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Abstract. This paper presents experimental results of the quasi isothermal

expansion of a pulsed rf argon plasma (Prf ≈ 300W) into a vacuum like environment.

A fast (τopen < 200µs) gas puffing system prevents significant ionization by energetic

electron in the expansion region. Thus the expansion is dominantly determined by ion

dynamics. The spatio temporal measurement of the ion saturation current indicates a

preceding ion front entangled with a strong potential drop. This is in qualitatively good

agreement with the predictions by Widner et al., and Crow et al.. Additionally, there

is evidence for a supersonic ion population formed by acceleration of the background

plasma by the by-passing ion front.
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1. Introduction

The physics of expanding plasmas into

vacuum has been under investigation for

decades in order to describe the plasma be-

haviour around supersonic satellites, dur-

ing coronal mass ejections or super no-

vas. For simplicity, most of the theo-

retical approaches investigate the tempo-

ral evolution of an initially step-like (semi-

infinite) ion density profile with the fo-

cus on rarefaction waves. In collisionless,

hydrodynamic regimes, and particle simu-

lations, these initializations mostly evolve

into self-similar density profiles[1–6]. Al-

though most results are qualitatively com-

parable, they all converge into different

physical limits, e.g. the maximum expan-

sion velocities vary on a scale from the elec-

tron thermal velocity υe[1, 2] down to the

ion sound velocity ci[3–5]. Experiments

carried out in thermionic discharges[7, 8],

fireballs[9], and laser produced plasmas[10–

12] yield that the expansion velocities

depend strongly on the electron energy

distribution[12–16]. It is predicted that the

occurrence of high energetic electrons re-

sults in enhanced ion acceleration[7, 18].

This work provides spatio-temporal mea-

surements in a pulsed rf argon discharge

with a strong neutral density gradient, for

realizing plasma expansion into a vacuum

like environment. The results are qualita-

tively compared with predictions by expan-

sion theory.

2. Experimental setup

The Experiments have been carried out in

the PIGLET device, i.e. a small linear

helicon device described in more detail

elsewhere[19]. It consists of a 20cm long
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Figure 1: PIGLET device with its

magnetic field configuration. The solid

blue and the dashed red curve represent

the Bz-profile with Bmax = 7.1mT and the

gradient ∇Bz with ∇Bmax = 16.8mT/m.

The magnetic mapping is illustrated as a

set of magnetic field lines (grey).

source region attached to a 30cm long

expansion chamber. The magnetic field

coil configuration allows for a homogeneous

axial field of approximately B ≈ 6.6mT.

The calculated magnetic field configuration

is shown in figure 1. The ripple due to

different coil diameters in the source and

chamber region is small with ∆B/B ≤ 15%

and the magnetic field lines are straight.

A pulsed rf-generator (13.56MHz) is used

to operate the helicon antenna with a rise

time of τ ≈ 10µs. This setup is similar

to the one used by Conway et al.[17] to

study the ion energy characteristic of a

pulsed rf-source. The helicon antenna is

impedance matched to provide an optimum

coupling during the power rise time up

to a peak power of Prf = 300W. The

fast rise time allows for a localized plasma

production in the antenna region, which

then can expand into the chamber. Typical

plasma parameters and related quantities

for the source and chamber region are listed

in table. 1. Special attention must be

paid to the gas injection system. Firstly,

the ignition has to be guaranteed in the
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Figure 2: a) Calibration curve of the ionization gauge probe. b) Temporal evolution

of the probe signal for three subsequent shots. The time between each shot is τ = 4s

to allow for a base pressure below pb = 10−3Pa. The sub-plots are zoom-ins of the

regions marked by the grey rectangle. c) Spatio-temporal measurement of the neutral

gas density in absence of a plasma as pressure equivalent for Tg = 300K. The dashed

line marks the gas front velocity vn.

antenna region. Additionally, the neutral

gas pressure in the expansion chamber

needs to be kept low, to provide a

collisionless situation for the ions. This

is to prevent a background plasma and

setup a situation of plasma expanding into

a vacuum like environment.

Thus, a fast solenoid gas valve is

installed at the back of the source region

at zv ≈ −195mm (fig. 1). The neutral

gas density is monitored by a custom

made miniaturized hot-filament ionization

gauge. The gauge basically consists of

three probes: two Langmuir probes and

one emissive probe. The emissive probe

provides electrons constantly drawn by

the first Langmuir probe biased in the

electron saturation regime (Ue = 100V,

Ie = 1mA). The second Langmuir

probe is in the ion saturation current

regime (Ui = −57V) and its ion current is

approximately proportional to the ambient

neutral gas density. The probe has been

calibrated against a commercial ionization

gauge. For the calibration, a needle

valve was used providing an adjustable

flow of working gas and thus controlling

the equilibrium chamber pressure. The

calibration curve was proven to be quasi

linear over a pressure range of p0 = 8

to 500mPa (figure 2a). The measurement

shows the high shot-to-shot reproducibility

of the gas puff as shown in figure 2b. The

spatio-temporal evolution of the neutral

gas density is depicted in figure 2c. The

origin t0 = 0 is given by the TTL-pulse

triggering the opening of the valve and the

position axis is along the device centre (cf.

figure 1). The pulse width defines the time

after which the valve current is interrupted

allowing for the valve to close again. Prior

measurements have shown, that for a pulse-

width of tv = 130µs a pressure increase

is just measurable. Longer pulses increase

the throughput of argon until valve is open

completely. A further increase of the pulse

width would just keep the valve open for

longer times and increase the pressure and

thus the time to pump down in-between

two shots. During the experiment the

valve current is interrupted after tv =

200µs. The actual time the valve is open

is probably much longer. The closing

time of the valve depends on a spring
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and has not been measured directly. One

can identify two local density maxima in

figure 2c around z = −150mm: One at

t ≈ 1.2ms and a smaller one at t ≈ 3.6ms.

The first one is the intended main opening

of the valve, whereas the second one is due

to a bouncing of the sealing needle when

closing. The characteristic closing time by

the spring is thus in the order of 1ms.

By applying a linear fit to the pressure

onset (dashed line in figure 2c) one can

determine the expansion velocity. The gas

expansion is supersonic at a velocity of

vn ≈ 650m/s ≈ 2cn, where cn is the sound

velocity in neutral argon. This is still

much slower than any characteristic plasma

velocity. At a time of t = 500µs the gas

has sufficiently filled the source region for

a reliable ignition with a rf-pulse. As can

be seen from figure 2b, the gas puff does

not reach the chamber before t = 650µs.

The plasma parameters, i.e. plasma

potential, electron density, electron tem-

perature, and the ion energy distribu-

tion (IED) are measured using an emis-

sive probe, a Langmuir probe, a double

probe, and a retarding field energy analyser

(RFEA), respectively. A brief introduction

into RFEAs used for the present study is

given by Conway et al.[17]. It contains

four grids (E, R, D, S) and a collector plate

(C) arranged in series. The first grid E is

floating, while the bias of the electrostatic

grids R and S and the collector C is set

to −100V, −18V and −9V, respectively.

To obtained time resolved measurements of

the ion velocity distributions (IVD) the ac-

quisition method is as follows:

At first, the discriminating grid D of

the RFEA is set to a certain voltage UD.

The time-resolved collector current IC is

recorded for many pulses to check for repro-

ducibility. By repeating this procedure for

different voltages UD one can reconstruct

the required IC-UD-characteristic. Two dif-

ferent profiles have been obtained, one with

a RFEA facing up-stream, another facing

perpendicular to the magnetic field. Since

the perpendicular RFEA collects mainly

ions from the bulk plasma, it is used to

obtain the plasma potential[19]. The sec-

ond RFEA is facing up-stream, collecting

mostly down-streaming ions. Their drift

velocity can be estimated by the difference

in the two ion distributions.

In principle, one can obtain the time-

resolved I-U -characteristic of a Lang-

muir-probe using the method described

above. As stated by Segall and Koop-

man[20], Langmuir probes should be a

reliable diagnostic in streaming plasmas.

Nevertheless, the evaluation of the Lang-

muir-probe data remains difficult, since rf-

compensation as suggested by Sudit and

Chen is only applicable for high density

plasmas[21]. Hence, the Langmuir probe

is mainly used for the measurement of elec-

tron and ion densities using the saturation

currents and an estimate for the electron

temperature obtained from double probe

measurements. This is reasonable since the

electron temperature shows only little vari-

ation while the densities are expected to

vary in the order of magnitudes. The sig-

nal noise is of the order σn = 1014m−3.

From this a detection limit has been de-

fined at 10σn = 1015m−3. All measure-

ments are performed along the central axis

of the device.

3. Simulation

Expanding plasma is expected to be

entangled with the propagation of a strong
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electric field[7]. Thus, the effect of a

propagating electric field onto a resting

plasma has been studied using a simple

single particle simulation. The initial

ion energy distribution is a Maxwellian.

The electric field is simulated by a

time-dependent amplitude and a spatially

Gaussian profile. It is determined by:

E0 ∝
[
1 + erf

(
t

σt

)]
exp

(
(x− vEt)2

−2σ2
x

)
, (1)

where σt defines the smoothness of the

onset of the electric field and σx the width

of the Gaussian and vE the propagation

velocity. A smooth onset can be used to

simulate the situation during the formation

of the electric field. Time evolution

is obtained using a leap-frog method.

The electric field perturbation E1 can be

obtained by successive over-relaxation of

the plasma potential under the assumption

of the Boltzmann relation.

E1(x, t) ∝ −∂Φ

∂x
,

∂2Φ

∂x2
∝ c ln(Φ)− ni (2)

The outcome of such a simulation is

depicted in figure 3 for three different time-

steps.

The electric field E1 arising from the

density perturbation (2) has two local

maxima preceding the original electric

field E0. The slower of the two arises

from ions that where at rest in front of the

electric field. As the field passes by they

penetrate it and get accelerated until they

exit the field region with a velocity twice

as fast as the field propagation ∆v = 2vE.

The second one is due to ions

originated near the formation of E0 (1) at

x = 0. They were localized close to the

upstream edge of the electric field and gain

energy by most of the potential drop ∆Φ.

Therefore, they can get much faster ∆v =

2 vE + α∆Φ. Nevertheless, the density of
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Figure 4: Spatio temporal evolution of the

ion density in logarithmic scale. The black

lines represent the velocities of the bulk

plasma vb (solid), the isolated ion front vf

(dashed), the potential gradient vΦ (dash-

dotted), and the fastest ion population ve

(dotted). The blue area marks the region

of very low floating potential allowing for

electrons to reach the probe.

the fast front is an order of magnitude lower

than the density of the slow one.

4. Experimental results

A direct measurement of the electron

temperature Te during the initial phase

was not possible. Thus, an estimate is

needed to evaluate the probe data. Double

probe measurements in cw plasma with

comparable parameters yield an electron

temperature of Te ≈ 3 to 5eV, depending

on neutral gas pressure and rf-power. If the

temperature variation is small compared

to the expected density variation, the

influence of electron temperature on the

density calculation is negligible, since

Isati ∝ ni

√
Te. Consequently, a constant

electron temperature of Te = 4eV will

be use as first approximation. The ion

saturation current can now be used as an
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Figure 3: Simulation of a homogeneous background plasma influenced by a bypassing

electric field E0. Colour coded is the energy distribution function of the background

ions p, their density distribution ni and the resulting electric field E1 using n ∝ eΦ.
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Figure 5: a) Colour coded spatio temporal profile of the ion density. The fit (3) is given

by the dashed contour lines. b) The remaining ion density after subtracting the fit,

featuring the pronounced ion front.

approximate measure for the ion density ni

depicted in figure 4. The spatio-temporal

evolution of the bulk plasma density (top-

left) is mainly proportional to the evolution

of the neutral gas density. As such, it is

expanding with the same velocity vb ≈
650m/s = vn. Its amplitude is rising

linearly in time with a spatial exponential

decay. The bulk density can be described

well by

nb(x, t) = n0 (t−t0)/τ exp(−(x−x0)/λ).(3)

The fit to the ion density evolution gives

x0 ≡ −80mm, n0 ≡ n(x0, 650µs), t0 =

532µs, τ = 118µs, and λ = 45.3mm

(figure 5a) with a relative error of less

than 1%. The remaining ion density

(figure 5b) can be split into two ion

populations, both propagating at much

higher velocities. They are launched in

the initial phase of the rf-pulse around

(t ≈ 525µs). The domination population

is forming an ion front at a mean velocity

of vΦ ≈ 5km/s in the source region and

vf = 1.8km/s after decelerating in the

expansion chamber. This population is

much less pronounced if the probe rod is

conducting. A second population of tail

ions is propagating at a velocity of ve ≈
10km/s. Its density is about an order
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Figure 6: Spatio temporal evolution of

the electron density. The ion density

is indicated as white contour lines for

orientation. The black lines refer to the

velocities introduced in figure 4.

of magnitude smaller and drops below

the detection limit, soon after exiting the

source region (intersection of vf and ve).

At times before the ion populations arrive

(bottom-right) the ion saturation current is

negative. This is due to a floating potential

drop caused by energetic electrons. Even a

probe bias of UP = −90V was not sufficient

to repel all electrons.

The space-time evolution of the elec-

tron density ne as estimated by the elec-

tron saturation current, shown in figure 6,

shows similar features. The fastest elec-

trons are as fast as the tail ion population

ve ≈ 10km/s. Further, the electron den-

sity is characterized by a drop near the ion

front (vf around t = 550µs), propagating

at the same velocity.

The corresponding potential profile Φ,

obtained by the emissive probe, peaks

along the trajectory of the ion front

(figure 7; white, dashed). Further

downstream the plasma potential drops

significantly resulting in an electrostatic
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Figure 7: Spatio temporal evolution of

the plasma potential. The ion density

is indicated as black contour lines for

orientation. The white lines refer to the

velocities introduced in figure 4.
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Figure 8: Spatio temporal evolution the

derived electrostatic field. The electron

density is indicated as black contour lines

for orientation. The white lines refer

to the velocities introduced in figure 4.

Additionally, the white, solid line marks

ve = 3.2km/s.

field. As shown in figure 8 the electric field

is very strong at early times close to the

source. Its maximum propagates with a

velocity of vΦ = 5km/s at first and than

decelerates to ve = 3.2km/s. It is roughly

localised between the ion front and the fast
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Figure 9: The ion velocity distribution of the ion front (red, solid) in comparison to the

ion distribution obtained with a RFEA facing perpendicular to the streaming direction

(blue, dashed).

electron population.

The IVDs, depicted in 9a, have been

recorded just in front of the ion pronounced

front. The downstream IVD (blue, solid)

clearly shows an ion population ion around

90eV. With perpendicular IVD data (red,

dashed) we obtain a plasma potential of

Φ ≈ 70eV. Taking this as a reference

the ion energy of the ion population yields

∆E ≈ 20eV which corresponds to a

velocity of v ≈ 10km/s. The pronounced

ion front does not appear in the RFEA

data. This is most likely due to the

conducting probe rod and body of the

RFEA. As mentioned, this behaviour was

also observed during the ion saturation

measurement. Nonetheless, the IVD at the

same position but after the bypass of the

front shows a much smaller drift velocity

of v ≈ 5 to 6km/s. The plots show the

poor resolution of the RFEA leaving an

uncertainty of at least 1eV. The RFEA

signal collects electrons at the time the

Langmuir measurement encountered the

floating potential drop. Thus, the kinetic

energy of the electrons is at least Ee =

100eV + eΦ.

5. Discussion

The experimental results show a preceding

supersonic ion front and a continuous ex-

panding electron cloud during the expan-

sion. All together, four characteristic ve-

locities can be identified. All four veloc-

ities are imprinted in the spatio-temporal

ion density/saturation current evolution.

The majority of the plasma is expand-

ing in the same manner as the neutral

gas with a velocity of vb ≈ 2cn. The

first detached population is initially prop-

agating with vΦ = 5km/s. After enter-

ing the expansion chamber, the population

decelerates and the propagation velocity

vf = 1.8km/s becomes subsonic, assum-

ing Te = 3 to 5eV. From our setup, this

seems to be most likely due to the change

of radial boundary conditions. Neverthe-

less, such a deceleration has also been re-

ported by Hairapetian and Stenzel[8],

where it was disentangled from any change

of boundary conditions. The ions carry
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a significant positive charge resulting in

a local maximum of the plasma poten-

tial. Beyond the ion front, a high energetic

(Ee > 100eV) electron population is affect-

ing the RFEA and Langmuir probe mea-

surements. This fits well with the existence

of an energetic electron tail in the veloc-

ity distribution, as pointed out before[18].

In the source region there is evidence of

a faster ion population propagating with

twice the initial front velocity ve = 10km/s.

The evidence gets supported by the elec-

tron density evolution and the IVD mea-

surements in front of the ion front. Both in-

dicate the same drift velocity. This second

ion population is most likely accelerated by

the mechanism described in the simulation.

The space charge of the preceding

electrons together with the space charge

of the ion front form a propagating

electric field. Due to the different drift

velocities of the charge layers, the electric

field broadens and propagates with an

intermediate velocity. The electric field

propagates approximately at the ion sound

speed.

In principle, the second ion population

should form a new ion front resulting

in a new electric field that again would

accelerate a small amount of ions. The

RFEA measurement can not resolve this

fine structure as it would be beyond the

measuring range (E > 80eV) and secondly

the density would be too small compared

to the noise level.

Since there are many different theories

about plasma expansion mechanisms, in

the following the experiment is compared

to the tree major systems. Hendel

et al.[10] described adiabatic acceleration

to be the most promising candidate

for the ion acceleration process during
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Figure 10: Ion (red, dashed) and electron

(blue, solid) saturation current in normal-

ized units.

plasma expansion. But since the rf

source continuously provides energy to

the system, their calculations for the ion

drift velocity do not apply to the present

experiments. An isothermal expansion

model should be more applicable.

For a planar isothermal expansion

of a semi-infinite plasma a numerical

investigation has been carried out by

Crow et al.[2]. The measured ion and

electron saturation currents (figure 10) are

in good agreement with their calculated

profiles. As pointed out by the authors,

the theory predicts a permanently non-

zero acceleration of the ion population

until the theory looses its validity, i.e.

when the ion velocity is of the order

of the electron thermal velocity vthe .

However, the observations show much

weaker acceleration and maximum ion

velocity ve � vthe .

Simulations carried out by Widner et

al.[4] predict an ion burst with a velocity of

approximately 3 ci. Under this assumption,

velocity of ve ≈ 10km/s requires an

electron temperature of Te = 4.6eV, which
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lies within the experimentally obtained

range.

6. Summary and conclusion

The experimental results show several fea-

tures that find their qualitative equivalents

in expansion experiments and theory. The

majority of the plasma density is contained

in the bulk plasma. The bulk plasma ex-

pansion is quasi-neutral and its spatial den-

sity profile can be described by an exponen-

tial. Its evolution follows roughly the neu-

tral gas density evolution as it is mainly

formed by local ionization.

In addition to the bulk plasma dy-

namic, there is a much faster expansion

of a small fraction of the plasma. The

evolution of the ion density has a dis-

tinct isolated ion population as predicted

by Widner et al.[4] and Crow et al.[2].

The ion population is preceded by elec-

trons forming a propagating electrostatic

double layer (DL). The resulting electric

field is carried along with the ions at ap-

proximately the ion sound velocity. Such

a potential drop has also been reported

by Hairapetian and Stenzel[7, 8] in

thermionic discharges. This indicates that

the DL formation is rather independent of

the type of source. Even the slow down

of the DL is in agreement with their ex-

perimental data. Nevertheless, the DL ob-

served in present work is not stopping en-

tirely, but propagating with an ever finite

velocity until it reaches the end plate.

As the DL is passing by the down-

stream plasma that has formed due to the

preceding electrons it accelerates the ions

to approximately twice its initial velocity,

i.e. before deceleration. This fastest ion

population reaches velocities of approxi-

mately three times the ion sound speed as

predicted by Widner et al.[4]. The ac-

celeration process can be described by a

simple model of a propagating electric field

passing by a resting plasma.

Although the RFEA is not able to

directly resolve the ion front, it detects

ions with similar velocities after the ion

front has passed by. These ions draw

their kinetic energy continuously from the

spatial plasma potential gradient. Thereby

they can gain maximum energies of 20 to

30eV corresponding to velocities of 10 to

12km/s or 3ci to 4ci. The data shows

that ion acceleration up to electron thermal

velocities as predicted by Crow et al.[2]

is either not occurring at all or only for a

insignificant fraction of ions (� 1%). Even

the amount of ions that gain velocities in

the order of ve ≈ 3ci[4] is relatively small

(≈ 1%). Nonetheless, in astrophysical

plasma expansions the absolute quantities

of these fast populations can be much

higher.
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quantity source chamber unit

neutral pressure: 10−1 10−3 Pa

peak rf power: 300 W

avg. magnetic field: 6.6 mT

electron density: 1016 1015 m−3

electron temperature: 3-5 eV

ion temperature: 0.026 eV

plasma frequency: 5.6 · 109 1.8 · 109 s−1

ion plasma frequency: 2.1 · 107 6.6 · 106 s−1

electron thermal velocity: 1.0-1.3 · 106 m/s

ion thermal velocity: 3.5 · 102 m/s

ion sound speed: 2.7-3.5 · 103 m/s

Debye length: 1.5 · 10−4 5.0 · 10−4 m

electron mean free path: 2.5 · 10−1 4.1 · 100 m

ion mean free path: 1.1 · 10−3 1.3 · 10−2 m

electron-electron collision: 2.4 · 106 2.6 · 105 Hz

electron-neutral collision: 2.3 · 106 2.3 · 104 Hz

electron-ion collision: 5.1 · 104 5.5 · 103 Hz

ion-ion collision: 2.5 · 105 2.8 · 104 Hz

ion-neutral collision: 3.6 · 103 3.6 · 101 Hz

charge exchange collision: 6.4 · 104 6.4 · 102 Hz

Table 1: List of plasma parameter and

related quantities.


