. section 7.1).

This mechanism requires an ion population ahead of the front,

provided by the ambient plasma or an initial ion density prole with a nite slope [40, 42].
For the commonly considered case of an abrupt ion density drop, ions are not provided.
However, an accumulation of ions near the ion front has been reported even for plasma
expansion into vacuum [45, 46, 49]. In the vacuum case, the electric eld has a local
maximum at the location of the most extended ion. It has been pointed out in Ref. [48]
that the ion density peak at the ion front is due to a numerical eect rather than a
physical phenomenon.
The PIC code is used for a simplied system (L

= 100 mm,

no source, no ion-neutral

collisions, no electron impact collisions) with dierent grid sizes

dz = 100, 10, and 1 µm.

The boundary conditions are dened by a reecting wall with Neumann condition
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Fig. 7.18: The ion phase space (blue), the ion density (red), and the electric eld (green)
for three dierent grid sizes
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dz

(rows) at three time instants

t

(columns).

7.4 Ion front shapes
z = −20 mm

z = 80 mm (cf. section 5.3.4). The initial
condition is a homogeneous Maxwellian plasma (Te = 1 eV, Ti = 0) in the negative half
15
−3
space (z < 0) with a particle density of n0 = 5 · 10 m . The number of macro-particles
in each cell is kept constant at η = 50 by accordingly adjusting the macro-factor and
the number of macro-particles. The ion density ni and the electric eld Ez proles
at

and a grounded wall at

of each setup are shown in Fig. 7.18 as red and green curves, respectively, for three
time instants

t

of the simulation run. The blue bullets represent initially equally spaced

sample ions in phase space. The position of the front is dened by the rightmost ion and is
marked by the dotted line. The ion density is dropping towards the ion front for all three
congurations. The electric eld is increasing and reaches its maximum at the front edge.
In the vicinity of the front, the ion density prole has a local maximum. The detailed
ion density prole strongly depends on the grid size
density at the front edge scales linearly with

dz ,

dz .

The width of increased ion

indicating an issue with the resolution

resulting in a numerical artefact. The higher order prole of the electric eld near the
front is not properly resolved by the linear interpolation used in the particle pusher (cf.
section 5.3.3).

The electrostatic force in cells upstream the front is overestimated by

the interpolation.

This is due to the positive curvature of the electric eld prole.

Conversely, in the cell that covers the front, the electrostatic force is underestimated.
This consequently prevents the ion density at the front from decreasing and leads to
the formation of a peak.

The ion peak density at the front is decreasing over time

and is always lower than the bulk plasma density. For a non-zero ion temperature
the inuence of the numerical eect is attenuated.
if

λ < vthi /fpi

Ti ,

No ion density peak is observed

holds (vthi is the ion thermal velocity and

f pi

the ion plasma frequency).

This stands in contrast to the expansion of plasma with an initially nite ion density
drop [40, 42, 48] or to expansion into an ambient plasma [33, 35, 41]. The front formation
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Fig. 7.19: The ion phase space (blue), the ion density (red), and the electric eld (green)
at three time instants

t for (ac) a linear ion density drop and (df ) a smooth

ion density drop (arc cotangent).
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for an initially nite ion density drop is shown in Fig. 7.19. The spacing of the plotted
sample ions is adapted to their local density.

The plots show three time instants of

two dierent initial ion density proles, a linear front and smooth prole following an
arc cotangent function.

The initial proles are shown in Fig. 7.19a and Fig. 7.19d,

respectively. Both simulation runs show that the maxima of the electric elds are located
in the slope of the ion density proles.
negative electric eld gradient.

The lower half of the front ions experience a

The acceleration of the ions towards the electric eld

maximum is larger compared to the ones that are further downstream. They become
faster and eventually catch up.

This results in a local ion density increase.

few ion plasma oscillation periods

t = 0.8 µs > 10/ωpi

After a

the fast ions have overtaken

the slower ones and form the ion burst. After this small wave-breaking event, the two
initial proles evolve dierently: For a linear prole, the burst ions are the right-most
ions located at the maximum electric eld. All ions near the front experience a positive
electric eld gradient which leads to a thinning of the front ion density. The ion density
prole asymptotically approaches the solution for the abrupt ion density drop.

The

propagation velocity of the ion burst is constantly increasing and can be many times
the ion sound velocity. The temporal evolution of the ion burst velocity for the smooth
ion density prole is shown in Fig. 7.20a as blue data set. In the smooth ion density
prole, there are always ions in the region of negative electric eld gradient as the density
analytically does not vanish until innity. The electric eld is strong enough to repel
the downstream ions. For cold ions there is a well dened turning point, where the ions
have been accelerated to the propagation velocity of the electric eld. The turning point
features a second ion density maximum. The electric eld upstream of the maximum
vanishes. It is propagating with an approximately constant velocity, much slower than
the ion burst velocity.

The temporal development of the propagation velocity of the

turning point is shown in Fig. 7.20b (blue data points).
The same mechanism can be observed during the plasma expansion into an ambient
plasma.
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Fig. 7.20: (a) Maximum ion velocity vs. time. (b) Propagation velocity of the turning
point vs. time. The blue and red data sets correspond to the initially smooth
ion density drop (arc cotangent) and the initial condition with an ambient
plasma of the density

100

nb = 0.1 nm ,

respectively.

7.4 Ion front shapes
the density

na = 0.1 n0

in the positive half space (z

> 0).

The negative electric eld

gradient downstream of the ion front causes the ambient ions to accumulate as the
front approaches. The general behaviour is in good agreement with numerical results
from Perego et al. [41].

In contrast to the continuous ion prole (Fig. 7.19d), the

ambient plasma has a homogeneous plasma density.

The density of the ions repelled

by the electric eld remains constant. The ion density prole upstream of the turning
point is decreasing over time and, eventually, the ambient plasma density becomes the
same order of magnitude. The ion density becomes critical and the wave of source ions
breaks (dotted line). If the background density at the ion burst drops slower than the
burst density decreases, after a nite time the plasma expansion can be considered as
plasma expansion into a rareed plasma background. This is when the electric eld at the
turning point has become larger than at the ion burst. The plateau front corresponds to a
propagating double layer that is observed during plasma expansion [23]. The commonly
discussed ion front, however, is actually generated by the ion burst.

In the cold ion

limit, the plateau density shows oscillations that are as described by the cold-ion model
in Ref. [41]. The temporal evolution of the burst velocity and the velocity of the turning
point are shown as red data set in Fig. 7.20a and Fig. 7.20b, respectively. Compared
to the smooth ion density gradient, the velocity increase of the burst is signicantly
reduced and tends to saturate around
point is smaller at

v b ≈ 4 cs .

The propagation velocity of the turning

vt ≈ 1.6cs .

At a density ratio close to unity, the electric eld at the plateau front is too small to repel
the ambient ions (cf. section 7.2). In this case, the plasma expansion problem reduces
to the propagation of small density perturbations. This situation is well understood in
the framework of ion acoustic waves [128].
The numerical artefact becomes insignicant for a nite ion density drop, the presence
of an ambient plasma or a nite ion temperature and can be neglected.
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Fig. 7.21: The ion phase space (blue), the ion density (red), and the electric eld (green)
at three time instants

t

for the plasma expansion into an ambient plasma.
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7.5 Systematic parameter scan
An important issue is the sensitivity of the expansion results on the operation parame
ters. The standard PIC-setup was chosen with a reduced set of parameters (section 5.5).
The variable parameters are the input rf-power

P,

and some working gas parameters, i.e., the mass
background gas pressure

pb ,

the background plasma density

mi ,

the collision cross sections, the

the sharpness of the pressure drop dened by the width

of the error-function, and the gas expansion velocity

nb ,

vn .

wn

They are compiled in Tab. 7.1

with their default values and parameter range.
The parameters are generally chosen in order to analyse their impact on the expansion
process. The power and the scaling factor, however, are varied in order to analyse the
eect of secondary parameter: the bulk plasma density and the electron temperature. As
discussed in chapter 2 the expansion dynamics occur on the scale of the ion sound speed,
which mainly depends on the electron temperature and the ion mass. By altering the
background plasma density and rf-power, dierent ratios of bulk and ambient plasma
density can be simulated.

Using dierent neutral gas properties alters the initial ion

density gradient, which is reported to have an impact on the maximum ion velocities [40].
This section focusses on the dierences of the expansion processes, the common features
are discussed in section 7.1.
parameter

symbol/unit

default

value range

rf-power

P/P0
mi /u
sc
nb / m−3
pb / Pa
wn / mm
vn /cn

1
40
1
2 · 1013
10−3
0
0

1, 2, 4
10, 40, 160
0.5, 1, 2
0, 1 · 1013  19 · 1013
10−3 , 10−2 , 10−1 , . . .
0, 10 - 50
0, 1, 2, . . .

ion mass
scaling-factor
background plasma density
background gas pressure
gas front width
gas expansion velocity

Tab. 7.1: List of parameters that are analysed in the following sub-sections.
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7.5.1 Variation of the power
The simulation has been set up for dierent rf-power values in order to study the inuence
of the source power parameter, i.e.
has been set to

the induced current.

The power control value

P = 1, 2, 4 P0 with otherwise equal settings. All simulation runs have
30 µs. For comparison, the resulting electron density, the plasma

been simulated over

potential, and the electron temperature proles are depicted in Fig. 7.22. The proles
show that the additional power is mainly increasing the bulk plasma density.

The

electron temperature and the plasma potential of the bulk plasma are mostly unaected.
The plateau plasma density scales with the bulk plasma density, however, less than linear.
The Boltzmann criterion leads to a reduction of the plateau plasma potential at higher
powers, depicted in Fig. 7.22b. The same holds for the ambient plasma potential. The
plasma potential proles feature a structural dierence in the prole of the plateau
plasma.

Evidently, the propagation velocity of the vortex is higher at higher powers.

However, the velocity of the vortex can only approach the ion front velocity, which only
shows a slight increase.
Due to the increase of the bulk plasma density the density of the plateau plasma and the
ion stream is increased as well, resulting in a higher ratio compared to the ambient plasma
density. This enhances the perturbation of the ambient density prole and consequently
the potential gradient set up by the ion stream.

The resulting eect can be seen in

the IVPD proles depicted in Fig. 7.23 (A detailed explanation of the illustrations is
given in section 7.1.3). The ambient ions experience a enhance acceleration before the get
reected. The velocity of the stream right in front of the plateau is therefore much smaller
than twice the front velocity. However, the same electric eld is accelerating the stream
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ions, resulting in an overall enhanced nal stream velocity.

The IVPD proles show

well the dierent propagation velocities of the vortex. The velocity scales approximately
linear with the source plasma density. Its upper limit is the front velocity as the vortex
velocity is approximately the same even for

P > 4,

indicating a saturation.

In the initial phase of the pulse, while the plasma density in the source is still very
low, the energy input per electron scales with the rf-power. The plasma potential rise
is scaling

Φ ∝

√

P

resulting in a higher initial potential drop at higher powers. This

has a strong impact on the ion burst velocity [40]. The ion burst velocity and density is
Increased for increasing the powers.
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7.5.2 Variation of the ion mass
The plasma expansion dynamics are expected to scale with the ion sound velocity

cs

(cf. chapter 2), which depends on the ion mass. In contrast to experiments the simulation
allows for individual changes of ion properties. Therefore, it is possible to vary the ion
mass without changing other properties like ionisation energies or cross-sections.

In

Fig. 7.24 the proles for three dierent values for the ion mass are presented. The ion
mass

mi

has a strong inuence on the evolution of the plasma expansion. Heavier ions

require more energy for acceleration, resulting in a reduction of the front velocity. For
the given mass ratio of 1:4:16 the front velocity vf has a ratio of 4:2:1, giving the relation
−1/
vf ∝ mi 2 . Due to the dierence in the front velocities, the extent of the plateau plasma
varies. This in return leads to a dierent bulk peak plasma density. Since the ions
require more energy to be extruded from the bulk plasma, they can accumulate easier,
resulting in an increase of the plasma potential.
In order to further analyse the dierences of the proles, the simulation time is rescaled
according to the mass dependency of the ion plasma frequency. The proles, depicted
in Fig. 7.25, clearly display well aligned plateau fronts. The presented time instants for
the masses
and

62 µs.

mi = 10, 40,

and

160 u

are translates to simulation time instants

t = 14, 30,

The plasma potential proles remain essentially unchanged while the electron

temperature is increased at smaller values of the ion mass.
The peak bulk plasma density depends on the mass due to a reduced particle losses to
the walls [69]. The observed peak plasma density ratio is 3:4:5. Since the plasma density
diers for each case it is unclear which eect is directly due to the inertia of the ions and
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Fig. 7.24: (a) Plasma density, (b) plasma potential, and (c) electron temperature proles
for three dierent ion masses at

t = 30 µs.
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which eects are occurring due to the higher plasma density resulting in shorter Debye
length and plasma periods.

To control the bulk plasma density variation the input

rf-power is adjusted to compensate for the plasma density change (cf.

section 7.5.1).

1.3 · n10 ≈ n40 ≈ n160 /1.3. Thus, the power ratio
density discrepancy is P10 /1.3 ≈ P40 ≈ 1.3 · P160 .

The peak bulk plasma densities relate
necessary to compensate the plasma

The resulting proles are depicted in Fig. 7.26 for the same rescaled times as above.
The new plasma density proles match nicely in terms of vortex and plateau front
position as well as in the ratios of bulk to plateau and to ambient plasma density.
However, the plasma potential and the electron temperature proles show dierences.
The plasma potential shows larger potential drops in the bulk plateau transition and
at the plateau front. The increase is related to the change of the electron temperature.
The electron temperature proles are self-similar within the uncertainty, with a dierent
scaling factor, i.e.

Te (10 u)/3.5 ≈ Te (40 u)/3.3 ≈ Te (160 u)/3.1.

Thus, electron density,

plasma potential, and electron temperature remain in conformity with Boltzmann's
criterion.
The IDVs are depicted in Fig. 7.27 for comparison.
with

√

mi ∝ t ∝ 1/vf ,

The evolutions are self-similar

however, with a few small dierences. The transition between ion

burst and ion stream is more pronounced at lower masses.

This is due to the slight

dierence in the electron temperatures and its relation to the ion sound velocity. The
ion population, decelerated by the vortex, is much more pronounced at higher masses
due to the larger inertia combined with the longer accumulation time.
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Fig. 7.26: (a) Plasma density, (b) plasma potential, and (c) electron temperature proles
for three dierent ion masses and adjusted powers and times.
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7.5.3 Variation of the collision cross sections
The ion sound velocity depends on the electron temperature, which in the simulation
cannot be adjusted directly. However, by scaling the excitation and ionisation energies
using a scaling factor

sc ,

it is possible to control the electron temperature. The elastic

collision cross sections are unchanged as they would signicantly change the eciency
of the source.
As it is seen from the proles depicted in Fig. 7.28, the scaling approach is very eective.
The bulk plasma potential follows

sc

nearly lineally, whereas the scaling of the electron

temperature is much stronger in the bulk and reduces towards in the ambient plasma.
The plasma density is also aected by the ionisation energy since the value directly

Ec ,

changes

i.e., the energy requirement to build up the plasma density as described

by (5.29). For compensation, the input power is adjusted (cf. section 7.5.1), and the
plateau fronts are aligned by rescaling the simulation time vector, Fig. 7.29. After the
adjustments, the plasma density proles match nicely, whereas the electron temperature
and hence plasma potential are still increased. However, the relation between plasma
density, plasma potential, and electron temperature is still consistent with Boltzmann's
relation.
As a result of the large dierence in the electron temperature, a plasma density decrease
results in a dierent potential run and thus a dierent ion acceleration. For an ambipolar
potential prole, in contrast to a double layer [120], the potential dierence is on the
order of the upstream electron temperature.
The t of a modied error-function to the plasma potential front prole provides a robust
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Fig. 7.28: (a) Plasma density, (b) plasma potential, and (c) electron temperature proles
for three dierent scaling factors at

t = 30 µs.
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measure of the front parameters (Fig. 7.30a). Depicted in Fig. 7.30b are the obtained
scales over the mean values of the plateau electron temperature. The small discrepancy
of the tted curve to the dotted identity contradicts a double layer [120].
The increase of the electron temperature also scales the ion velocities (vv ,

vf , vs , vb ),

which can be seen in the IVPD proles depicted in Fig. 7.31. The scaling is approxi
mately proportional to

√

Te .

However, this does not hold for the ion stream velocity. The

ion velocity of the ambient plasma increases towards the front resulting in a decreased
relative velocity. The superposition of repelled ions and background ions allows for a
local increase of the plasma density with a gradient pointing upstream. This gradient
gives rise to an electric eld proportional to the electron temperature that is accelerating
the ambient ions. The velocity of the ambient ions is gradually increasing towards the
front. Their velocity just before repulsion (v0 ) depends on the delay between plateau
front and ion burst. Since the ion burst is faster, this delay is increasing over time and
leads to an increase of

v0 .

The stream velocity just after repulsion is determined by

vs = v0 + 2 (vf − v0 ) = 2 vf − v0 .

(7.6)

Therefore, the velocity of the repelled ions is lower than twice the front velocity and
temporally decreasing.

The dierent velocities are compiled in Tab. 7.2 and show a

good agreement with (7.6) for the three cases. The velocity distribution is broadened,
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Fig. 7.31: Isosurface plots of the IVPD prole for three dierent ion masses.
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relatively to the drift velocities. Otherwise, the distributions show only minor dierences,
because the vortex velocity scales in approximately the same way with the electron
temperature as the front velocity. If the front velocity
velocity

cs ,

a proportionality factor of approximately

sc
0.5
1
2

Te
1.6
3.3
6.8

cs
2.0
2.9
4.1

v0
0.5
0.7
0.9

vf
3.0
4.4
6.3

vf is compared with the ion sound
1.5 is found.

2 vf − v0
5.5
8.1
11.7

vs
vf /cs
5.5
1.5
8.0
1.5
11.8 1.5

Tab. 7.2: Relation of the repulsion velocities (Te in eV, velocities in km/s).
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7.5.4 Variation of the background plasma density
The PIC simulation requires a minimum amount of particles in each cell for proper
statistics.

Two particles per cell have been found to be a good compromise between
9
One macro-particle represents 10 particles resulting in a
13
−3
background plasma density of nb = 2 · 10 m . To determine the role of the background

accuracy and performance.

plasma density, it has been varied over one order of magnitude by increasing the number
of initial macro particles. The resulting proles are shown in Fig. 7.32 for background
13
−3
13
−3
plasma densities ranging from 1 · 10 m
to 19 · 10 m
at t = 30 µs. The plasma
density, the plasma potential and the electron temperature prole in the bulk plasma are
basically unaected. However, the plateau and ambient plasma densities and potentials
are increased at higher background plasma densities. The increased plateau potential
reduces the potential drop between bulk and plateau. This allows for a higher electron
temperature in the downstream region since the repulsive electric eld is smaller. The
same electric eld accelerates the ions into the plateau.

As a result, the ions achieve

a lower nal velocity. The velocity decrease is also notable in the front velocity. This
can also be seen in the IVPD proles depicted in Fig. 7.33. The IVDs show that the
background plasma density has a strong inuence on the wave-breaking and vortex
formation. The propagation velocity of the vortex scales approximately anti-proportional
with the background plasma density.
structure of the fast ion stream.

However, the most signicant dierence is the

At low background plasma density the initial burst

is much more pronounced, leading to a gradual plasma density drop in front of the
plateau front. The eect is enhanced due to an increasing portion of source ions in the
ion stream.

The generated potential gradient gradually accelerates the ion stream as

well as the background plasma.
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Fig. 7.32: (a) Plasma density, (b) plasma potential, and (c) electron temperature proles
for dierent background plasma densities.
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7.5 Systematic parameter scan
space is shown in Fig. 7.33a. At higher background plasma densities, the initial burst
and the ion stream is much less pronounced since fewer ions are repelled by the plateau
front.

Thus, the potential gradient caused by the ion stream is strongly reduced and

in result, the ion stream remains at a constant velocity. In Fig. 7.33c the ion stream
13
−3
is much thinner. The ratio of reected to absorbed ions is 1:2 at nb = 1 · 10 m . It
13
−3
drops almost exponentially and at nb = 8 · 10 m
only 5% of the background ions are
reected. The unreected ions contribute to the plateau plasma density
plasma density

np


np (nm , nb ) = nm fα
where

np .

The plateau

can be described by the empirical function

nb
nm



α1 and α2 are t parameters.

= nm hL0source ,

with

fα (x) = xα1 + α2 ,

(7.7)

Fig. 7.34a shows eq. (7.7) tted to a set of simulation

results with dierent background plasma densities and bulk plasma densities. The four
curves correspond to four values for the bulk plasma density.

The obtained tting

α1 ≈ 0.8 and α2 ≈ 0.05. In the limit nb → 0, eq. (7.7)
reduces to np = nm α2 and α2 relates to hL0 in (5.21), i.e., the source edge plasma density.
The theoretical value of hL0 calculates to 0.15, given the source parameters L ≈ 0.1 m,
λi ≈ 2 mm, Te ≈ 3.2 eV, Ti ≈ 300 K, p0 = 1 Pa, and Da ≈ 40 m2 s−1 . The plateau plasma

parameters are constant with

density is approximately a third of the source edge plasma density.
The t is tested against the total set of setups treated in section 7.5. In Fig. 7.34b the
simulated data is plotted against the prediction of the t (7.7). The simulated data of
each setup is represented by the three plasma densities,

nm (∇), np (◦), and nb (∆).

Thus,

the triangles illustrate the range of the input plasma densities, while the circles show the
quality of the prediction. The obtained pair of t parameters appears to be independent
of the other simulation input parameters, in particular the electron temperature.
Since the maximum plasma potential in the bulk plasma remains constant at

Φm = 15 V

throughout most setups, the dierence in the plateau plasma density inuences the
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Fig. 7.34: (a) Fit of (7.7) to the simulation data for four dierent bulk plasma densities

nm .

(b) The simulated plasma densities

nm , np ,

and

nb

compared against the

predicted plateau plasma density for a variety of dierent setups. The dashed
line is the identity function which is expected to be aligned with the circles.
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plateau potential following Boltzmann's relation. As a result, the electric eld in the
transition region between bulk and plateau varies, leading to dierent velocities of the
plateau front.

The kinetic energy of the plateau ions is proportional to the potential

drop in the transition. Thus, the front velocity

vf
= fβ
cs

q


ln(nm /np ) ,

vf

is expected to scale as

fβ (x) = β1 x + β2 .

with

(7.8)

The relation can be tted to the simulation data and is depicted in Fig. 7.35a. Each
setup given in Fig. 7.34a is represented by a data point and its respective error bar.
As presented in section 7.1 the saturation plateau plasma density
velocity

vf

np

and the front

are linked by the ion ux. Thus, if the plateau plasma density decreases at

lower background plasma densities, a higher front velocity is expected.

Qualitatively,

such an increase is observed in the plasma density and potential proles in Fig. 7.32
indicated by the dierent plateau front positions.
follow the relation (7.1).

Quantitatively, the increase should

However, this simple relation needs to be modied for high

background plasma densities as the plateau plasma density is rather a superposition of
background and streaming plasma. Thus, the plateau plasma density should be replaced
by an eective streaming plasma density of the form

n∗p = np − ∆n,
The required correction
plasma density

nb .

∆n

∆n = O(nb ) .

with

(7.9)

is depicted in Fig. 7.35b as a function of the background

∆n is calculated by comparing the saturation ion ux at
Γi (x = 0) with the plateau ux Γp = np vf according to (7.1).

Thereby,

the edge of the source

The graph includes a linear t (solid) of the PIC data (bullets) and the identity function

∆n = nb

(dashed) for comparison. The slopes are close to unity and but the values are

reduced compared to the expected values

∆n = nb .

At very low background plasma

densities, the plateau formation becomes less distinct and the values
longer well dened. The ratio between background plasma density
(a)

and

vf

are no

nb and plateau plasma

(b)
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Fig. 7.35: (a) The plateau front velocity versus the scaling of (7.8). The dierent ratios

nm /np

arise from the use of dierent powers and background plasma densities.

(b) The plasma density correction
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∆n

that is required for (7.1) to hold.

7.5 Systematic parameter scan
density

np has a signicant inuence on the front.

The background plasma inuences the

initial plasma potential drop noticeably and thereby reduces the ion acceleration. The
kinetic energy remains in the electrons that can overcome the plateau front potential
drop more and more easily.

The change of the ion front velocity with changing ratio

of background to plateau plasma density is depicted in Fig. 7.36.

The graphs show

the dierent setups with dierent power and background plasma density parameters
(cf. Fig. 7.34). Each setup provides a value for the ion front velocity

vf

normalised to

the respective ion sound speed and is plotted against the background plasma density
normalised to the plateau and bulk plasma density, respectively. The empirical t (solid
line) is given by a linear function in

nb /np

fδ (x) = δ1 x + δ2 ,
The respective function in

nb /nm

x=

nb
.
np

(7.10)

can be obtained with the use of (7.7)

fδα (x) = δ1 x (xα1 + α2 )−1 + δ2 ,

x=

nb
.
nm

(7.11)

The dotted lines represent the direct t of (7.11) to the data without using the t

vf ≈ 1.7cs for nb = 0
vf ≈ 1cs for nb = nm with t parameters compiled in Tab. 7.3. The unity
vf = cs resembles the propagation velocity of small density perturbations in an

parameters obtained from (7.7) and (7.10). Both ts extrapolate to
and to
limit

isothermal plasma, which is well understood [129]. The ts are also in good agreement
with the observations compiled in Tab. 7.2. The value for

δ2 ≈ 1.7

is in good agreement

with the adiabatic expansion of arc discharges (cf. (2.5) [38] and [33]). Sample simulation
runs have been performed with a restricted velocity space to only two dimensions. The
plasma expansion into a low density background plasmas yields in a plateau front velocity
of

vf ≈ 1.45cs .

This value ts well with the adiabatic model (vf

≈

√

2 cs ).

However,

since the electron temperature is kept constant by the source, the expansion should be
considered as isothermal. The analytical approach (2.3) is therefore invalid, indicating
that the agreement is only coincidental.
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curve

f (x)
vf (0) vf (1)
δ1
fδ (x)
1.69 1.11 −0.58
fδα (x) 1.69 1.14 −0.58
∗
(x) 1.68 0.97 −0.76
fδα
∗
fδ (x) 1.68 0.93 −0.76

δ2
1.69
1.69
1.68
1.68

α1

α2

-

-

0.78
0.65

0.05
0.06

-

-

Tab. 7.3: Coecients and extrapolation for the t functions (7.10) and (7.11) depicted
in Fig. 7.36a and Fig. 7.36b, respectively.
constant parameters.
and

α2

In the limit of

δ1

and

δ2

The bold coecients are set as

are taken from the respective previous t.

α1

are taken from the t of (7.7).

nb = 0 ,

i.e., the expansion into a vacuum, the absence of a background

plasma prevents the formation of the plateau front structure. This can clearly be seen in
the plasma density and plasma potential proles depicted in Fig. 7.37 (a) and (b). The
plots show the respective spatial proles for three dierent time instants. The electron
density shows no plateau structure beyond the bulk plasma edge but is continuously
decreasing with distance to the source region. The plasma potential features a potential
minimum that is propagating towards the chamber wall. It is formed due to the charge
separation of the electrons that have been able to escape the bulk plasma but have not
yet reached the chamber wall. They form a negative space charge that is enhancing the
ion acceleration. The ions are continuously accelerated in the plasma potential gradient.
This acceleration can nicely be observed in the IVPD prole depicted in Fig. 7.37c.
Instead of a front or vortex, the ion distribution shows an ion stream that origins at
the bulk plasma edge and extends to the potential minimum. Its velocity is increasing
linearly with the distance to the bulk. The maximum velocity of the ions at the sheath
edge of the chamber wall is approximately

18 km/s.

This result is dierent from those of Widner et al. and Crow et al. (cf. chapter 2)
which predict an ion front with a locally increased ion density. Such an ion front only
forms if plasma is expanding into an ambient plasma (cf. section 7.4). It has been shown
that at very early times of the expansion

t < 1 µs the ion density drops abruptly to zero.

This is in good agreement with Lagrangeian models [57]. This is because the special
case of zero ion temperature has been considered. The higher the ion temperature, the
sooner the drop smears out and eventually vanishes.

The ion burst reduces to single

macro-particles and a dened ion front can no longer be identied.
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Fig. 7.37: Spatial proles of (a) the electron density and (b) the plasma potential for the
expansion into vacuum at dierent time instants
IVPD prole during the expansion into vacuum.
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(c) Isosurface plot of the

7.5 Systematic parameter scan

7.5.5 Variation of the background gas pressure
The background gas pressure is mainly determining the collision frequencies in the ex
pansion chamber.

Depicted in Fig. 7.38 are the plasma parameter proles for three
−2
dierent base pressures pb . In the collisionless cases pb = 10
Pa and 10−3 Pa no dif
ference in the plateau structure is observed. The plasma density, the plasma potential,
−2
and the electron temperature is slightly increased at pb = 10
Pa. At pb = 10−1 Pa,
the collisions become important and inuence the transition region between bulk and
plateau. By electron impact ionisation, the plasma density in the rst half of the plateau
is gradually increased towards the bulk plasma. This is to the expense of the bulk plasma
having a reduced peak plasma density. The plasma potential prole follows the plasma
density prole as described by Boltzmann's relation. The second half of the plateau
with its smaller plasma density has a smaller plasma potential. This modied potential
prole inuences the prole of the electron temperature. The higher potential near the
bulk plasma in the plateau allows for a higher electron temperature while near the front
the electron temperature is smaller. The potential drop at the front is weakened by the
same ratio as the temperature but propagates at a constant velocity of

4.4 km/s.

The

plasma potential gradient in the ambient plasma near the plateau front is reduced at
higher pressures due to a reduced ion stream density. This is supported by the IVPD
proles depicted in Fig. 7.39.

A detailed explanation of the illustrations is given in

section 7.1.3.
The trajectories of individual particles in the simulation, depicted in Fig. 7.40, reveal
that background collisions result in a population of intermediate velocities in the plateau.
−1
At high pressure pb = 10
Pa, more than 80% of the plateau ions experience one or
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Fig. 7.38: (a) Plasma density, (b) plasma potential, and (c) electron temperature proles
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−2
more collisions in the simulated time period of 30 µs. At pb = 10
Pa, the number is
−3
only 20% and at pb = 10
Pa even less than 1%. Consequently, at higher pressures,
no fast ions population can persist and the ion temperature is increased in the plateau.
This temperature increase is in addition to the heating due to the vortex.
At background gas pressures much higher than

1% of the source pressure the collisionality

in the chamber has a notable impact on the plasma density prole. The source-chamber
transition becomes fully continuous if the respective pressure ratio approaches unity.
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Fig. 7.40: Traces in phase space of a number of sample particles from

t = 0

200

30 µs.

to

The discontinuities represent elastic and charge exchange collisions.

Extention to LEE's parameter

In the simulation setup, there are two dierent regions of neutral gas pressure.
plasma density at the plateau front

np

The

depends on the edge plasma density of the bulk

plasma and the plasma density decrease in the plateau itself. The relation between the
edge plasma density

hL0

ne

and the bulk plasma density

nm

is described by Lee's parameter

[113] given in Eq. (5.21). For the vacuum case with zero neutral gas pressure in the

expansion region, one can approximate:

np
nm
The background plasma density

≈
pb =0

nb

ne
= hL0source .
nm

(7.12)

introduces a lower limit to the

p−1

proportionality

at very high background gas pressures. At low background gas pressures, the ratio is
expected to be proportional to

hL0source · hL0chamber .

In analogous to Lee's approach, the

plateau front plasma density can be described by the empirical function:

hL0front
where


 2
np (pb )  nb
=
=
+ h2L0source
nm
nm

hL0source

is dened by

tting parameters.
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α1

and

α2

η1 + η2

pb
+ η3
p0

from (7.7), and



η1 , η2 ,

pb
p0

2 !−1

and

1/2


η3

,

(7.13)

are dimensionless

7.5 Systematic parameter scan
The function (7.13) has been tted to the simulation data for three dierent bulk plasma
densities depicted in Fig. 7.41. It shows the data as bullets with their error bars. The
respective ts are given by the coloured lines. At high background gas pressures

pb ,

the

plateau plasma density decreases. If the background gas pressure becomes comparable
to the source pressure

p0 ,

the plateau eventually becomes indistinguishable from the

background plasma density

nb .

The relation shows that at suciently low pressures,

the discrepancy from the vacuum case

pb = 0

becomes negligible. The plateau plasma

density prediction by (7.7) is accurate if the background gas pressure is sub critical

 0.1 · p0 ).
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Fig. 7.41: plateau plasma density vs. background gas pressure (dots) at dierent bulk
plasma densities

nm

(cf. Fig. 7.36). The t (7.13) is given by the solid lines.
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7.5.6 Variation of the gas front width
In the experiment, a gas pung system is used to increase the neutral gas density in
the source region signicantly without aecting the gas density in the chamber.

The

injected gas pu results in a neutral gas density prole with a strong spatial gradient in
the transition region to the background gas density. This gradient has a characteristic
width, represented by the gas front width

wn

in the simulation as expressed by (5.1).

The impact of a nite width is analysed in comparison to the idealised case of a step-like
gas front depicted in Fig. 7.42.
The gas front width

wn

inuences the initial plasma density gradient in the transition of

source and expansion region by determining the ionisation probability. A distinct neutral
gas front results in a more distinct plasma density gradient as depicted in Fig. 7.42. A
less distinct neutral gas front allows for more ionisation in the expansion region on
the expanse of ionisations in the source region around the transition. This eventually
decreases the bulk plasma density.

The less distinct gas density gradient results in a

smoother transition to a less pronounced plateau plasma. The decrease of the plateau
plasma density is directly correlated with a decreasing plasma density drop at the plateau
front.
The plasma potential is linked to the plasma density and the peak value of the bulk
plasma potential is unaected by the gas front width. However, the bulk plateau tran
sition is similarly smooth and the plateau plasma potential is likewise decreased as the
gas front becomes wider. Interestingly, whereas the plasma density drop at the plateau
front is decreasing, the potential drop remains the same, i.e., the potential drop is tied
to the electron temperature.

The electron temperature shows some variation but no

real trend. The discrepancy between the unperturbed ambient plasma potential (7 V)
and the potential at the bottom of the front is compensated by the potential gradient
caused by the fast ion population. At larger

wn , the ion stream density is decreased and

consequently contributes less positive charge to the perturbed ambient plasma.
The density decrease of the fast ion population can clearly be seen in the IVPD proles
depicted in Fig. 7.43. A detailed explanation of the illustration is given in section 7.1.3.
The IVPD proles also show the broadening of the distribution in the bulk-plateau tran
sition due to collisions. This is similar to a higher background pressure. The smoother
transition is reected in the smoother acceleration of the bulk ions when being launched
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Fig. 7.42: (a) Plasma density, (b) plasma potential, and (c) electron temperature proles
for four dierent fronts width
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wn

at

t = 30 µs.

7.5 Systematic parameter scan
into the plateau. This smoothness suppresses the formation of the wave-breaking and
the vortex.

Nevertheless, for

wn = 10 mm

and even for

ion population is still apparent in the IVPD prole near

wn = 30 mm the decelerated
z = 70 mm at t = 30 µs. The

propagation velocity of the vortex is increased, but it is less pronounced. This is since
the acceleration of the plateau ions occurs on in a larger region and results in a higher
maximum drift velocity in the plateau. This seems to be in contradiction to the nal
position of the plateau front that is observed in the proles (Fig. 7.42). However, the
IVPD proles show also that in case of a wider gas front, the front forms with a delay
explaining the misalignment of the plateau fronts in Fig. 7.42.
If the front velocities are directly compare with respect to the gas front width, as depicted
in Fig. 7.44, no such a distinct trend is found. Within the errorbars, the propagation
velocity is constant and therefore independent of the parameter

wn ,

i.e., within the

considered value range.
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7.5.7 Variation of the gas expansion velocity
The inuence of gas expansion velocity on the plasma expansion is studied.

vn = 0, 2 cn , and 4 cn (cn ≈ 325 m/s is
vn has two direct eects in the

dierent gas velocities are compared:

sound velocity). The gas expansion velocity

Three

the neutral
simulation.

It moves the boundary between high, source pressure and low, chamber pressure as
the simulation evolves.

And it adds a drift velocity to ions created by ionisation or

charge exchange collisions within the source region.

Indirect eects on the expansion

dynamics are negligible as to be seen in the proles in Fig. 7.45.

The comparison of

the plasma density proles of three dierent gas expansion velocities shows the eect
of the propagation of the low-pressure to high-pressure boundary. It enlarges the bulk
plasma region due to an increase of the ionisation region. This is accompanied with an
increase of the bulk plasma density
dimension

L.

nm

following (5.29) with eectively increasing source

The plateau front and the vortex are less aected, which leads to a spatial

reduction of the upstream half of the plateau.
The plasma potential experiences a global increase due to the decreased ion loss at the
source side wall. However, the potential gradients show only little variation, apart from
the wall sheaths. The plasma potential shows the same downstream shift of the peak
location with increasing gas velocity as the electron density.
The IVPD proles are depicted in Fig. 7.46.

They show well, how the bulk plasma

region is extending with the gas expansion velocity. Since the propagation velocity of
the vortex is only increased by a small fraction of the gas velocity, the cold part of the
plateau becomes narrower. The ions that are created in the bulk plasma region adapt
the drift velocity

vn

as their initial velocity is drawn out of the spectrum of the neutral
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Fig. 7.45: (a) Plasma density, (b) plasma potential, and (c) electron temperature proles
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vn .

7.5 Systematic parameter scan
velocity distribution. Even the background ions can reach the gas expansion velocity due
to the momentum transfer collisions in the high-pressure region. The plasma potential
is increased for higher values of

vn ,

but the plasma potential gradient and the possible

energy gain remains the same. The gas expansion velocity has little impact on the ion
stream velocity. The ion burst velocity, however, scales with the gas expansion velocity.
The velocity increase is related to the initial velocity of the burst ions obtained during
ionisation.
The ion drift velocity and in particular the plateau front velocity is insignicantly in
creased at higher gas velocities. The increase is on the order of

1%

to

2%.

This is in

accordance with a slight increase of the electron temperature in the source. In Fig. 7.47
the plateau front velocity normalised to the ion sound velocity is plotted against an ex
tended range of gas expansion velocities. The plot shows a weak trend to higher plateau
front velocities at higher gas expansion velocities. For a signicant increase of the ion
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7.6 Hierarchy of parameters
The primary parameters that have been varied are the power, the neutral gas density,
the neutral gas ow velocity, the width of the neutral gas density gradient, the ion mass,
and the ionisation energy.

Secondary parameters are the plasma density, the plasma

potential, the electron temperature, and their respective gradients at the edge of the
source region. They can be controlled indirectly by adjusting the primary parameters,
accordingly.
In many aspects, the PIC simulation and the experiment show comparable features.
The PIC Simulation can therefore be used to analyse the plasma expansion process
and its dependency on the listed parameters in detail.

From the parameter scan in

section 7.5, a hierarchy of parameters can be deduced that inuences the expansion
behaviour, especially in terms of the expansion velocity. For the plateau front velocity
the proportionality is veried to be

vf ∝

p

Te /mi .

vf ,

This is just proportional to the ion

p
cs = kB Te /mi . As presented in section 7.5.4, the front velocity can
high as vf ≈ 1.7cs . The ion stream, which consists of ions reected by the

sound velocity
become as

plateau front, is up to twice as fast.

The initial velocity after reection is reduced

over time since the ambient ions are already accelerated before the front arrives. The
acceleration is due to the additional ions of the ion stream and the resulting generation
of an electric eld.

The limit for the ambient ion velocity is the front velocity itself.

However, the ion stream gets accelerated in the same eld and approaches the original
stream velocity of

2 vf .

The axially increasing ion velocity in the burst and stream results

in a decrease of the particle density as indicated by the IVPD proles. The fastest ions
form the ion burst that is generated in the very early phase of the power pulse.

As

shown in section 7.2, the upper limit of the burst velocity is given the sum of the front
velocity and the velocity increase due to the potential drop.

For a potential drop on

the order of the electron temperature, the burst velocity is on the order of

v b ≈ 3 cs ,

but due to the increased potential drop in the initial phase, the burst velocity is usually
much higher [40].

The maximum potential drop can be inuenced by changing the

bulk plasma density, the background plasma density, or the gradient of the neutral
gas density. The highest burst velocities are observed in the absence of a background
plasma. Principally, the power parameter modies the bulk plasma density magnitude
and allows for compensation in case the plasma density is inuenced by other parameters.
The initial phase of the pulse, while the plasma density in the source is still very low, the
energy input per electron scales with the rf-power and increases the electron temperature.
As a result, the plasma potential increases and results in a higher initial potential drop
and higher ion burst velocities. A nite neutral gas front width

wn

in (5.1) inuences

the localisation of electron impact ionisation. This leads to a smoother plasma density
gradient in the transition between source region and expansion region and hence to a
less pronounced ion burst.
The plateau front velocity has a strong correlation with the ion ux that is ejected from
the bulk plasma.

As a consequence the plateau plasma density is determined by the

bulk plasma density as well as by the ambient plasma density. The bulk behaves as if
the plateau would be an absorbing boundary with absorbing capabilities determined by

122

7.6 Hierarchy of parameters
the ambient plasma density. A robust prediction of the expected plateau plasma density
is given by (7.7). The inuence of the background plasma density is consistent with the
study in section 7.4
The inuence of collisions on the expansion is rather complex. The collisionality does
not directly inuence the expansion, but it inuences the plasma density prole. Both
a wide neutral gas density front width and a high ambient neutral gas density decreases
the plasma density gradient due to local electron impact ionisation. Without a sharp
plasma density gradient the formation of the vortex is distorted and eventually smeared
out over the plateau. This results in a more continuous ion temperature increase. The
smoothing of the temperature prole is further increased by neutral collisions of the
streaming ions. This decreases the amount of streaming ions and decreases the plasma
density of the far plateau. The plateau plasma density is depending on the chamber gas
pressure and its relation can be described by (7.13). It drops down to the background
plasma density when chamber gas pressure approaches the source gas pressure.

The

background plasma is a required initial condition in the simulation, and it is realistic
that even for the collisionless experiment, the plasma density in the expansion chamber
is non-zero. This is due a small collision frequency in the low pressure region, which is
scaling with the neutral gas density.
The analysis shows that the important parameters for the expansion dynamics are dier
ent for the ion front and the vortex. The plateau front velocity strongly depends on the
ion mass and the bulk electron temperature

vf ∝

p

Te /mi

indicating its relation to the

ion sound velocity. The ration of the ion front velocity to the ion sound speed drops with
the ratio of background and bulk plasma density. The propagation velocity of the vortex
shows a similar trend but the relation is more complex.
for density ratios on the order of

1:100

As observed in section 7.5.1

the propagation velocity of the vortex is much

more sensitive to variations of the density ratio. The vortex also propagates faster if the
plasma expansion is more collisional.
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8 Summary and Conclusion
This thesis has presented a study on expanding plasma.

The expansion of plasma is

characterised by a sharp density gradient associated with strong electric elds as given
by the Boltzmann relation. The electric eld accelerates the ions in direction of the
expansion (downstream) and a propagating ion front is formed.

Such ion fronts have

been observed in various plasma discharges, e.g. thermionic [23], laser [31, 32, 34], and
arc plasmas [38, 39]. In the present thesis, experimental results have been presented that
conrm the existence of such an ion front in rf-discharges [130]. These fronts have been
found to play a key role in the generation of non-thermal particle populations [15, 16].
The determination of the propagation velocity of ion fronts is ambiguous. This is mainly
because there are dierent types of ion fronts that can form. In particular, one has to
distinguish between the expansion into vacuum and into ambient plasma. The inuence
of the ambient plasma on the plasma expansion and the ion front formation has been
studied in this thesis using two dierent experimental setups of the linear helicon device

Piglet

and a versatile particle-in-cell (PIC) simulation.

tailored to be close to the experimental setup.

The PIC simulation has been

This oers the possibility to directly

compare the experimental data with the simulation and to get a deeper understanding
of the particle kinetics.
The plasma expansion into vacuum has been the subject of a large number of analyt
ical models, numerical models, and particle simulations [40, 4250, 5256, 131].

The

typical initial conditions are a semi-innite ion density prole and Maxwellian elec
trons. Investigations using a Lagrangeian model have revealed that the expansion of
plasma into vacuum features the generation of a slow and a fast propagating ion density
peak resulting from a wave-breaking event [40]. The wave-breaking mechanism and the
resulting formation of the two ion density peaks has been conrmed in the PIC simula
tion presented in the present work. The simulation shows that the wave-breaking event
is an inevitable consequence of the eect of the negative electric eld gradient on the
downstream ions. However, after the wave-breaking event, the fast ion peak eventually
dominates the local ion density and determines the location of the electric eld max
imum.

Consequently, all expanding ions enter a positive electric eld gradient which

leads to a continuous thinning of their density.

The plasma expansion into vacuum

asymptotically approaches the well-known self-similar solution [54] in which the velocity
of the ion front, i.e., the fast ion peak, indenitely increases. The simulation shows this
behaviour, in good agreement with a hydrodynamic description of the expansion [48].
In contrast to the vacuum expansion, the plasma expansion into an ambient plasma fea
tures the formation of a stable plateau in the wake of the slow ion peak and a saturation
of the ion peak velocities. The plateau is clearly observed in the PIC simulation and
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qualitatively in good agreement with the results form independent investigations using
a Vlasov-Poisson model [41]. It is also observed in our collisionless plasma expansion
experiment. However, due to the sensitivity of the diagnostics to ion drifts, the identi
cation of the plateau can be done only indirectly by comparing the experimental results
with virtual diagnostics implemented in the PIC simulation.
The plateau is a region of approximately constant density that is determined by the
ratio of main and ambient plasma density. Upstream, the plateau is terminated by a
vortex in ion phase space that forms at the intersection with the main plasma. Within
the vortex, the propagation velocity of the expanding ions coming from the source is lim
ited. This results in the constant ion drift velocity throughout the plateau. The ion drift
causes instabilities resulting in a noticeable increase of the ion temperature [126]. In the
PIC-simulation runs with cold ions (Ti

= 0),

these instabilities become apparent as ion

density perturbations. They can be qualitatively described by a cold ion model [41]. Also
for warm ions

Ti > 0 the instabilities lead to an ion temperature increase in the plateau,

which is clearly observed as a broadening of the ion velocity distribution function. The
ion density prole of the plateau is more homogeneous and matches the solution of a
simplied quasi-neutral cold-ion model [20, 41]. For larger ratios between the main and
the ambient plasma density, the vortex is propagating downstream, and the plateau be
comes less pronounced. The expansion of a semi-innite plasma into an ambient plasma
with high density ratios (nm /na

= 100)

has been investigated independently using a dif

ferent PIC simulation with periodic boundaries [33]. The shortening of the plateau and
the transition to the vacuum case is found in both PIC simulations. A rarefaction-wave
is not observed since the source module in our simulation is preventing its propagation.
The agreement of the relative front velocities in both simulation approaches indicates
that the rarefaction-wave is a truly independent phenomenon. In analytical models [45]
this is reected in the constant electron density and ion drift velocity at the origin.
The intersection between the plateau and the ambient plasma is given by a sharp density
drop, the plateau front. The plateau front evolves from the slow ion peak and propa
gates with a velocity approximately equal to the plateau drift velocity. In addition to
well known dependencies, i.e., the electron temperature
by the ion sound velocity

p
cs = kB Te /mi ,

Te

and the ion mass

mi

related

the propagation velocity is strongly inu

enced by the density of the ambient plasma. The relation is empirically described by a
non-linear function. The plateau front velocity ranges from the ion sound speed, for a
density ratio close to unity, up to

1.7 cs

in the vacuum limit. For density ratios close to

unity, the physical problem reduces to the well understood propagation of ion acoustic
waves [128].

For the isothermal case as present in the PIC simulation, the ion front

velocity approaches the ion sound velocity as expected. The value for the vacuum limit
agrees well with the experimentally observed value for the adiabatic expansion of arc
discharges [38]. The sharp density gradient is accompanied by a strong plasma potential
gradient and resembles a propagating current-free double layer as observed in pulsed
thermionic discharges [58]. However, the present PIC simulation clearly shows that for
the plasma expansion mechanism, the ion front is neither required to be a double layer
nor to be current-free. The presence of a second hot electron population can amplify
the potential drop at the front, and hence it can trigger a double layer formation [132].
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Evidence for such a hot electron population has been found in our collisionless plasma
expansion experiments, but the limitations of the diagnostic do not allow for a char
acterisation of the observed potential gradient. With respect to the plasma expansion
mechanism, the PIC simulation provides no evidence for a direct inuence of the curren
t-free character.
The propagating electric eld structure that is associated with the plateau front is accel
erating the ambient ions while passing by. The repelled ions form a narrow ion stream
with stream velocities up to twice as high as the propagation velocity of the front, sim
ilar to the Fermi acceleration mechanism [15].

The ion stream is tipped by the ion

burst resembling the fast ion peak, i.e., the ion front in the vacuum expansion. The ion
burst density is gradually decreasing due to its velocity spread and eventually becomes
negligible compared to the ambient plasma density. The electric eld at the ion burst
vanishes resulting in a saturation of the ion burst velocity. The maximum velocity of
the ion burst can be much higher than the ion stream velocity as it is determined by
the maximum potential gradient. This qualitatively conrms observations in the inde
pendent PIC simulation performed in Ref. [33], however with dierent saturation values
for the burst velocity.

The much sharper potential gradient in that semi-innite PIC

simulation is presumably the reason for the

60%

velocity increase compared to our re

sults. The collisionless plasma expansion experiment provides evidence for the existence
of the ion stream in form of a propagating front. The energy analyser clearly shows two
dierent drift velocities downstream and upstream of the plateau front. The respective
drift velocities match with the expected values for the ion front and ion stream velocity
within a relative error of only

10%.

The comparison of the front and stream velocities

with the results from a Vlasov-Poisson model [41] shows that both approaches agree
quantitatively within a deviation of much less than

10%.

The inuence of the collisionality has been studied, which so far has received only little
attention. The simulation shows that the collisionality mainly aects the dissipation of
the streaming ions, as expected. In weakly ionised systems, the collisionality is mainly
determined by the neutral gas density. At high neutral gas densities in the expansion
region, electron impact ionisations play an important role. Since a fraction of the elec
trons are energetic enough to penetrate the initial electric eld and enter the expansion
region early, they can smooth the ion density drop and contribute to the ambient plasma
density by local ionisation. Such an ionisation wave has previously been observed during
laser plasma experiments [28] and is supported by measurements in the presented colli
sional experiments. However, the collisional experiments have not shown any formation
of a propagating ion front.

Nevertheless, the existence of a fast ion beam population

with kinetic energies several times the electron temperature could be veried. The ion
beam is an indicator for a stationary double layer presumably located close to the in
tersection of source and expansion region [13].

Such an ion beam has been observed

in similar experiments using LIF diagnostics [25]. The authors report a temporal delay
of the beam signal upon the ignition of the plasma. The RFEA measurement provides
evidence that the double layer forms on a much faster time scale. A relation between
the double layer formation time and the observed delay can therefore be ruled out.
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Appendix A: Conguration le for the default setup
[main]
;
version
= 20140418;
gridsize
= 5000
;
Mions
= 40
;
Melec
= 1
;
macrofactor
= 1e+09
;
systemlength = 0.5
;
timestep
= 1e-10 ;
collision
= true
;
source
= true
;
drain
= false
;
RFEA
= false
;
magnetic
= false ;
[boundary]
;
type
= "GndGnd";
[collision]
;
energyscale
= 1
;
Tneut
= 300
;
pressure
= 1
;
ions
= true
;
elec
= true
;
valve
= true
;
[collision/sigma]
;
iel
= "Phelps";
chx
= "Phelps";
eel
= "IEEJ" ;
exc
= "IEEJ" ;
ion
= "IEEJ" ;
[collision/valve]
;
base
= 0.1
;
position
= 0.1
;
width
= 0
;
velocity
= 0
;
[source]
;
type
= "rf"
;
range
= [0 0.1] ;
powertime
= 0
;
powervalue
= 1
;
[source/rf]
;
frequency
= 10
;
p2j
= 10
;
[start]
;
type
= "linear";
region
= [0 1]
;
Tions
= 0.026
;
Telec
= 0.5
;
Nions
= 10000
;
Nelec
= 10000
;
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general simulation parameters
version of the settings
[1]
number of cells
[u]
ion mass (u = 1.66e-27 kg)
[m_e] electron mass (m_e = 9.11e-31 kg)
[m^-2] macro particle weight
[m]
length of the system
[s]
micro time step
switch for the entire collision module
switch for the source module
switch for the drain module
switch for the RFEA diagnostic
switch for the magnetic effects
plasma interaction with and within the walls
type of boundary condition
neutral collisions in a Monte Carlo scheme
[1] scaling for the electron energy
[K] temperature of the neutral species
[Pa] neutral pressure
switch for the ion collisions
switch for the electron collisions
switch for the valve module
select the cross section data sets.
ion elastic cross section
charge exchange cross section
electron elastic cross section
excitation cross section
ionization cross section
simulates a valve by a pressure gradient
[Pa] base pressure
[m]
initial pressure gradient position
[m]
width of the pressure gradient
[m/s] propagation velocity
simulates a source according to the source type
type of source
[m] source region
[us] array of times to set the power
[1] array of values to set the power
simulates a source by heating the electrons
[MHz]
rf-frequency
[Am^-2] current density per power value
defines the initial particle set
distribution type
region of the initial set in system lengths
temperature of the created ions
temperature of the created electrons
number of ions
number of electrons
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