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Summary 

The behaviour of the free expanding plasma jet in argon is studied using the 

Thomson and Rayleigh scattering experiment. This diagnostic gives local 

information on the electron and neutral partiele densities and on the electron 

temperatures in the plasma jet. It appears that the expansion can be divided in 

three parts: the supersonic expansion, the stationary shock front and the subsonic 

relaxation zone. To characterize the processes in these regions measurements are 

carried out for several conditions. In the supersonic expansion the neutral particles 

and the ions are coupled and they appear to expand in good approximation 

adiabatic. The agreement with the model of Ashkenas and Sherman is good. In this 

region an electron temperature jump in front of the shock is observed, which is 

caused by current generation and the large electron heat conduction. In the shock 

front the behaviour of the ions and neutral particles is different. Nevertheless, the 

shock structure of both the ions and the neutral particles follow the model of 

Mott-Smith. 
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1 General introduetion 

In the subgroup Plasma Physics of the group Partiele Physics ( department of 

Physics, University of Technology, Eindhoven) a cascaded are set up is present. 

This set up is used to study free expanding argon plasma jets. Plasma jets like 

these are among other things used for deposition processes and plasma sources. 

Plasma deposition is used to make thin layers of, for example, graphite and 

diamond, but also amorphous carbon and silicon. To optimize these processes it is 

necessary to understand the behaviour of the free expanding plasma jet for 

different conditions. 

Besides the set up to produce and to control the plasma, diagnostics to measure 

plasma parameters are applied. One of the used techniques is combined 

Thomson-Rayleigh scattering. With this diagnostic, space resolved information on 

the neutral partiele and electron densities and on the electron temperature can he 

obtained. 

The measurements show the typical structure in the plasma. After a small region 

of a strong expansion a shock appears. This shock can he observed in the densities 

of both the ions and neutral partieles. After the shock region the zone of relaxation 

is found. 

In the expansion a jump in the electron temperature is seen just in front of the 

shock in the densities. The cause for this preheating is heat conduction and current 

generation. 

To understand the behaviour of the expanding plasma jet, it is important to 

explain for example these jumps in the density and the electron temperature. 

Therefore, when the different processes in the plasma are quantified, it is possible 

to describe the complete free expanding argon jet. 

It is not within the aim of this report to present a complete model of the 

expanding plasma jet. The characterization of some processes in the plasma and, 

for example, explaining the difference in jump position of the density and the 

electron temperature is more the purpose of this work. This will he based on the 

very accurate Thomson-Rayleigh scattering experiments. 

In chapter 2 the theoretica! background is briefly discussed, which in a sense is a 

compilation of the most important processes. Chapter 3 describes the cascaded are 

set up and the Thomson-Rayleigh scattering experiment. Chapter 4 is devoted to 

the discussion and interpretation of the measurements. Finally in chapter 5 the 

conclusions will he given. 
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2 Short theoretical approach 

2.1 Introduetion 

2.1.1 Definitions 

To introduce the different kinds of processes in the free expanding argon plasma 

jet, it is useful to start by creating a context for this discussion. 

The structure of the plasma jet is shown in figure 2.1. 

expansion shock relaxation 
n 

t 

0 Zs 

Figure 2.1 General structure of the plasma jet 

The origin of the expansion is at z = 0. In the figure the three main parts of the jet 

are depiet ed. The first part is the expansion, the shock front is the second part, 

and the third part is the relaxation zone, where the plasma expands further 

subsonically. To describe the plasma, it is needed to specify some parameters. For 

example, the shock position is bere defined to lie at z5 , the middle between the 

minimum and the maximum in the density. The shock thickness is defined as 41, 

the distance between the minimum and the maximum of the density. 

The plasma consists of the neutral particles, the ions and the electrans with 

partienlar densities (n), temperatures (T), random distributed thermal veloeities 

(u) and partiele drift veloeities (w). The different kinds of particles will be denoted 

by the subscripts 0 for the neutral particles, i for the ions and e for the eleetrons. 

Since, as will be discussed later, the behaviour of the ions and neutral particles in 

the expansion can be studied tagether (see section 2.2, [1]) the heavy partiele 
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number density is defined as 

(2.1) 

The relation between the number density nh of the heavy particles and the mass 

density p is then given by 

(2.2) 

with mar the argon atom mass. 

The heavy partiele temperature and drift velocity is used when the temperatures 

and veloeities of the ions and neutral particles are not too different. They are 

defined by 

n0T 0+neTi 
no+Ile 

n0w0+newi 
no+ne 

= (1-a)T0 + aTi, 

= (1-a)w0 + awi, 

where a is the ionisation degree 

(2.3) 

(2.4) 

(2.5) 

The plasma is quasi-neutraL The preserree of second ionized argon atoms is 

negligible. Moreover, a current density can exist. This current density is defined by 

(2.6) 

Furthermore, to characterize the plasma some definitions of pressure are necessary. 

The part i al pressure of a species (a) is 

(2.7) 

with kb the Boltzmann constant. The tot al pressure is the sum of the different 

species 

(2.8) 
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The stagnation pressure is defined by 

Pstag = PWh
2 + P · (2.9) 

Later in this report it will become clear that the speed of sound in the plasma is of 

importance. This speed is equal to [2] 

(2.10) 

with 'Y the ratio of specific heats ( equal to 5/3) and R the gas constant of argon 

defined as kb/mar· TP is the plasma temperature defined as 

(2.11) 

Using the speed of sound it is possible to define the Mach number of the plasma 

flow 

(2.12) 

The Mach number is of special importance in the area around the shock. The shock 

is the region where the supersonic expansion (Mp > 1) transfarms into a subsonic 

flow (Mp < 1 ). 

2.1.2 Balance equations 
The plasma is described by the mass, momenturn and energy equations of the 

different species. These equations can be derived by calculating the zeroth, first 

and second momenturn from the Boltzmann transport equation, for example by 

using the formalismof Braginskii [3, 4]. 

In this report only the mass and energy equations will be used. For the complete 

set of equations see [4]. The following balance equations are valid for a stationary 

plasma without an applied magnetic field. 

The electron mass balance is equal to 

V·(newe) = [~] , 
coll-rad 

(2.13) 

with the right hand side equal to the partiele production and destruction due to 

interaction with other species and by radiation processes. This term depends on 
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the plasma ionisation and excitation equilibrium. 

Because the total mass is conserved, the heavy partiele mass balanceis given by 

(2.14) 

Neglecting the viseaus dissipation, the energy equation for the electrans becomes 

(2.15) 

For the heat flux <Ie is assumed [3] 

(2.16) 

Here is Ke the electron heat conductivity. The term Qe consists of several energy 

loss and energy gain terms including Ohmic heating if a current is present caused 

by the strong expansion, the heating by three partiele recombination, and the 

cooling by radiation processes [1, 6]. 

Finally the heavy partiele balance reads, neglecting viseaus dissipation and heat 

conduction [1], 

(2.17) 

where Qeh is the heat exchange between electrans and heavy particles. 

This set of equations is used later in this report to interpret the measurements and 

to estimate the contributions of the different processes. 

2.2 Expansion 

2.2.1 Adiabatic expansion 
This section discusses the behaviour of the plasma particles in the region of the 

supersonic expansion. The fundamental process of expansion is the conversion of 

the thermal velocity into a drift velocity. The expansion for the neutral particles is 

adiabatic, because in this zone the viscosity effects and heat conduction are of 

minor importance and also the term Qeh is negligible compared to the other terms 

( cf. Eq. ( 2 .1 7)) . 
The ions are strongly coupled with the neutral particles. This coupling is caused by 
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the strong charge exchange process and the elastic collisions. So the ions and the 

neutral particles can be treated tagether as the heavy particles in this region of 

adiabatic expansion. Because the i ons and electrans are electrically coupled (quasi 

neutrality), the electron density represents also the ion density. The process of 

recombination has a negligible effect on the level of the densities [1]. 

However, on the level of the energy balance, the expansion of the electrans is 

different from that of the heavy particles, because the electrans are influenced by 

dissipative processes (see section 2.2.2). 

To describe the adiabatic expansion of the plasma, an expression can be obtained 

as is shown below. Adding Eq. (2.15) and Eq. (2.17), neglecting all the dissipative 

effects and keeping a constant, the total energy balance becomes 

(2.18) 

Since all dissipative effects are neglected, the veloeities of all particles are assumed 

to be equal to the plasma velocity wP (wp ~ wh) in the derivation of Eq. (2.18). 

Using the same approximation and Eq. (2.14) the plasma mass balanceis given by 

(2.19) 

Substituting Eq. (2.19) m Eq. (2.18), the Poisson adiabatic for a plasma is 

obtained 

___.12__ = const p1 ' (2.20) 

with p = pRTP and 'Y = 5/3. 

If the ionisation degree a is zero, equation (2.20) equals the neutral gas adiabatic. 

Ashkenas et al. [7] studied the supersonic expansion of a neutral gas through a 

sonic orifice with diameter D. After a few orifice diameters, the streamlines 

become straight lines and seem to originate from a virtual souree at the position 

z0. Therefore, the mass density p has the following axial (z) dependenee for 

z/D>>1 

(2.21) 

Zref is a sealing length. Both Zref as well as z0 can be given in diameters of the 

orifice (for neutral gas expansion: Zrer/D ~ 0.806, z0fD = 0.08 [7]). 
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2.2.2 Electron temperature behaviour 

As already mentioned insection 2.2.1, the electron behaviour on the energy level is 

different from that of the heavy particles. The electrans are influenced by energy 

gain and energy loss processes. The three main mechanisms are recombination, 

Ohmic dissipation and heat conduction [1 ]. These processes drive the temperature 

of the electrans above that of the heavy particles. 

Two partiele recombination can be neglected, but three partiele recombination has 

influence on the energy of the electrans even though the density effect is neglegible 

small[1], 

e + e + A+ -+ e + Ap , (2.22) 

with Ap an exited state of the neutral partiele. The three partiele recombination 

will increase the electron temperature. The amount of electrans destructed by 

recombination is defined by 

[ Bne ] - K 3 8t - - rec'3 De · 
coll 

(2.23) 

Krec, 3 is the recombination rate for three partiele recombination. 

Assuming that in strong expanding plasmas the ionisation process can be 

neglected, the energy gain term caused by the three partiele recombination is given 

by 

(2.24) 

Erw 3 is the average energy obtained by the remained free electron the process of 

Eq. (2.22). 

Rinnov et al. [8] determined the recombination rate for helium plasmas 

experimentally. They obtained 

(2.25) 

This expression is valid for temperatures below 3000 K. Above this temperature 

the uncertainty is approximately a factor ten. The three partiele recombination 

coefficient as a function of Te is showed in figure 2.2. 
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The three partiele recombination coefficient Krec• 3 as a tunetion of the 

electron temperature Te 

The recombination coefficient is also calculated by Benoy et aL [9] using their 

combined analyticai-numerical collisional radiative modeL The results of Benoy et 

aL [9] apply to argon and indicate the same temperature dependenee as found by 

Rinnov et aL However the absolute value is about a factor three lower (see 

figure 2.2). 

A second phenomena in the expansion is the fact that by the pressure gradient of 

the electrons the drift velocity of the electrons is driven apart from that of the ions 

(wet wd, i.e, a current density is generated. This results in a heating of the 

electron gas by Ohmic dissipation. 

A last process which influences the electron temperature is the electron heat 

conduction. Large temperature gradients can result in a heat transport form high 

to lower temperature regions. However, in the expansion the electron heat 

conduction is small compared to the other terros [1], in contrast to the region of 

the shock, where electron heat conduction plays a significant role. 
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2.3 Shock front 

2.3.1 Position and thickness of the shock 

In figure 2.1 the struct ure of the plasma jet was shown. At the end of the 

expansion a normal shock front evolves. In this region the drift veloeities of the 

particles are converted in to random distributed veloeities (therrnal energy). The 

supersonic expansion with a high Mach nurnber becornes subsonic after the shock. 

In the shock the behaviour of the ions and neutral particles is not longer coupled, 

because the densities in this zone are rnuch lower than in the expansion. So two 

independent shocks can be distinguished. A neutral partiele shock, which is, like 

the neutral partiele behaviour in the expansion, adiabatic. Secondly an ion shock, 

which is not adiabatic in itself. If the electroos are taken into account the 

electron-ion shock is also adiabatic [1]. The electroos thernselves do not shock, but 

undergo only a cornpression in the region of the shock. The reason is that the 

therrnal veloeities of the electrans are higher than their drift veloeities and are not 

of the sarne order, like in the heavy partiele case. 

As discussed above, the supersonic expansion of the neutral gas ends in a normal 

shock front. The position of the neutral shock front is deterrnined by Young [10] 

for a neutral gas. Young showed that the position of the shock zm, the position 

where the flow is sonic, is given by 

z [n~·--]1/2 =C ~ ' fiD1 Pback 
(2.26) 

with D the diameter of the sonic orifice and Pstag the stagnation pressure at the 

sonic orifice. The constant depends on 'Y and is 0. 76 for 'Y = 5/3. 

The thickness of the neutral partiele and ion shock is deterrnined by the rnean free 

paths for the momenturn exchange for the neutral-neutral partiele interaction and 

ion-ion interaction respectively. The rnean free paths are given by 

>.oo = Too Vth'o , 

).ii = Tii Vth'i ' 

(2.27) 

(2.28) 

where Too and Tii are the relaxation tirnes of momenturn transfer between 

respectively neutral particles and neutral particles and ions and ions and are given 
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by [3] 

(2.29) 

Too = 1.82 1016 
17 4 , 

no To 
(2.30) 

where the Coulomb logarithm lnAc = In( 4ne7r.Xà), with Àd the Debye length 

Àd = .J( tokb Te/nee2). The thermal velocity v1h,x is equal to v1h,x = .J(3kb Tx/mx) 

for species, ions (i) and neutral particles (0). The relaxation times rii and r 00 are 

not equal since the ions and neutral particles have different interaction 

mechanisms, respectively a Coulomb and the less stronger induced dipale 

interaction. 

2.3.2 Rankine-Hugoniot relations 

The shock region is characterized by a jump in the density, velocity and 

temperature. Such a jump can be regarcled as the limiting case of very large, but 

finite gradients in the flow variables. 

A mathematica! description of what is happening in the region of the shock is 

complicated. Nevertheless, descrihing the shock as a mathematica! discontinuity 

gives information about the parameters in front of and behind the shock. These are 

the Rankine-Hugoniot relations, and arebasedon the generallaws of conservation 

of mass, momenturn and energy. Applying these laws in front of (subscript 1) and 

behind (subscript 2) the shock the following relations can be derived for a neutral 

gas [2] 

Pot Wot = Po2 wo2 , (2.31) 

(2.32) 

(2.33) 

With the Mach number, defined as 

[ 
3 w~,) 112 

Mot=~ , (2.34) 
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equations (2.32)- (2.34) can be rewritten as 

(2.35) 

(2.36) 

As seen from Eqs. (2.35) and (2.36), the neutral partiele Mach number just in 

front of the shock is the decisive parameter for the conditions bebind the shock. 

For ions the Rankine-Hugoniot relations have to be adapted since the ions do not 

shock independently from the electrons, i.e, the quasi neutrality couples the ions 

and the electrons (see section 2.3.1). Since in the shock front the electron density 

increases, the electrons, due to their smaller mass, 'leak' out of the shock front. 

This results in a negative charge density in front of the shock. As a result the 

influence of the electrons causes a decrease in strength of the ion shock compared 

to the neutral partiele shock. This influence is reflected in the additional pressure 

term compared with the neutral gas situation. Therefore the Rankine-Hugoniot 

relations read ( ne "' ni), neglecting electron inertia, 

(2.37) 

(2.38) 

(2.39) 

Combining the two pressure terms Pi and Pe by using a new temperature Tei equal 

to the sum of Te and Ti, it can be seen that these Rankine-Hugoniot relations are 

similar to the relations for a neutral gas. Using the new temperature also for the 

Mach number of the ion shock, the Mach number for the electron ion gas reads 

(2.40) 

The expressions of the jumps for ion density and electron temperature are also 

equal to the ones of the neutral partiele case 
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Wj! 4M~ 1 

Wï2 - M~ 1 +3 
(2.41) 

(2.42) 

Note that it is impossible to get ni2/nil < 1, because this is forbidden by the 

second law of thermodynamics. In figure 2.3 and 2.4 the jump relations in density 

and temperature for neutral particles as well as for the ions for different ratios of 

TetfTil are depicted. A ratio of TetfTil = 0 shows the neutral partiele shock 

behaviour. The higher the ratio TetfTil, the more the influence of the presence of 

the electrans is seen. 
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M1.1 
Figure 2.3 Ion density jump ni2/ni1 as a tunetion of the Mach number tor ions in front 

of the shock Mil 
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2.3.3 Mott-Smith approximation 
As already mentioned in sectien 2.3.2, the description of the shock is rather 

complicated. Mott-Smith [11] derived the shape of the adiabatic density shock 

front using a kinetic approximation. This approximation gives the ratio of the 

densities for a neutral gas in front of the shock (n01 ) and in the shock (n0) as a 

function of z 

_l!n_- 1 3 . f~~J 1~ n01 - + 1 + exp(=4(z-z5)/L) 1+3 ' 
(2.43) 

with z5 the position of the shock front defined in figure 2.1. A typical curve for 

n0/n01 is depicted in figure 2.5. 
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Mott-Smith approximation tor the density shock structure 

In section 2.3.1 the thickness of the shock was discussed. Using the approximation 

of Mott-Smith the ratio ).. 00 ,tfL0, where ).. 00 , 1 is the mean free path in front of the 

shock, can be calculated as a function of the Mach number M01 . Note that the 

shock thickness depends on the interaction potential of the governing particles 

[12, 13]. The repulsive potential is given as r-v. In figure 2.6 the neutral shock 

thickness is displayed as a function of the Mach number for neutral particles in 

front of the shock for v = 7 and v = 10. 

0.30 

0.24 

0 0.18 argon (v•10) 

....J -0 
0 

argon (v•7) 
-< 0.12 

0.06 

0.00 
1 2 3 4 5 6 7 8 9 10 

Mo,, 

Figure 2.6 The ratio ).. 00, 1;1.0 as a tunetion of the Mach number of the argon neutral 

partiele shock tor different interaction potentials 
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Like for the neutral particles a ratio Àii,t/Li can be derived as a function of Mu. 

As shown by Muckenfuss [12] and Glansdorff [13], who both extended the model of 

Mott-Smith [11], the shock thickness is determined by the temperature 

dependenee of the viscosity coefficient. So assuming that the ratio of the mean free 

paths and the shock thickness behind the shock are invariant for arbitrary 

interactions, then Àïi, 1 can be calculated by sealing. If for the mean free paths of 

the neutrals Eq. (2.30) is used, the following relation can be obtained 

[
À ] [T ] 114 ~=+!! . (2.44) 

A similar expression can be obtained using Eq. (2.29) fortheions 

(~] = [~f. (2.45) 

Combining Eq. (2.44) and (2.45), assuming that Àii, 2/Li = À00 , 2/L0 and using Eq. 

(2.36) the following relation can be derived for M01 = Mu 

(2.46) 

Note that this is only true for a shock without electrons. The relation (2.46) is 

shown in figure 2. 7. 

J -

1 2 3 4 5 6 7 8 9 10 

MI., 

Figure 2.7 The ratio À ii· 1/Li as a tunetion of the Mach number tor i ons 
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2.4 Relaxation 

In the region bebind the shock the plasma expands further subsonically. 

In this zone the expansion is not strong. This implies that there are small 

gradients and no current densities. Besides, compared to the region of supersonic 

expansion, the axial gradients of the veloeities are no longer larger than the radial 

gradients. In short, all the energy gain and loss terms are of the sameorder [1]. 
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3 Experiment 

3.1 Experimental set up 

This chapter deals with the cascaded are set up (CAS), which is used to study the 

free expanding plasma jet in argon. Three parts of the experimental set up can be 

discerned, namely the vacuum vessel with its pumps and magnetic coils, the 

cascaded are used for the production of the plasma and the diagnostics to obtain 

plasma parameters. One of these diagnostics is the Thomson and Rayleigh 

scattering set up used to measure the densities and electron temperature. The 

Thomson and Rayleigh scattering set up is a subject of discussion in section 3.2. 

J 
E1 
ll)i 
0' ·I 
C\11 

I 

Figure 3.1 

10m 

~~~~~~~~~ .~rgon 
/electrode support 

The cascaded are set up 

In figure 3.1 the cascaded are set up is depicted. The plasma produced by the 

plasma source, expands into the stainless steel vessel (diameter 0.36 m, length 

3 m ). To attain a low background pressure, several pumps ( diffusion and roots 

pumps) are connected to the vessel. The pumping speed of one of the roots pumps 

can be varied, so that the background pressure and the gas flow can be controlled 

more or less independently. Furthermore, the vessel is surrounded by eight 

Helmholtz coils, which can be used for applying a magnetic field parallel to the 

plasma jet (B = 0- 0.5 T). To determine the plasma parameters of the expanding 

jet at different positions, the plasma jet can be moved in three directions. In this 

way the position of the diagnostics can be kept constant which is a great 

advantage. 
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Figure 3.2 The cascaded are 

The plasma produced by the cascaded are is a wall stabilized plasma. The 

cascaded are consists of three cathodes, eight electrically insulated capper plates 

(the cascade plates) and an anode plate (see figure 3.2). All these parts are water 

cooled. The diameter of the central bore of the plates is 4 mm. An anode plug with 

a bore of 4 mm is screwed in the anode. 

On the side of the catbodes high grade purity argon gas is injected. At that place, 

a part of the argon atoms ionizes. The neutral particles, ions and electrans are 

accelerated and expand into the vessel. An overview of the range of conditions of 

the set up can be found in table 3.1. 

current cascaded are bs 30-90A 

flow cascaded are a 500- 5000 smljmin 

background pressure Pback 1 - 100 Pa 

magnetic field B 0- 0.5 T 

Table 3.1 Range of conditions of the cascaded are set up 

3.2 Thomson and Rayleigh scattering 

3.2.1 Introduetion 

Thomson and Rayleigh scattering is used for the determination of the electron and 

neutral partiele density and the electron temperature with a good spatial 

resolution and a high accuracy. In the following part of this subsection a brief 
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overview concerning these scattering processes is presented. For a more extended 

treatise see [1, 5]. 

If incoming electromagnetic radiation strikes a charged partiele, the partiele will 

be driven into resonance by the oscillating incoming field. The accelerated charged 

partiele will act as a dipole oscillator and emits radiation on its own. If this 

partiele is a free electron the process is called Thomson scattering, if it is a 

bounded electron it is called Rayleigh scattering. The spectrum of the scattered 

radiation depends on the conditions of the plasma, more specific, on the densities 

and temperatures. 

lf the Thomson scattered spectrum is interpreted, the parameters ne and Te can be 

obtained. The expression for the Thomson scattered power in asolid angle ~n and 

in a frequency range dw5 is given by [5] 

(3.1) 

The scattering vector k is defined as k = ks- ki with ki the incident wave vector 

(I kd = 21r(>.ï) and ks the wave vector of the scattered radiation (see figure 3.3). 

The frequency w is proportional to the component of the partiele velocity u in the 

direction of k, w = k· u. P s and Pi are the scattered and incident power of the 

electromagnetic radiation respectively. L is the length of the scattering volume in 

the direction of the incident beam, dat/ dO is the different i al cross section for 

Thomson scattering and S(k,w) the speetral density function. In practice the 

scattered spectrum is broadened by Doppier broadening which is caused by the 

thermal, random distributed veloeities of the electrons. 

Figure 3.3 The scattering geometry 
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If the electron density becomes higher or the electron temperature lower so called 

collective (coherent) effects become important in the determination of the 

Thomson spectra. The reason is that the Thomson scattering is not due to the 

scattering on individual electrons but on a group of electrons. Therefore, it is 

necessary to introduce the scattering parameter a 

(3.2) 

with k = I kl the lengthof the scattering wave vector and >.d the Debye length. 

Three cases can he distinguished: 

a< 1, i.e, incoherent scattering. The incident wave "sees" the individual 

electrons. The scattered spectrum reflects the shape of the electron velocity 

distribution, 

a~ 1, i.e, coherent scattering. The incident wave interacts with shielded 

charges. Therefore, the scattered spectrum depends on the collective 

behaviour of groups of charges, 

a< 1 but not a c:: 1, weak coherent effects. This is the situation of the 

performed experiments in this graduation report. 

Assuming a Maxwellian velocity distri bution fe( wfk) for the electrons and 

assuming that the scattering parameter a< 0.3 [5], it can be shown that S(k,w) 

equals [5] 

S(k,w) = fe(k/k) · [1- 2a2 Re(P)] , (3.3) 

with Re(P) the real part of the plasma dispersion function P [1]. 
If the scattered power is integrated over w5 (cf. Eq. (3.1)) and Eq. (3.3) is used, it 

can beseen that 11e (fe"" ne) is proportional to the area under the profile (the total 

amount of Thomson photons). 

For the electron temperature the following equation can be derived if fe(w/k) is 

Maxwellian [5] 

Te = 5244 (~>.ueF (K), (3.4) 

with ~>. 11e the half one--over-e width in nm of the Thomson profile. 

To determine the neutral partiele density, the Rayleigh component of the 

spectrum is used. The expression of the scattered power is similar to the expression 
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for Thomson scattering [5] 

{3.5) 

with /3 = ~~~:!7~H , the ratio between the differential cross sections of the ions 

{i) and neutral particles (n) and Sr{k,w) the speetral density function for Rayleigh 

scattering. Since the Thomson scattered spectrum is of low intensity, it is difficult 

to measure the spectrum with a good resolution. Furthermore, the width of the 

Doppier broadened spectrum is proportional to 1/./m, with m the mass of an 

electron in the Thomson scattering case (free electron) and of the atom to which 

the electron is bounded in the case of Rayleigh scattering. This means that the 

Doppier broadening is negligible in the case of Rayleigh scattering compared with 

the Thomson situation. Therefore, the Rayleigh scattered spectrum is certainly not 

resolvable. 

The ratio of Rayleigh and Thomson cross sections for argon, for an incident 

wavelength of 532 nm, is [5] 

(3.6) 

The lower efficiency of the Rayleigh scattered power spectrum compared to the 

Thomson scattered spectrum for equal densities is caused by the smaller cross 

section for Rayleigh scat tering. To obtain the neutral partiele density, the 

Rayleigh scattered power described in Eq (3.5) can be handled a the same way as 

for the electron density. The total surface under the Rayleigh scattered profile is 

proportional to the density of the neutral particles and the density of the ions. 

Since the density of the ions is obtained by Thomson scattering the neutral 

partiele density can be determined. 

3.2.2 Radial Thomson scattering set up 

In figure 3.4 the radial set up is depicted. This figure shows that bath the wave 

vector ki and ks are perpendicular to the direction of the plasma flow. So the 

viewing direction (y) is perpendicular to the plasma jet (z ). This implies that the 

radial velocity distribution is measured. The set up is called the radial set up. 
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Figure 3.4 The radial Thomson and Rayleigh scattering set up 
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The incident laser beam is produced by a frequency doubled Nd:Y AG laser with a 

wavelength of 532 nm, energy of 0.19 J per pulse, a pulse width of 8 ns and a 

repetition frequency of 10 Hz. The laser beam is focused in the plasma by the two 

dichroic mirrors Sb S2 and the lens Lb which has a focal length of 0.5 m. The 

polarization direction of the laser beam is perpendicular to the viewing direction to 

obtain the maximum of scattered light in the viewing direction (dipole radiation). 

The scattering volume is imaged by two lenses 1 2 and 1 3 and the mirror S3 onto 

the slit of the polychromator. The width of the slit is 0.5 mm. The polychromator 

consists of a holographic concave grating (HCR), a gateable light amplifier (LA) 

and an optica] multichannel analyzer (OMA). The OMA consistsof a photo diode 

array (1024 pixels: width 25 J.Lm, height 2.5 mm). The electronic signa! of the 

OMA is processed by a personal computer (PC) with an ADC plug in unit. To 

minimize the registration of the unwanted plasma light a ga teabie light amplifier is 

used. In this way it is possible to measure only during the preserree of laser light. 
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Whereas the disturbing influence of the plasma light is diminished, another effect 

still blurs the measurements: the vessel stray light. This stray light is caused by 

the laser light scattered at the entrance window W 1 and then at the anode plate of 

the cascaded are and other parts of the set up inside the vessel. To reduce this 

stray light several precantions have been carried out. The most important souree is 

the unscattered part of the incident laser beam. Therefore a laser dump (LD) is 

installed in an extra large tube to absorb this light. The laser dump consists of a 

glass plate NG3 under the Brewster angle. Furthermore, the window W 1 and the 

lens 1 1 are anti-reflection coated to prevent scattering on the surfaces. The 

partially, in spite of the coatings, scattered light is also diminished by three 

diaphragms (Db D2 and D3) inside tube Tl. The vessel stray light is reduced to a 

level of about 1 Pa argon at 300 K, i.e, the vessel stray light does not langer 

dominate the Thomson and Rayleigh scattered signal. In figure 3.5 the axial 

dependenee of the vessel stray light is shown. 
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The vessel stray light level on axis 

As can be seen in figure 3.5, the vessel stray light increases extremely close to the 

cascaded are due to indirect scattering of the laser light on the cascaded are. At 

larger distances to the anode plug ( 40 mm and higher) the stray light is 

approximately constant (100 counts, equal to 1 Pa argon at 300 K). This stray 

light can be measured separately by pumping the vessel to low pressure. For every 

measurement the stray light is subtracted from the Thomson-Rayleigh 

measurements. 
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Before the Thomson and Rayleigh measurements can be interpreted absolute, 

wavelength and relative calibrations are needed. Because the sensitivity of all the 

pixels of the OMA is not the same, relative calibration with a tungsten ribbon 

lamp is performed under the same conditions as the Thomson-Rayleigh scattering 

experiments. 

To calibrate the wavelength scale relatively, measurements are performed of the 

spectra of gas discharge lamps. In this way the dispersion of the polychromator is 

determined. 

To determine the densities absolutely, a Rayleigh scattering measurement (on pure 

argon gas at a pressure of approximately 180 Pa) under the same conditions as the 

Thomson-Rayleigh measurements is performed. The neutral partiele density n0,cal 

corresponding to this Rayleigh calibration measurement is calculated from 

p = n0,calkbT, where p = 180 Pa and T = 296 K (room temperature). The ratio of 

the integrated signalof the Thomson component of the measured spectrum and the 

integrated Rayleigh scattering signal gives the value of the electron density ne [1]. 

To obtain the independent, earlier described, Thomson and Rayleigh profiles out of 

the measurements, a least mean squares program [14] is used. Note that the width 

of the Rayleigh profile is equal to the width of the apparatus profile (see section 

3.2.1). For an example of a typical measurement see figure 3.6, including the 

results of the least mean squares fit. 
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Typical Thomson-Rayleigh maasurement with the fitred curve (--), 

Thomson profile (· • · ·) and Rayleigh profile (- - -) tor Te = 5400 ± 100 K, 

ne = (4.65 ± 0.09) 1019 m-3 and n0 = (7.2 ± 0.7) 1021 m-3 
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An overview of the characteristics of the Thomson-Rayleigh scattering set up can 

be found in table 3.2. 

laser energy 

number of shots during 1 maasurement 

scattering angle (} 

soliel angle Llfl 

length of dateetion volume ~et 

dateetion volume Vdet 

stray light level (at 3001<) 

in ngq 
in ~q 

dateetion limit 

nàet 

"get 

in electrens in dateetion volume 

dynamie range 

o. 19 J jpulse 

1200 

'Tf/2 

2.5 10-2 rad 

1.0 mm 

0.25 mm3 

1 Pa 

n
0 1020 _ 1023 m-3 

f1e 5 1017 - 1o22 m-3 

Te 1000 - 50000 K 

Table 3.2 Characteristics of the Thomson-Rayleigh scattering set up 

3.2.3 Axial Thomson scattering set up 

Compared with the radial Thomson scattering set up, the viewing direction of the 

axial Thomson scattering set up is changed. The direction of viewing is no Jonger 

perpendicular but parallel to the plasma jet. This means that the wave vector ks 
points in the direction of the plasma jet (see figure 3. 7) and the measured velocity 

dis tribution is the axial one, parallel to the jet. The axial set up can still be used 

for determination of the densities and electron temperature, but also another 

parameter can be obtained. From the new viewing direction the velocity of the 

electrans is no Jonger perpendicular to the viewing direction, but the veloeities will 

have a large component in this direction. So the Thomson profile will be shifted by 

the Doppier effect and it will be possible to measure the drift velocity of the 

electrans in the plasma if the drift velocity is large enough. Also in the case of the 

radial scattering set up it is in principle possible to measure drift velocities, in this 
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case the rotational veloeity. The rotational veloeities are much smaller than the 

axial drift veloeities (wrot < Waxial)· So measuring rotational veloeities with the 

radial set up is certainly not possible. 

The alteration of the set up into an axial scattering experiment implies two 

changes. First the polarization direction of the laser beam is changed in a way that 

the polarization direction is perpendicular to the viewing axis. Consequently, the 

polarization has to be rotated by nearly 90 degrees compared with the radial 

direction. Secondly, the detection branch of the set up has to be changed. For the 

new detection branch a mirror (Ss) is placed in the vessel. This makes it possible 

to look in the axial direct ion. Combined with other mirrors (Ss and S7) and two 

lenses (14 and Ss), the detection volume is imaged onto the slit of the 

polychromator (figure 3. 7). 

Figure 3.7 
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The axial Thomson and Rayleigh scattering set up 

The mirror combination of Ss and S7 takes care of the fact that a horizontal 

detection volume in the plasma is imaged onto the vertical situated slit. A 2:1 

image is the result of the focal point distances of the two lenses. Lens L4 has a 

28 chapter 3 



focal elistance of 1000 mm, that is necessary to keep the lens out of the vessel. Lens 

1 5 has a focal point of 500 mm, larger focal point was not possible because the lack 

of space. The radius of the detection volume is not changed, because it is defined 

by the radius of the laser beam. Therefore, the image is smaller (0.25 in stead of 

0.5 mm) caused by the reduction factor of the lenses 14 and 1 5. 

Because the length of the slit is not changed and the magnification is 2:1 the 

length of the detection volume is 2 mm. Also the solid angle is changed, because 

the first lens 1 4 with an equal diameter compared with the radial set up has a 

much Jonger focal point distance and thus gives a smaller solid angle. Camparing it 

with the radial set up the angle is 12 times smaller. Combined with the increased 

detection volume a decrease in intensity of 6 times will be the result compared 

with the radial set up (table 3.3). 

radial axial 

solid angle (relative) 1 1/12 

scattering volume 1 x ~1/2 mm 2 x ~1/2 mm 

image factor 1 : 1 2: 1 

intensity (relativa) 1/6 

Table 3.3 Ditterences between the radial and axial set up 

Vessel stray light 

In the axial measurements the direction of viewing is the direction of the plasma 

jet. Therefore the anode plate of the cascaded are set up is seen instead of the 

viewing dump. To reduce the vessel stray light a chemica! blacked aluminium 

plate with a hole of 18 mm was attached to the anode plate of the cascaded are. 

The level of stray light compared with the radial set up is eight times larger, see 

figure 3.8. 
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Vessel stray light on axis in the axial set up 

Minor position in the vessel 

100 

It appears that the mirror in the vessel is not statie, but changes by heating by the 

plasma or, if present, by the force of the applied magnetic field on the mirror 

holder and on the vessel. This means that the position of the Thomson peak is 

shifted relative to the original position without applied magnetic field as a result of 

a changed angle of incidence in the polychromator. This obstructs the observation 

of the shift caused by the electron drift velocities. A remake of the mirror holder 

took care of the fact that without magnetic field the position of the Thomson peak 

is accurate within 2 pixels (1 pixel~ 0.028 nm), which is quite acceptable since the 

accuracy of the peak position in the radial Thomson scat tering set up is also 

2 pixels. In both cases the inaccuracy is caused by fluctuations in the position of 

the mirrors and the lenses and by the laser beam pointing instability. In the 

presence of the plasma with an applied magnetic field the inaccuracy is larger and 

about 12 pixels. 

The shift of the mirror is no problem if a reference of the spectrum position can be 

found that is determined in the presence of the plasma. Then this reference can be 

used for relative calibration of the position of the spectra. The stray light and 

spectrallines originating from plasma light can not be used. The reason is that this 

light does not only come from the detection volume, but originates from a larger 

volume in the plasma. Therefore, the wavelength positions of the spectrallines and 

stray light will be always the same. The Rayleigh peak is a good reference, if the 

Rayleigh scattered signal is intense enough. But, for example, there is hardly any 

Rayleigh scattering in a plasma with an applied magnetic field. 
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The position of the Thomson peak far from the exit of the cascaded are can be 

used as a reference, if the veloeities of the electrans in that area will be much lower 

than the veloeities near the cascaded are. So the position of the Thomson peak 

here is chosen as a reference. However, the position of the mirror may not change 

for the different positions of the cascaded are which was checked. 

Lower detection limit 

A lower detection limit for the electron drift velocity can be given based on an 

accuracy of the Thomson peak of 2 pixels. Using the equation for the Doppier shift, 

the relation for the electron velocity in axial direction is given by 

~>. c w -ez - A cos'$ ' (3.7) 

with !:l>. the Doppier shift of the Thomson profile, >. the laser wavelength 

(532 nm), c the speed of light and '1/J the angle between the direction of viewing and 

the direction of the electron velocity Wez (13. in the used set up). A Doppier shift 

corresponding to 0.028 nm (1 pixel) equals an electron velocity of about 

1. 7 104 mfs. The noise of two pixels corresponds to a lower detection limit of 

roughly 3.5 104 mfs. 

An attempt to measure axial electron drift veloeities 

The last part of this subsection describes the attempt to measure the electron 

veloeities in the expanding plasma jet. The results obtained from the axial 

scattering measurements are not very successful. The main reason is that the 

velocities, measured under standard conditions with an applied magnetic field of 

B = 0.2 T are too low to observe with the used set up. A brief overview about the 

obtained results are presented in this section. 

At first, it occurs that the intensity of the optimized scattering decreased by a 

factor six compared with the radial set up. This is just what was expected based 

on the loss of detection angle and the increase of the detection volume ( see 

table 3.3), which is satisfactory. 

The values for ne, n0 and Te which can be extracted out of the Thomson and 

Rayleigh scattering profiles are of the same order of the results obtained by the 

radial experiment, but the inaccuracies in the values are larger. The accuracy in De 

is approximately 5%, in n0 a bout 50% ( for the same positions as the radial set up) 

and in Te about 10%. The larger inaccuracies in the values obtained by the axial 

experiment are mainly induced by worser statistics compared with the statistics of 

the radial experiment. These plasma parameters can only be calculated for distan-
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ces from the cascaded are larger than approximately 30 mm. Otherwise the vessel 

stray light will destructively dominate the measured Thomson-Rayleigh profile. 

For 19 different positions the shift of the Thomson profile relative to the position 

of the peak far from the exit of the cascaded are is measured (figure 3.9). 
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Positions of the Thomson scattered profiles in the axial set up under 

standard conditions with the applied magnetic field of 0.2T (a higher pixel 

number implies a higher velocity) 

It is impossible to discover a systematic behaviour of the Thomson profile 

positions. The scatter in the positions is equal to the noise caused by the 

instahilities (2 pixels). So it is concluded that the drift velocity of the electrons is 

smaller than 3.5 104 mfs for distances larger than 30 mm to the exit of the 

cascaded are. 
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3.3 Conditions of the cascaded are set up 

The described cascaded are set up combined with the radial Thomson-Rayleigh 

set up links high accuracy with a large dynamic range. The high accuracy is 

depicted by the accuracy of ne, which is of the order of the plasma stability, i.e, 

1-4% and the accuracy of Te of the order of 2- 6% depending on the conditions. 

For neutral partiele densities above 1020 m-3 the accuracy is of the order of 

10- 50% [1, 5]. 

Two types of measurements are carried out. The first are the scans in the z 

direction on the axis of the plasma jet ( axial scans). The second type are the scans 

in the x direction at different z positions (radial scans). 

The standard condition is defined in terms of a cascaded are current (leas) of 45 A, 

a flow of argon gas (Q) of 3500 sml/min, a background pressure (Pback) of 40 Pa 

and no applied magnetic field. 

To determine the influence on the expansion and shock structure of the 

background pressure, argon flow and cascaded are current, measurements are 

carried out for different conditions, in a way that each measured condition is 

performed with only one parameter different from the standard condition. The 

changed parameters are: background pressure of 13.3 Pa and 133 Pa, a cascaded 

are current of 60 A and a argon gas flow of 4500 sml/min. 
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4 Results and discussion 

4.1 Thomson-Rayleigh scattering results 

In this section the results obtained with the Thomson and Rayleigh scattering 

experiment will be discussed. Figures 4.1 represent the determined electron and 

neutral partiele densities and the electron temperature as a function of axial 

position. The position z = 0 mm corresponds to the exit of the cascaded are. The 

three parts of the plasma, the supersonic expansion (for the standard condition 

z = 0-40 mm), the shock front (z = 40- 80 mm) and the subsonic relaxation 

zone (z > 80 mm), are clearly seen in figures 4.1a and 4.lb. The electron 

temperature shows a different behaviour (fig. 4.1c ), a jump in the electron 

temperature occurs ahead the shock (z ~ 25 mm). 
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In figures 4.1 also the measured ne, n0 and Te as a function of z are depicted for 

two different background pressures of 13.3 Pa and 133 Pa. The accuracies in n0 

and Te for the lowest background pressure are worse than for the measurements of 
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the higher background pressure. The reason is that here the neutral partiele 

densities are at the detection limit and that a low electron density results in a 

worse accuracy in Te ( 10 - 20%) since the determination of the electron 

temperature using the analysis method is related to the magnitude of the electron 

density. 

As seen from the figures 4.1a and 4.1b, a different background pressure has no 

effect on the first part of the expansion. The effect of the background pressure on 

the shock front position and structure is clearly present. The shock front is closer 

to the exit of the cascaded are for increasing background pressure. The shock 

thickness is larger for lower than for higher background pressure. This is caused by 

the lower densities in the situation of lower background pressure which lead to 

larger mean free paths for momenturn transfer. The jump in the neutral partiele 

density is larger for a lower pressure, indicating that the Mach number is larger. 

For the ion density, represented by the electron density ( quasi-neutrality ), the 

behaviour is different, for higher background pressures the jump increases. An 

overshoot of the ion density at the end of the shock for high background pressures 

is seen, which is caused by deceleration and cooling of the plasma [1 ). As discussed 

in chapter 2, the ions behave in the shock different from the neutral particles and 

are influenced by the presence of the electrons. 

For the different background pressures, the jump in the electron temperature lies 

in front of the jump in the densities. The jump in the electron temperature is 

independent of the background pressure and about 1500 K. This is an indication 

that the current density generated in the expansion plays an essential role in the 

determination of the electron temperature jump. This current density is generated 

by the difference in behaviour of the electrans and ions (we ;f. wi) and causes a 

heating of the electrans due to Ohmic dissipation. The electron temperature will 

increase when the heating by Ohmic dissipation is larger than the cooling caused 

by the expansion. Besides the effect of Ohmic dissipation heat conduction plays a 

significant role. 

After the shock front, the electron temperatures become nearly equal for the 

different background pressures. The neutral partiele densities increase slowly to 

their background values. The ion densities decrease by further expansion and a 

slight recombination. 

In figures 4.2 the measurements for the standard condition are depicted again, but 

now added with the parameters for a different cascaded are current of leas = 60 A 

instead of 45 A and a different argon gas flow of Q = 4500 sml/min instead of 

3500 sml/min. The densities, temperatures and veloeities change at the exit of the 

results and discussion 37 



cascaded are by the different parameters of the cascaded are current and gas flow. 

However, the influence of these parameters on the structure of the plasma jet is 

minor compared with influence of the background pressure. Nevertheless, there are 

some differences like the higher electron density just in front of the shock for a 

higher are current. The explanation is the higher ionisation degree of the plasma 

caused by the higher cascaded are current. The lower neutral partiele density for 

the higher are current is probably caused by the changed neutral partiele density 

profile in the cascaded are, which has an effect on the expansion of the neutral 

particles. For a higher argon gas flow in the cascaded are, the results for the 

electron and neutral partiele density are equal to the standard condition. As seen 

from figure 4.2c, for all the depicted conditions the electron temperature jump 

appears in front of the jump in the densities. Although the differences in the 

electron temperature behaviour are small for the different conditions, the electron 

temperatures for the condition of a higher cascaded are current are systematic 

larger than the others. 
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For the standard condition in figures 4.3 the electron and neutral partiele density 

and the electron temperature are depicted as a function of the radial direction for 

five different axial positions. The structure of the expansion and the shock front is 

clearly seen in these figures by the dips in the electron densities, neutral partiele 

densities and the electron temperatures. These structures are also observed by 

Kobayashi et al. [16] and show the barrel shock ( the shock in radial direction) in 

the densities. 
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In figures 4.4 the densities and electron temperature are showed in a smoothed 

three dimensional representation for the standard condition. The typical shock 

front structure is clearly seen and after the shock the structure in the radial 

direction disappears. 

Figure 4.4a 
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A smoothed three dimensional representation of the electron densities in 

the plasma jet for the standard condition 
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Figure 4.4b 
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4.2 Supersonic expansion 

In figures 4.5 the first part of the expansion (up to z = 75 mm) of the five different 

conditions is depicted for both the neutral partiele and electron density. 
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It is elear that the behaviour in the expansion is similar for the five conditions for 

the neutral partiele density as well as for the ion density until the shock occurs. 

For further analysis of the expansion the standard condition and the two measure

ments with a different background pressure are considered. 

The features of adiabatic expansion and the axial dependenee of the neutral 

partiele density (Eq. (2.21)) derived by Ashkenas et al. [7) were discussed in 

section 2.2.1. Equation (2.21) is shown by the curve in the figures 4.6 for the 

neutral partiele density and the ion density. 
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As these figures show, the beha viour of the expansion is quite well described by 

Eq. (2.21) for both the neutral particles and for the ions. So it can be concluded 

that both the neutral particles and the ions expand in good approximation 

adiabatic. The three unknown parameters following from the fit of Eq. (2.21) are: 

Zref which is the sealing length and can be chosen freely (here Zref = 1 mm), the 

position of the virtual souree for the ions and neutral particles, respectively zoi and 

zoo, and the density in the reservoir, respectively nresli and nres,o· These 

parameters are obtained by the fits shown in figures 4.6 and are given in tables 4.1. 

condition llres •0 Zoo (mm) 

standard (3.0% 0.3) 1023 1.5% 0.5 

Pback = 13.3 Pa (3.0 ± o.3) 1 o23 1.5% 0.5 

Pback = 133 Pa (3.0 ± o.3) 1 o23 1.5% 0.5 

leas = 60 A (2.0 % 0.3) 1023 3.5% 0.5 

a = 4500 smljmin (3.0 % 0.3) 1023 2.5% 0.5 

Table 4.1a The parameters nres·O and z00 tor Zref = 1 mm tor the different conditions 

condition llres ·i Zoi (mm) 

standard (1.3 ± o.3) 1 o22 1.5% 0.5 

Pback = 13.3 Pa (1.3 ± o.3) 1 o22 1.5 ± 0.5 

Pback = 133 Pa (1.3 ± o.3) 1 o22 1.5 ± 0.5 

leas = 60 A (2.1 ± o.3) 1 o22 1.5% 0.5 

a = 4500 smljmin (1.5 ± o.3) 1 o22 1.5% 0.5 

Table 4.1b The parameters nres•i and Zoi tor Zref = 1 mm for the different conditions 

As is seen in table 4.1a, all the parameters are approximately the same, except the 

parameters of the conditions with a higher cascaded are current and a higher flow. 

This is, as expected, because these parameters depend on the conditions at the end 

of the exit of the cascaded are. The neutral partiele density in the reservoir is 

about 1.5 times lower in the high cascaded are current situation than in the 

standard condition. The determined values for nres,o refer to the densities in the 

reservoir where the partiele velocity is zero [7]. This implies that the neutral 

partiele density at the exit of the cascaded are is lower than nres 1o due to the 

velocity of the neutral particles. Depending on the heating of the gas in the 
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cascaded are the neutral partiele density at the exit of the cascaded are will be a 

factor two to three lower than nre5 , 0 [1]. 

As mentioned, like for the neutral particles also for the ions the parameters nres 

and z0 are determined ( see table 4.1 b). As can be seen from this table, the ion 

density is increases for a larger current and flow. The positions of the virtual 

sourees zoi are equal to the ones of the neutral partiele case, zoi :::: 1.5 mm. 

The ratio z0/D was given by Ashkenas et al. [7] (see section 2.2.1), namely 

z0/D ~ 0.08. The result obtained in this work is z0 :::: 0.38. The reason of this 

discrepancy is not clear, but could be related to the fact that the 'reservoir' is a 

cascaded are where the heating of the plasma occurs. Furthermore, since for the 

different background pressures the positions of z00 and zoi are all equal, it is 

concluded that the ionisation degree is approximately constant in the region of 

supersonic expansion. 

4.3 Stationary shock 

4.3.1 Position and thickness 

Section 4.1 showed that the shock front position depends on the background 

pressure. In chapter 2 a relation (Eq. (2.26)) was given which describes the 

dependenee of the shock front position as a function of the background pressure. 

This relation will be verified by the performed measurements of the shock position. 

In figure 4. 7 the results are shown. 
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The position of the neutral partiele shock front as a tunetion of the 

background pressure 
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The solid line represents the line extracted from the measured points ( • ). It is 

clear that the theory describes the measurements wel!. From the line the 

stagnation pressure Pstag ~ 35000 Pa is determined. This stagnation pressure is 

mainly due to the neutral particles since the ionisation degree is low (~ 6%). On 

the other hand the stagnation pressure can he calculated, assuming that the sonic 

condition is present at the end of the cascaded are. The veloeities of the heavy 

particles are in this case equal to wh = c = J( 5 I 3RT 0). Using Eq. (2.9), the 

stagnation pressure for the sonic condition is given by Pstag = Po + 5 I 3PoRT o = 

= 8 I 3n0kb T 0. The static pressure at the exit of the cascaded are [15] is a bout 

1.5 104 Pa for the mentioned cascaded are condition, which results in a stagnation 

pressure of approximately 3.9 104. This shows a good agreement with the result 

obtained from the line in figure 4. 7. This leads to the condusion that indeed the 

sonic condition is valid at the exit of the cascaded are. 

A second parameter of the shock is its thickness. To obtain the thickness of the 

shock, but also the Mach number before the shock, the measurements are adjusted 

to the Mott-Smith approximation (cf. Eq. (2.43)). This approximation refers toa 

neutral gas. Also the ion (electron) density is adjusted to Eq. (2.43). The fits of 

the measurements are shown in the figures 4.8. 
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The figures show on the horizontal axis the normalized axial position and on the 

vertical axis the normalized densities. Figure 4.8a shows a good agreement of the 

neutral partiele density measurements with the shape predicted by Mott-Smith in 

spite of the large scatter in the measurements. Also the ion density fits the 

Mott-Smith approximation quite well ( see figure 4.8b ). 

The fits give explicit information on the shock thickness and the Mach number in 

front of the shock. The results for the five conditions are collected in table 4.2a for 

the neutral particles and in table 4.2b for the ions. 

Like the shock front position also the shock thickness depends on the background 

pressure. Since the thickness of the shock is determined by the mean free paths of 

the ions and neutral particles (see section 2.3.1), the dependenee of the thickness 

on the background pressure can explained by the densities in the shock front. For 

lower background pressures, i.e. lower densities, the mean free paths will be larger 

and the thickness of the shock front will increase (see Eq. (2.29) and Eq. (2.30)). 

The difference in thickness of the ion and neutral partiele shock is caused by the 

different mean free paths for ions and neutral particles and indicates that the 

neutral particles and ions are deccupled in the region of the shock. 

The Mach number for the neutral particles M01 is always larger than the Mach 

number for the ions Mil. This is caused by the presence of the electrans which 

decreases the jump. 
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condition Lo (mm) Mo1 

standard 33 * 2 4.5 * 0.3 

Pbaek = 13.3 Pa 40 * 3 > 10 (1) 

Pbaek = 133 Pa 9* 0.5 3.6 * 0.3 

lease = 60 A 30 * 2 3.8 * 0.3 

a = 4500 sml/min 32 * 2 8 * 1.0 

Table 4.2a Results of the neutral partiele density fits using the Mott-Smith 

approximation 

condition Li (mm) Mu 
standard 12 * 1 2.9 * 0.3 

Pbaek = 13.3 Pa 14 * 1 1.42 * 0.1 

Pbaek = 133 Pa 5 * 0.5 >10 11) 

lease = 60 A 11 * 1 2 * 0.3 

a = 4500 smljmin 13 * 1 2.8 * 0.3 

Table 4.2b Results of the ion density fits using the Mott-Smith approximation 

0 ' This Mach number is undefined, but certainly larger than 10. 

As can be seen from table 4.2, the behaviour of the Mach number of the neutral 

particles and ions for the different background conditions is the opposite. While for 

the neutral particles the Mach number increases for lower back ground pressures, 

the Mach number of the ions for the lower background pressures decreases. There 

are two possible causes. The first is that the temperature of the ions just in front 

of the shock is higher than the temperature of the neutral particles. A higher 

velocity of the ions in the expansion for low background pressures compared with 

the neutral partiele velocity could be a second reason. Both differences in velocity 

are related to the structure of the electric field in the expansion [1]. 
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4.3.2 Calculation of temperatures and veloeities 

Using the Rankine-Hugoniot relations (see section 2.3.2) and the Mach numbers 

obtained from the Mott-Smith approximation (see last section), the jump in the 

densities and electron temperatures are quantified. The jumps for the five 

conditions in density, temperature and velocity can be found in table 4.3a for the 

neutral particles and in table 4.3b for the ions. 

condition Po2/Po1 wo2/wo1 To2fT01 

standard 3.5 0.29 7.2 

Pbaek = 13.3 Pa 3.9 0.26 30(1) 

Pbaek = 133 Pa 3.2 0.31 4.9 

lease = 60 A 3.3 0.30 5.4 

a = 4500 smljmin 3.8 0.26 21 (1l 

Table 4.3a Jumps calculated with the Rankine-Hugoniot relations tor the neutral 

particles 

condition PidPi! Wi2/Wil Ti2fTi1 

standard 2.9 0.34 3.5 

Pbaek = 13.3 Pa 1.6 0.62 1.4 

Pbaek = 133 Pa 3.9 0.26 30(1) 

lease = 60 A 2.3 0.44 2.1 

a = 4500 smljmin 2.9 0.35 3.3 

Table 4.3b Jumps calculated with the Rankine-Hugoniot relations tor the ions 

Ul large inaccuracy caused by the uncertainty in the Mach number. 

From the tables 4.3 it can be seen again that the density jump for the neutral 

particles is larger than for the ions. The jump in the veloeities is the inverse of the 

jump in the densities (see Eq. (2.35)). For both the neutral particles and the ions 

the jump in temperature increases by an increasing density jump, cf. Eq. (2.36) 

and Eq. (2.42). 

If it is possible to estimate the temperature behind the shock, the temperature in 

front of the shock can be obtained. Assuming that the temperature of the ions and 

neutral particles are equal behind the shock, the heavy partiele temperature Th 2 
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can be calculated using equation (2.8) 

(4.1) 

with Te2 the electron temperature behind the shock, measured by the 

Thomson-Rayleigh scattering experiment. The values for Te2 (measured) and Th2 

(calculated) are depicted in table 4.4. 

condition Te2 (K) Th2 (K) 

standard 2700 3700 

Pback = 13.3 Pa 2900 6000 

Pback = 133 Pa 3800 3600 

lease = 60 A 3100 6900 

a = 4500 smljmin 2400 4400 

Table 4.4 The temperatures behind the shock front tor the five conditions 

Note the fact that Th2 > Te2. Using the values of tables 4.3, the temperatures in 

front of the shock can be calculated. Together with the definitions of the Mach 

numbers for neutral particles and ions, Eq. (2.34) and Eq. (2.40) respectively, the 

veloeities in front of the shock are determined. These results are collected in table 

4.5a for neutral particles and table 4.5b for the ions. 

The shock front is assumed to be normal to the direction of flow in the calculation 

of the temperatures and velocities. In tables 4.5 the temperatures and veloeities in 

front of the shock are shown. The temperatures and veloeities of the ions are 

higher in front of the shock than the same parameters for the neutral particles. So 

it is seen again that the behaviour of the ions and neutral particles in front of the 

shock is decoupled. 

There is a second way to obtain the neutral partiele and ion temperature in front 

of the shock. In section 2.3.3 the relation was discussed between the ratio of the 

mean free path and shock thickness as a function of the Mach number in front of 

the shock for the neutral particles and the ions. The measurements adjusted to the 

Mott-Smith approximation give the Mach numbers M01 and Mil and the 

thicknesses 1 0 and Li of the shock front, so the mean free paths >. 01 and >.u can be 

obtained. Using the relaxation times of section 2.3.1 the temperatures can be 
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condition T01 (K) Wot (ms-1) wo2 (ms-1) 

standard 510 ± 50 1900 550 

Pbaek = 13.3 Pa 190 ± 100 2600 670 

Pbaek = 133 Pa 730 :1:: 110 1800 550 

lease = 60 A 1300 ± 200 2500 750 

a = 4500 smljmin 210 ± 80 2100 550 

Table 4.5a Temperatures and veloeities tor the neutral particles tor different conditions 

condition Til (K) wil (ms-1) Wi2 (ms-1) 

standard 1230 ± 120 3370 940 

Pbaek = 13.3 Pa 5000 ± 600 2340 1140 

Pbaek = 133 Pa (ll 130 :1:: 70 11600 2900 

lease = 60 A 3700 ± 400 3060 1080 

a = 4500 smljmin 1490:1:: 150 3240 930 

Table 4.5b Temperatures and veloeities tor the ions tor different conditions 

1 1l large inaccuracy caused by the uncertainty in the Mach number. 

calculated. However, tbis metbod contains many uncertainties, the main 

uncertainty is the exact hehaviour of >.. 0 tfL0 and )..ii/Li as a function of the Mach 

numher (see section 2.3.3). Therefore, the results of these calculations are more 

inaccurate than the results of the metbod given ahove and will he omitted. 

4.3.3 Electron temperature jump 
lt is known from the literature that the structure of the electron temperature jump 

depends on the electron heat conduction [17]. This section discusses the influence 

of tbe electron heat conductivity in the ohserved electron temperature jump. 

Using the electron energy equation (2.15) and Eq. (2.16) with "'e"' T~12 , and 

assuming for the moment that the souree term Qe can he neglected compared to 
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the electron heat conduction in the jump, the following relation can be derived 

(4.2) 

Using figure 4.lc and figure 4.2c with electron temperatures as a function of the 

axial position, figure 4.9 can be obtained. To compare the measurements for the 

different conditions it is necessary to scale the axial position with the position of 

the begin of the temperature jump and the thickness of the jump and to scale the 

electron temperature Te with Te 11 the temperature just in front of the temperature 

jump. 

1 
0.1 

Figure 4.9 

1 

Normalized electron temperature behaviour in the electron jump tor different 

conditions 

In figure 4.9 Eq. ( 4.2) is indicated by the dasbed line. The drawn curves are the 

fits of the measurements. The slope of the measurements under standard 

conditions, under higher cascaded are current, and under higher argon gas flow 

represents a temperature dependenee of Të2. For higher background pressure 

conditions the slope is approximately Tt;5, and for lower background pressure 

conditions about Të'· These measurements show that the electron heat conduction 

is certainly not the only and decisive process in the cause of the electron 

temperature jump. It can be concluded that a less important role for the heat 

conduction is found than in the literature [17). 
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4.4 Subsonic relaxation 

As already mentioned in section 2.2.2, the electrans are strongly influenced by 

energy gain and energy loss processes. One of them is the three partiele 

recombination. Assuming that this is the main process in the subsonic relaxation 

zone, the calculation of the recombination coefficient Krec, 3 is possible. 

For the calculation of Krec, 3 it is necessary to determine the electron temperature 

dependenee on the electron density in the expansion. Combining figures 4.1 and 4.2 

figure 4.10 is obtained. 
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Figure 4.10 Electron tempersture dependenee on the electron density tor several 

conditions in the subsonic relaxation zone 

The best fit of the measurements for the standard condition shows the following 

temperature dependenee of the density 

( 4.2) 

Using the electron mass balance Eq. (2.13) and the electron energy balance 

Eq. (2.15) with Qe defined by Eq. (2.24) (three partiele recombination dominant) 

an expression for Krec, 3 is obtained 

K 3 - 1Q-42 We T-4.6 (m6js) ree' - E e · 
r ec'3 

( 4.3) 
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With Erec, 3 about 2.6 eV [1]. Assuming that in this region the veloeities of the 

electrans and ions are equal, the calculated value for wi (see table 4.5b) can be 

used and We will be of the order of 900 mjs. This results in a constant in Krec, 3 of 

about 2 10-21. This curve (drawn line) is depicted in figure 4.11 together with the 

curves representing the relations of Hinnov et al. [8] and Benoy et al. [9]. 
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The electron temperafure dependenee of the recombination coefficient 

The valnes of the calculated recombination coefficient are a factor 5 smaller than 

the result of Hinnov et al. [8] and approximately equal to the results of Benoy et 

al. [9] for Te< 3000 K, so the agreement with the model of Benoy et al. [9] is 

satisfactory. Note that the inaccuracies are large, the obtained result is accurate 

within a factor three. The two other curves for different background pressures in 

figure 4.10 represent other valnes of the recombination coefficient. It shows that 

recombination is certainly not the only process of importance in the region of 

subsonic relaxation. 
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5 Conclusions 

The Thomson and Rayleigh scattering experiments show clearly the structure of 

the free expanding argon plasma jet. Three different regions can be distinguished: 

the supersonic expansion, the shock front and the subsonic relaxation zone. 

The supersonic expansion: 

In this region the ions and neutrals are coupled. In spite of the minor effect 

of three partiele recombination, their behaviour in the expansion is in good 

approximation adiabatic. The expansion of both the ions and the neutral 

particles confirms the model of Ashkenas. 

In the region ahead the shock the expansion for different background 

pressures is identical, while the position of the shock front depends on the 

background pressure. The position of the shock front follows the prediction 

of the model of Young. 

The jump in the electron temperature in the region of supersonic expansion 

can be explained by the electron heat conduction and the current density 

present in this region. This current density heats the electrans by Ohmic 

dissipation. 

The shock front: 

The ions and neutral particles are decoupled in this region. 

The jump in the densities of the ions is systematically lower than the 

neutral partiele jump. The lower ion jump is due to the presence of the 

electrans which influences the behaviour of the ions. 

The shock structure for neutral particles as well as for ions is in good 

agreement with the adiabatic model of Mott-Smith. 

The subsonic relaxation zone: 

The three partiele recombination coefficient obtained from measurements in 

this region shows a good agreement with the recombination coefficient of 

Benoy et al. 

An upper limit for the veloeities of the electrans in the region from z = 30 mm can 

be obtained by the axial Thomson scattering experiments and is equal to 

3.5 104 mfs. 
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