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The expansion of hot plasmas into a low pressure background is investigated in detail by laser 

induced fluorescence on argon metastables. The measured velocity distributions contain two 

components: a cool, supersonic expanding one and a hotter slow component resulting from back 

ground gas invasion. It is found that the invading component appears at the outside of the barrel 

shock and that it gradually migrates inward into the expanding jet. The supersonic component 

dominates the beginning of the expansion and shows all characteristics of rarefied shocks: 

acceleration to two times the source acoustic speed, adiabatic cooling, and a parallel temperature, 

which remains higher than the perpendicular. However, the invading component is much slower, 

but also hotter due to collisions in the expanding flow. It is present already far before the shock 

front. 

 

 

1. Introduction 

Expanding hot plasmas or gases are a general 

physical phenomenon that can be found in various 

locations from large astrophysical objects to minute 

size laser spots. High temperatures in plasmas as in 

gases bring the expansion to an interesting rarefied 

regime as pointed out earlier by Campargue [1]. 

Combined with high pumping speed and short 

residence times we obtain an efficient plasma 

source [2].  

In the last 15 years expanding thermal plasmas 

were applied for high rate deposition and surface 

modifications. One example is fast deposition of 

amorphous and/or nanocrystalline layers in solar 

cell production performed by injecting silane into an 

argon/hydrogen plasma jet [3]. Another example is a 

hydrogen plasma jet in interaction with carbon 

substrates to investigate etching processes under 

similar conditions as they can be found in the 

divertor region of fusion experiments. 

The characteristics of these expanding flows are 

still a matter of investigations, and the description of 

its kinetics and thermodynamics is a challenging 

problem. For instance, Navier-Stokes equations are 

not adequate to this problem, since strong gradients 

cannot be described by linear relationships [4]. 

However, expansions are described with some 

precision by means of Monte Carlo simulations 

[4,5]. It is the purpose of this paper to add new 

spatially resolved information on velocities and 

temperatures in rarefied expansion by the use of 

laser induced fluorescence (LIF) on argon meta-

stables. In gas expansion experiments with electron 

beam fluorescence it was found by Muntz et al. [6] 

that two distributions exist: a hot supersonic and a 

cooler subsonic one. These were explained as a 

gradual transition from supersonic to subsonic flow 

as described by Mott-Smith [7].  

Earlier studies with TALIF on atomic hydrogen 

reveal two effects that are present in the expansion 

of gas mixtures, both already identified earlier by 

Campargue: the mass focusing effect in the early 

expansion and so called invasion in the later phase 

of the shock, the over-expanded region [8]. Mass 

focusing is caused by the difference in expansion 

velocity of lighter and heavier components and 

subsequent scattering out of the lighter particles. 

Invasion gives the reverse effect: in rarefied 

conditions the lighter particles are preferentially 

scattered in the supersonic expanding beam. 

However, invasion can also be found in one 

component expansions, resulting in a slow hotter 

component by scattering between the supersonic 

particles and invading particles [9]. This effect can 

become important if the shock becomes rarefied, i.e. 

if the mean free path becomes comparable with the 

gradient length, the shock size.  

 
 

Figure 1: Scheme of plasma source and expansion. 
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2. Experiment 

The plasma is produced in a cascaded arc 

operating at sub-atmospheric pressures (≈ 6·104 Pa) 

and expands into a reactor vessel with a background 

pressure of pback = 20 Pa (see figure 1). A 

temperature of electrons, ions and neutrals of 

approximately 1 eV is achieved with an argon flow 

of Φ = 50 sccs and an arc current of 40 A (arc 

diameter = 4 mm). The plasma expands with a sonic 

exit velocity of c0 = mTk exitB /γ  = 1550 m/s (γ: 

adiabatic index, kB: Boltzmann constant, T: exit 

temperature, m: atomic mass) and a predicted 

position of the shock front at zM = 70 mm [11]. 

Argon metastables (Ar
*
) are excited by small 

bandwidth single mode laser radiation, delivered by 

a continuously operating external cavity diode laser. 

Therefore the laser is tuned over the 1s5 → 2p7 

transition at 772.59 nm. The fluorescence light is 

focused by a mirror to the slit of a photo-multiplier 

tube. The laser beam is guided into the vacuum 

chamber in two different ways, allowing axial and 

radial measurements, i.e. in parallel and perpen-

dicular direction to the z-axis. Hence, we obtain the 

complete 2D information about velocities, 

temperature and relative densities of the atoms in 

the expansion: the velocity is given by the position 

of the spectral line profile shifted due to the Doppler 

effect, while the temperature is given by the profile 

width and the relative density by the integrated line 

profile. 

Metastable argon atoms are produced by three 

particle recombination of Ar+ ions with electrons: 

Ar
+
 + e + e → Ar

*
 + e, 

This reaction results in neutral atoms in high 

excited electronic states. All excited states are de-

excited by electron collisions and cascade down to 

the 4s metastable (1s3 and 1s5) and resonant (1s2 and 

1s4) levels. A small amount of hydrogen (2 sccs) is 

added to the argon gas flow to reduce the ion and 

thus the metastable densities by molecular assisted 

recombination. This is done to avoid a diminution of 

the laser intensity by absorption by Ar* in the beam 

path before the excitation volume. 

For the analysis of the measured velocity profiles 

it has to be clarified in which way the measured 

long-lived metastables resemble the species in the 

expansion in total. Therefore, the mean free paths of 

ions, neutral and metastables in the expanding 

system have to be considered [10]. The most 

abundant species in the expansion are neutrals and 

due to the much shorter mean free path for 

metastable-neutral collisions compared to that for 

neutral-neutral collisions the metastables, born with 

the ion velocity distribution, adopt the velocity 

distribution of the neutrals. This happens very 

quickly in the beginning of the expansion, where the 

mean free paths are much shorter compared to the 

system gradient length. 
 

3. Results and Discussion 

Typical axial and radial velocity distributions are 

shown in figure 2. These velocity profiles are 

measured at the center line of the expansion (z-axis 

in figure 1) at three different z positions: shortly 

after the nozzle of the plasma source (z = 20 mm), 

before the shock (z = 50 mm) and after the shock 

(z = 80 mm). Profiles measured immediately after 

the nozzle can be described with a single Gaussian 

profile. At all other positions the fit has to be done 

with two Gaussian profiles. 

 
Figure 2: Velocity profiles at the center axis at three 

different distances z measured in axial, i.e. in direction of 

the z-axis (left) and in radial direction, i.e. perpendicular 

to the z-axis. (right). 

These bimodal velocity profiles consist of two 

Maxwellian velocity distributions: a fast and cool 

one and a slower and hotter one. The fast one can be 

identified with the distribution of the supersonically 

expanding atoms coming from the plasma source. 

This is in the first millimeters the only component. 

Beside this region a second Maxwellian distribution 

appears due to atoms invading from the background 

gas into the expansion. However, these invading 

neutral atoms in the electronic ground state are not 

directly observable with our LIF system. But these 

invading atoms collide with the fast expanding 

neutral, metastables and ions, constituting a second 

distribution of measurable argon metastables.  
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While the density n1 of non-colliding atoms 

decreases, their velocity and direction remains 

constant. Scattered atoms can be found already 

halfway to the shock front at the z axis. Their 

density n2 increases constantly and at the position of 

the shock front, n2 become comparable to n1. This 

behavior is shown in figure 3. The beginning of the 

expansion is dominated by the supersonic 

component ( n1/(n1+n2) ≈ 1 ). Later in the expansion, 

but still far before the shock front (z = 70 mm), this 

ratio changes in favour of the scattered component. 

At the position of the shock the expansion is already 

dominated by the scattered component. 

 

 
Figure 3: The density ratio n1/(n1+n2) of the arc 

component relative to the total Ar* density. 

 

The velocities are measured in axial and radial 

directions, which allows a vector plot of the 

velocities and direction as shown in figure 4 for the 

supersonic component (a) and the scattered 

component (b). While the velocity of the supersonic 

component changes only very little and the direction 

is straight forward away from the plasma source, the 

scattered component shows an inflow towards the 

expansion. Outside of the expansion a gas 

recirculation flow is visible, a feature that always 

appears in expansions in vacuum chambers with 

finite background pressures.  

 

4. Conclusion 

Measured flow patterns in hot expanding 

plasmas reveal bimodal velocity distributions caused 

by two different components: one originates from 

the plasma source and one is due to scattered 

invading atoms from the background. This effect, 

so-called invasion, is a very effective way of seeding 

injected molecules into the main plasma beam. The 

mixing starts already far before the shock front of 

the expansion. 

 

 
Figure 4: The two components of the total velocity: 

a) flow pattern of the supersonic component, b) flow 

pattern of the scattered component. 
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