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General introduetion 1 

1 General introduetion 

The subject of this thesis is the experimental and theoretica! study of the 

expanding plasma in argon. The expanding plasma is generated by a thermal, high 

density cascaded are. The interest in this type of plasma is both fundamental and 

technological. 

The fundamental interest is related to the different behavier of the electrens 

on the one hand and the neutral particles and the ions on the other hand, in view of 

their large difference in mass. As a consequence, if the expansion is strong, charge sep

aration occurs which leads to a generated electric field. This electric field in turn, 

influences the behavier of the charged particles and leads to a current density in the 

expansion. Studying the expanding plasma can lead to the understanding of the phe

nomena occurring in, for example, laser produced plasmas. The analysis presented in 

this thesis is a continuatien of the thesis work by Gielen [ll and Schellekens [2]. 

Another aspect of the considered plasma, is the supersonic nature of the expansion 

and the occurrence of a stationary shock front at the end of the expansion. The 

technological interest in these aspects are related to the use of this type of plasma as a 

dissociating and ionizing souree in fast deposition of carbon and silicon layers. 

Another application is the use of this type of plasma as a partiele souree for both 

neutral particles or ions. Therefore a better understanding of the phenomena 

occurring in the plasma expanding from the cascaded are is essential. In this respect 

the work presented in this thesis is an extension of the thesis workof Kroesen (3], de 

Haas [4] and Vaessen [5]. 

An interesting feature of the plasma expanding from a cascaded are, is the 
equilibrium departure of the plasma. Important is that the coupling between the 

electrens and heavy particles is weak leading to a temperature nonequilibrium during 

the expansion. Another important aspect, beside the mentioned current density and 

electric field generation, is the recombination process in the expansion. Although for 

the considered plasma in argon the recombination is small, the effect on the electron 

temperature is significant. Insight gained from the analysis of the recombination 

process can be used in the understanding of expanding plasmas using other burning 

gases. For example, a remarkable feature is the disappearance of the electron density 

in expanding hydrogen plasmas. The cause for this rapid decrease is the large 

dissociative recombination of molecular hydrogen [6]. The relation between the 

transport in excitation space and the physical space is an intriguing one and was 
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addressed by van der Mullen [7]. 

In chapter 2 a thermodynamic study of the influence of the temperature 

nonequilibrium on the ionization equilibrium is discussed. A more rigorons study of 

the same problem using the Zubarev formalism is given in cha.pter 3. Chapter 4 deals 

with the presentation of the model for the plasma expanding from a cascaded are. In 

chapter 5 the cascaded are set up is discussed. For the study of transport processes 

and the nonequilibrium state of the expanding plasma, the knowledge of the 

important plasma parameters, the electron density and temperature and the neutral 

partiele density, is essential. Therefore a large part of chapter 6 will be devoted to the 

discussion of the newly designed and constructed Thomson-Rayleigh scattering set 

up. Furthermore, in chapter 6, the light emission and the Fabry-Perót experiment are 

discussed. The results are presented in chapter 7 and in cha.pter 8 the general 

conclusions resulting from the preceding chapters are given. 

Publications related to this thesis are: 

Chapter 2 

Chapter 3 

Chapter 6 

M.C.M van de Sanden, P.P.J.M. Schram, A.G. Peeters, J.A.M. van 

der Mullen and G.M.W. Kroesen, Thermadynamie generalization of 

the Saha equation for a two-temperature plasma, Phys. Rev. A 40 

5273 (1989) 

M.C.M. van de Sanden, P.P.J.M. Schram, J.A.M. van der Mullen, 

and D.C. Schram, Reply to 11Saha equation for a two-temperature 

plasma11
, Phys. Rev. A 42 2461 (1990) 

M.C.M. van de Sanden and P.P.J.M. Schram, Generalized law of 

mass action for a two-temperature plasma, accepted by the Physical 

Review A 

M.C.M. van de Sanden, G.M. Janssen, J.M. de Regt, D.C. Schram, 

J.A.M. van der Mullen, and B. van der Sijde, A combined 

Thomson-Rayleigh scattering set up using a intensified photo diode 

array, submitted to Review of Scientific Instruments 
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2 Thermadynamie generalization of the Saha equation for a 
two-temperature plasma 

A thermadynamie generalization of the Saha equation for the case of a 

two-temperature plasma is given on basis of a modification of the free energy. The 

resulting equation depends in first approximation on the electron temperature only. 

This result has been obtained earlier on basis of kinetic arguments. 

2.1. Introduetion 

In the past much attention has been paid to nonequilibrium ionization in 

plasmas. The distribution of the energy over the constituents of a plasma, i.e. ions, 

electrens and neutral particles, is under these nonequilibrium circumstances difficult 

to determine. However, under some conditions, if the exchange of energy among 

different species of particles is relatively small and each species has its own 

temperature, Saha's equation, which interrelates the number densities of ions, 
electrens and neutral particles, ca.n be generalized. 

Several generalizations for a two-temperature plasma have appeared in the 

literature. There is, however, much confusion about the correct form. On the one 

hand, there are derivations which use kinetic arguments [1],[2],[31, i.e. the kinetics of a 

plasma are dominated by the electrans due to the small mass ratio (me/ mh < 1, me is 
the electron mass and mh the heavy partiele mass), and arrive at the usual Saha 

equation with the thermadynamie temperature replaced by the electron temperature. 

On the other hand, there are derivations which use thermodynamica and arrive at a 

Saha equation which contains not only the electron temperature but also the heavy 

partiele temperature [4],[5],[6],[7],[8]. Other generalizations using thermodynamics of 

irreversible processes lead in one case to an equa.tion conta.ining only the electron 

temperature [9] while in another case, by using in principle the same methods, a.n 

equa.tion with both heavy a.nd electron temperature is derived [10]. 

From this review of the literature one can conclude that there is a problem. It 

is clear that if basic assumptions used to model the plasma are identical then there 

should be only one Saha. equa.tion. It is therefore important to know which one is right 

in which case, since apart from being of fundamental importance, Saha's equation is 

used in calculating transport phenomena, [11],[12], in callision radia.tive roodels [13], 

a.nd for diagnostic purposes [14]. 
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The aim of this paper is to show that a natural extension of equilibrium 
thermodynamic principles leads in good approximation to a Saha equation in which 

only the electron temperature appears. 

2.2. Plasma. model 

We consider bere a plasma composed of electrens (e) and neutral particles (0) 

and singly ionized ions (i) of the same element. Both heavy particles and electrens 

have a Maxwell distribution with heavy partiele temperature Th and electron 
temperature Te, respectively. The internal structure of the heavy particles, neutral 

particles, and ions, is ruled by the electron temperature, i.e., the accupation of the 

internal energy states of the heavy partiele is governed by Boltzmann's law with 

T= Te: 

(2.1) 

where ~ and n\ are the number densities of particles in the state p and the ground 

state of the component k, g~, and g\ are the conesponding degenerades of these 

states, 1% is Boltzmann's, constant and E~- .Elf is the energy difference between 
ground state and excited level p of the component k. Usually the energy Si of the 

neutral ground state is chosen equal to zero, and thus E1 = lion where lion is the 
(possibly lowered) ionization potential [6],[9}. The assumption that the internal state 

is ruled by the electron temperature is equivalent to the statement that the electrens 
are the dominant species concerning the (de)excitation of the neutral particles and 

ions. Due to the small mass ratio me/mh the reaction 

Ai + e 1-1 A~+ e , k = {O,i} , (2.2) 

where A~ is a partiele in the state p of the component k, is far more probable than the 
equivalent reaction where the electron is replaced by a heavy particle. The existence 

of the two-temperature plasma is closely related to this assumption. Radiation 
processes are not considered. 

As already mentioned kinetic arguments lead to a Saba equation of the form 
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(2.3) 

where h is Planck's constant and ge is the spin degeneracy of the electron (ge = 2). 

Equation (2.3) reduces to the traditional Saha equation in case the plasma is in 

thermadynamie equilibrium with T = Te. This can be derived from the principle of 

microscopie reversibility and energy conservation on the microscopie level [3]. A 

thermadynamie derivation of Eq. (2.3) has not yet appeared in the literature, except 

for the one obtained by Ecker and Kröll [9] which is basedon the principle of minimal 

entropy production. A problem concerning the thermadynamie derivation is the fact 

that a two-temperature plasma is not in thermadynamie equilibrium. Therefore it is 

necessary to extend minimum principles following from the second law, e.g., for the 

free energy, to situations of partial equilibrium such as the two-temperature plasma. 

Such extensions should be justified by an exact treatment based on nonequilibrium 

thermodynamics, e.g., Zubarev [15]. An attempt will bemadein a subsequent paper. 

2.3. Thermadynamie considerations for a two temperature plasma 

We are considering a partial equilibrium: the ionization equilibrium with 

different temperatures for electrens and heavy particles. The plasma here is defined as 

the total system composed of two subsystems each characterized by its own 

temperature. These are the translation degrees of freedom of the neutral particles and 

ions on the one hand and the electrous and the internal structure of the heavy 

particles on the other hand. The total system as a whole is closed, whereas the 

subsystems are open. The subsystems are considered to be open because an ionization 

recombination reaction takes place, and thus the partiele numbers of ea.ch subsystem 

can change during the establishment of the ionization equilibrium. Furthermore, we 

assume that the energy exchange between the subsystems with different temperatures 

is sufficiently small to treat them as statistically independent. As a consequence the 

energy U and the entropy Sof the total system are additive quantities 

S= L Sn' 
n 

U= L Un, 
n 

(2.4) 

(2.5) 
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where n runs over the different subsystems. Although we have a two-temperature 

plasma in mind, the formulation exposed here is more general. We consider the 

ionization recombination process to be an isothermal process [5], i.e., during the 

establishment of the ionization equilibrium the temperatures of the subsystems 

remain unchanged. In general, this means that heat must be exchanged with the 

surroundings of the subsystem. The second law of thermodynamics caunot be applied 
to the subsystems separately since it may very well occur that 

while (2.6) 

where óQk is the heat supplied to the subsystem k. Equation (2.6) stems from the fact 

that the subsystems are coupled through partiele exchange. So the entropy of one 

subsystem can decrease while the entropy of the other subsystem increases. The 
second law should be generalized in such a way that it remains a statement about the 

entropy of the total system. The natura! generalization is then expressed by 

(2.7) 

where we made use of the fact that the total entropy is additive. From Eq. (2. 7) and 

the first law for the subsystem n (the fust law expresses energy conservation and is 

thus valid for every subsystem n) 

(2.8) 

where Wn is the work performed by the subsystem n, Pn the conesponding pressure, 
and V is the total volume of the plasma, it follows that 

(2.9) 

or at constant Tn and volume V 

(d.'Y)T yS 0, 
n• 

(2.10a) 

where 
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(2.10b) 

is the generalized free energy. Note that .'Y resembles the usual free energy but has 

the dimension of the entropy. 

The function .'Y determines the thermadynamie state of the plasma and thus 

the ionization recombination reaction. Equation (2.10a) has to be compared with the 

relation commonly used in the literature [5],[6],[8] 

(2.11) 

where Fn = Un- TnSn is the free energy for the subsystem n. Equation (2.11) is 

derived from the inequality [5] 

(2.12) 

Generally, this inequality does not hold for every subsystem n as noted in the 

discussion leading to Eq. (2.6). From Eq. (2.12) it would follow that 

(2.13) 

It is easily verified that the generalization Eq. (2.13) is unsatisfactory even in simple 

situations. Consider, for example, the most elementary multi-temperature system 

consisting of two subsystems each thermally isolated from each other and the 

surroundings. The temperatures of the two subsystems are T1 and T2• From Eqs. 

(2.13) and (2.4) we obtain 

dS ~ [T 1~Ta] dS2 , (2.14} 

where dS2 is the entropy change of the subsystem 2. But Eq. (2.14) states that, if the 

sign of dS2 is opposite to ( T1 - T2), the entropy of the total system is allowed to 

decrease. This obviously violates the requirements dS1 ~ 0 and dS2 ~ 0. From Eq. (2. 7) 

. on the other hand, it follows that dS ~ 0 in the case of the two isolated subsystems 

since 
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(2.15) 

and óQ2 = 0. If, however, óQ = óQ1 + óQ2 = 0 with 6Q1 f 0, i.e., only the total 

system is isolated, Eq. (2.15) still holds. As a consequence the total entropy, in case of 

a two-temperature system, can decrease if heat flows from the cold to the hot 

subsystem. In principle this is indeed possible. However, it is a consequence of an 

inadequate definition of the total system in a nonequilibrium situation. 

In the reversible case the equality sign in Eq. (2. 7) holds: 

(2.16) 

Equation (2.16) is equivalent to the one proposed by Boercker and More [16] for the 

case that 

(2.17) 

holds for every subsystem. In genera!, however, Eq. (2.16) differs from that of 

Boercker and More [16] and might lead to another formulation of the thermodynamica 

of two-temperature systems. 

In this section we have demonstrated that a return to the (extended) original 

principles of equilibrium thermodynamica expressed by Eqs. (2.7) and (2.8) leads to 

the minimization not of the free energy F but, in case the plasma has more than one 

temperature, of its generalization :7 . If all the temperatures of the subsystems are 

equal, i.e., thermadynamie equilibrium, minimizing :7 yields the same result as 

minimizing F. 

2.4. Derivation of the generalized Sa.ha equa.tion 

In the ioniza.tion equilibrium 

(2.18) 

which means that the total partiele numbers Nn due to the ionization recombination 

reaction 
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(2.19) 

no Ionger change, and thus 

[ d-7) = ( 1: 8.7 ~] = 0 , 
aN T V n ONn aN T V n' n, 

(2.20) 

where N may be identified with any of the Nn. The combination of the first law, Eq. 

(2.8), and TndSn = óQn- J!.ndNn leads to the thermadynamie identity for the 

subsystem n 

{2.21) 

from which we coneinde that 

f.&n=(~]T v· n n• 
(2.22) 

We rewrite Eq. (2.20) as 

1:~=0, 
n n 

(2.23) 

where !In = ( dNn/ dN) are the stoichiometrie coefficients of the reaction Eq. (2.19). 

Relation (2.23) is the generalized law of mass action and is in agreement with the one 

derived by Morro and Romeo [10]. 

Since the subsystems are statistically independent, we may assume that the 

expressions derived for a system in thermodynamic equilibrium hold for each 

subsystem separately thus the expressions [17] 

(2.24) 

(2.25) 

are valid for each subsystem n. Here Zn( Tn) is the partition function of the subsystem 

n. Substitution of Eq. (2.24) and (2.25) into Eq. (2.18) together with the defmition of 

.7, Eqs. (2.10b), leads to 
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(2.26) 

where 

(2.27) 

This la.st equation is a consequence of the form of the nonequilibrium statistica.! 

operator introduced by Zubarev [15] in the present situation of partial equilibrium. 

Until now all the derived equations are generally applicable to multi

temperature situations, provided that the interaction between the subsystems is 

sufficiently weak. To ca.lculate the Saha. equation for a two-temperature plasma we 

have to know the pa.rtition functions Zn( Tn) explicitly. If we regard every component 

as a.n idea.l gas (ions, neutral particles a.nd electrons) then 

(2.28a) 

k= {O,i}, {2.28b) 

where Ve and V1 are the quanturn volumes defined a.s 

(2.29a) 

and 

k = {O,i}, (2.29b) 

whereas .zint (k = {O,i}) is the partition function of the interna.l state of ions or 

neutral particles (see Eq. (2.1)} 

zint= Eg~ exp(-~/l%Te)' k = {O,i}. 
p 

(2.30) 

In Eqs. (2.28) Ne, N0 and N1 are the total number of electrons, neutral particles and 

ions. Substitution of Eqs. (2.28) and (2.30) into Eqs. (2.26) a.nd (2.20) and the fact 

that m0 ~mi~ mh, leads to 
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neni 9ezfnt 
---n;- = Vezont , (2.31) 

where ne, n0, and ni are the total number densities of electrons, neutral particles and 

ions. Using Eqs. (2.1) and (2.29a) we finally obtain 

(2.32) 

Equation (2.32) is the generalized Saha equation which has also been derived on the 

basis of kinetic arguments (Eq. (2.3)). 

2.5. Conclusions 

A natural extension of fundamental principles of equilibrium thermodynamics 

is used to generalize the law of mass action for multi-temperature plasmas. A new 

thermadynamie function :7 is defined from which all the thermadynamie properties 

can be calculated. Using this function :7 the ionization equilibrium of a two

temperature plasma is studied. A Saha equation is derived in which only the electron 

temperature appears, in agreement with the results of Ecker and Kröll [9] and the 

results based on kinetic arguments [1],[2],[3]. The thermodynamics of Morro and 

Romeo [10] seems similar to our treatment. They derive the same law of mass action. 

However, they generalize the standard expression for the partial chemica! potentials 

in an incorrect way; the electron temperature is absent from the expressions relating 

to the internal structure of the heavy particles. Therefore they arrive at an erroneous 

result. 

The multi-temperature Saha equation (MSE) derived in Refs. [4],[5],[6],[7],[8] 

which contains also the heavy partiele temperature, is a consequence of the commonly 

used law of mass action 

(2.33) 

Equation (2.33) is derived using a generalized second law which is incorrect for the 

most elementary multi-temperature system (Eq. (2.14)) and, in case of a 

multi-temperatul-e plasma, has to be replaced by Eq. (2.23). The MSE has been 
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compared with a complete kinetic model by Richley and Tuna [18]. The model yields 

the single temperature Saha equation (Eq. (2.32)) and therefore invalida.tes the MSE. 

This theoretica! result is confirmed by recent experiments by van der Mullen et al. 

[19] and Bakshi and Kearney [20]. 

So the contradiction in the literature between the Saha equations for a two 

temperature plasma derived from thermodynamica on the one hand, and from kinetic 

arguments or thermodynamics of irreversible processes on the other hand, vanishes if 

the usual principlesof equilibrium thermodynamica are generalized in the proper way. 

The result, Eq. (2.32), is an approximation based on the smallness of the 

mass ratio me/mh, which justifies the neglect of the kinetic energy exchange between 

electrans and heavy particles, and on the assumption that heavy partiele collisions are 

unimportant for ionization and recombination. A generalization of the treatment, to 

include these effects, should start from the point of view of nonequilibrium statistica! 

mechanica. A subsequent paper is devoted to this topic (see chapter 3). 

2.6 Reply on the oomment by V. Bakshi 

The major goal of the previous sections was to use thermodynamica to 

establish the correct expression for the Saha population of excited states in a 

two-temperature plasma, i.e., Th f. Te but with the internal states of the heavy 

particles governed by a Boltzmann distribution with T = Te, and to show that the 

multitemperature Saha equation (MSE) is incorrect. We agree with the Camment 

that Eq. (2.32) of section 2.4 and Eq. (2) or (4) of the Camment [21] are the correct 

results for LTE population distribution, but with different temperatures for the heavy 

particles and electrons. However, the difference between our results and Ref. [20] is 

that in sections 2.1-2.5 this result is a natural consequence of the modified second law 

of thermodynamica Eq. (2.9) and in Ref. [20] is assumed to be correct. 

Another point, related to the previous one, is that although relation (2) in the 

Camment (21] is in agreement with our results we would not use this relation to 

calculate the neutral density in the plasma described in Ref. [20]. The reason is that 

the plasma described in Ref. [20] is in partial LTE, so the ground state density is 

overpopulated compared with the Saha population given by relation (2) in the 

Camment [21]. Thus 

ng 
bg = ng ,saha (2.34) 
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with 

(2.35) 

with b8 > 1 below a certain effective quanturn number p. Note that our definition 

[22],[23] of the b-factor is different from that in Ref. [21], but it is more commonly 

used [24],[25] in the literature. This definition is to our opinion more logica!, as in any 
situation there is always a level N which is in equilibrium with the continuurn [13]. 
For low ne this N will be a large number, for high densities it is N = 2, or even N = 1. 

In this way we have a natura! norm to with an actual population density can be 

compared. H the level p is in equilibrium with the continuurn then b8 = 1. Therefore 

we agree strongly with metbod 2 in Ref. [20] since this metbod only uses the Saha 
equation for highly excited states. Because the plasma used in Ref. [20) is in partial 

LTE, this is the correct method. The MSE is in disagreement with thermodynamica. 

The condusion of section 2.1-2.5 and [20] is that it leads to non-physical results. 

Now another point is addressed in the Comment : the correct expression for 
equilibrium population of an excited state is desired for two-temperature plasmas of 

which the excitation population distribution is non-LTE below a certain levelp > 1. 

Though this was not the primary aim of the sections 2.1-2.5 it is worthwhile to 

discuss this, as in many situations only partial LTE exists and a Saha norm is 

required to compare a measured excited state density with this norm. However, our 

generalization is given under the assumption of LTE. So even though a level p > 1 

may be in equilibrium and we need a norm (presumably Eq. (2.32)), it is not proven 

as yet whether this is the correct expression in situations in which levels with index k 

< p are not yet in equilibrium with the continuurn (b8 = 1, ij :f: 1 , k < p). It is 
expected that on basis of microscopie reversibility (26], it can be shown that also in 

partial LTE the same norm exists. A denvation on the basis of thermodynamics has 

not yet appeared. However, we expect that the result will be equal to Eq. (2.32). It is 

indeed necessary to prove this because it is most valuable for non- or close to partial 

1 TE situa.tions. 

Our objection to Eq. ( 4) in the Comment [21] is that it introduces another 

two variables which in principle need to be measured. So the use for the proposed 

relation for experimental situations is questionable. 



Thermodynamic generalization ... 15 

Beferences 

[1] M. Mitchner and C. Kruger, "Pa.rtially Ionized Gases" (Wiley, New York, 1973) 
[2] L.M. Biberman, V.S. Vorob'ev and I.T. Yakubov, "Kinetics of Nonequilibrium Pla.sma.s" 

(Plenum Press, New York, 1987) 
[3] J.A.M. van der Mullen and M.C.M van de Sanden, ESCAMPIG 9, Lissabon, 239 (1988) 
[4] I. Prigogine, Bull. Cl. Sc. Acad. R. Belg. 26 53 (1940) 
[5) A.V. Potapov, High. Temp. 5 48 (1966) 
[6] S. Veis, Czechoslovak Conference on Electronics and Vacuum Physics, Ed. L. Paty 

(Charles University Pra.gue, 1968) 
[7] H.G. Thiel, Wiss. Ber. AEG-Telefunken 44 123 (1971) 
[8] K.C. Hsu, Ph. D. Thesis, University of Minnesota, Minneapolis, USA (1982) 
[9] G. Ecker and W. Kröll, ICPIG 5, Pa.ris, 64 (1964) 
[10] A. Morro and M. Romeo, J. Plasma Pbys. 39 41 (1988) 
[11] D. Kannappan and T.K. Bose, Pbys. Fluids 20 1668 (1977) 
[12] M.L. Mittal and G. Pa.ran Gowda, J. Appl. Pbys. 59 1042 {1986) 
[13) J.J.A.M. van der Mullen, B. van der Sijde and D.C. Schram, Phys. Lett. 96A 239 (1983) 
[14] T.L. Eddy, J. Quant. Spectrosc. Radiat. Transfer. 33 197 (1985) 
[15] D.N. Zubarev, "Nonequilibrium Statistica! Thermodynamica" (Plenum, New York, 

London, 1974) 
[16] D.B. Boercker and R. M. More, Phys. Rev. A 33 1859 (1986) 
[17] L. Landau and E. Liftshitz, "Statistica! Physics" (Pergamon, London, 1968) 
[18] E. Riehley and D.T. Tuna, J. Appl. Phys. 53 8537 (1982) 
[19] J.A.M. van der Mullen, M.C.M. van de Sanden, P. Brienesse, and A. Peeters, ICPIG 19, 

Belgrado, 1989 
[20] V. Bakshi and R.J. Kea.rney, J. Quant. Spectrosc. Radiat. Transfer. 41 369 (1989) 
[21] V. Bakshi, Phys. Rev. A 42 5273 (1989) 
[22] B. van der Sijde, J.J.A.M. van der Mullen and D.C. Schram, Beitr. Pla.smaphys. 24 447 

(1984) 
[23] J.J.A.M. van der Mullen, B. van der Sijde and D.C. Schram, Pbys. Lett. 19A (1980) 51 
[24] J.G. Baker and D.H. Menzel, Astr. Phys. J. 88 52 (1938) 
[25) M.J. Seaton, Mon. Not. R. Astr. Soc. 127191 (1964) 
[26] J.A.M. van der Mullen, Spectrochim. Acta 44B 1067 (1989} 



16 The ez-panding plasma jet: Erperiments and Model 

3 Generalized law of rnass action for a two-ternperature plasma 

The Zubarev formalism is applied to a two-temperature plasma to obtain the 

generalized law of mass action. This is done for arbitrary heat flow between the 

electrans and the internal states of the heavy particles on the one hand and the 
kinetic degrees of freedom of the heavy particles on the other hand. In the case of zero 

heat flow the results previously reported are recovered. Applying the outcome of the 

calculation to a simple plasma of Rydberg atoms and ions, the Saha equation is 

changed. The difference can be expressed in a correction factor that depends on the 

mass ratio of the electron to the heavy particle, the difference in temperature, and on 

the specific atomie structure. For argon plasmas the correction factor is small. For 

hydragen plasmas the results indicate a correction on the order of 10 % depending on 
the plasma conditions. 

3.1 Introduetion 

The influence of the heavy particles on the ionization equilibrium for two

temperature plasmas is still uncertain, but is usually assumed to be small. There are, 

however, thermadynamie derivations that yield a Saha equation in which the heavy 

partiele temperature Th plays an important role [1,2]. In a recent paper [3] it was 
demonstrated that these derivations are based on an improper generalization of the 
second law of thermodynamics for a two-temperature plasma. By making a correct 

extension of the second law, a· new thermadynamie function for two-temperature 

plasmas was defined that is a generalization of the free energy function in the case of 

thermadynamie equilibrium. Using this generalized free energy the Saba equation for 

two-temperature plasmas was derived in which only the electron temperature 

appeared. This result is in agreement with derivations using kinetic arguments [4] and 

the principle of minimal entropy production [5]. 
However, all the mentioned derivations neglect the energy flow from the 

kinetic degrees of freedom of the heavy particles to the electrons and the internal 

states of the heavy particles. This energy flow is mediated through elastic and 

inelastic collisions between heavy particles and electrons. 

In this paper we want to calculate this influence on the ionization equilibrium 

explicitly using a nonequilibrium formalism. In this respect our objective is totally 

different; i.e., we take into account the mentioned heat flow from the beginning. The 
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derived results of Ref. [3] should then appear as a limiting case in which the heat flow 

is set equal to zero. The nonequilibrium formalism we use takes into account 

nonlinear effects; i.e., large temperature differences between electrons and heavy 

particles, and thus large heat flows are allowed in the modeling of the plasma. 
Therefore, the derivation by Ecker and Kröll [5), who used thermodynamica of 

irreversible processes, should be contained in our result as the linear case, i.e., small 

temperature differences and heat flows. 

The outline of the paper is as follows. In section 3.2 we introduce the plasma 

model used throughout this paper. Section 3.3 is devoted to the nonequilibrium 

formalism in enough detail to provide background for the calculations done. 

References are given for more details about the nonequilibrium formalism. In section 

3.4 the formalism is applied to the model to derive the general equation for 
two-temperature plasmas. In section 3.5 the results of section 3.4 are used for a 

two-temperature plasma that consists of Rydberg atoms and ions together with 

electrons. Finally, insection 3.6 a discussionfellows and conclusions are presented. 

3.2 Plasma model 

We consider two-temperature plasmas composed of electrons, neutral 

particles, and singly ionized ions of the same species. Both heavy particles and 
electrens have a Maxwellian velocity distribution with the kinetic temperatures Th 

and Te, respectively. The internal states of the heavy particles are governed by the 

electrans due to the small mass ratio me/mh; i.e., the accupation of the excited states 

of the neutral particles and ions is given by a Boltzmann distribution with T = Te. 

The influence of the heavy particles on the internal state accupation is neglected. 

These assumptions imply that we assume the two-temperature plasma to be in local 

thermadynamie equilibrium (LTE) with different temperatures for the heavy particles 

and the electrons. Transport and radiation processes are not considered. The class of 
plasmas, in which, besides a difference in temperature, also an over or under 

population of the ground state of the neutrals occurs, the so called Partial Local 

Thermodynamic Equilibrium (PLTE) state, is not considered here. However we 

believe that it is a. minor extension of the principles demonstrated in this work. 

Reference [6] was devoted to this subject. 

Since the tempera.ture of the electrons and the heavy particles is different, a 

heat flow exists which is in the order [7] 
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(3.1) 

In Eq. (3.1) Teh is a characteristic collisiontime for momenturn transfer between the 
electrons and the heavy particles, ne is the electron density, and kt> is the Boltzmann 
constant. The heat flow in Eq. (3.1) is proportional to the mass ratio me/mh, which is 

small in all practical circumstances. Therefore, Qeh is always very small if the 

temperature differences are not too large. If we neglect the heat flow Qeh the Saha 
equation is given by 

(3.2) 

in which only the electron temperature Te appears. In Eq. (3.2) n8 and n! are the 
number densities of particles in the level p of the ions and the level q of the neutral 

particles, g~ and o! the conesponding degenerades of these levels, E! - E8 is the 
energy difference (including the possible lowered ionization energy), and h is the 

Planck constant. Equation (3.2) is derived in Ref. [4] using the principle of 

microscopie reversibility. In Ref. [3], Eq. (3.2) is derived using the correct 
generalization of the second law of thermodynamics to situations of partial 

· equilibrium, in contrast to the derivations in Refs. [1] and [2]. The latter therefore 

lead to an incorrect Saha equation. Ecker and Kröll [5] derived the Saba equation 

assuming that Eq. (3.1) is small but not zero. In this case, thermodynamics of 

irreversible processes is applicable, since disturbances of the equilibrium are assumed 

to be small. They also arrived at a Saha equation having the form of Eq. (3.2) in the 

limit of zero heat flow. In this paper we want to calculate a generalized Saba equation 

including the heat flow Eq. (3.1) using the nonequilibrium formalismof Zubarev [8). 

3.3 The Zubarev formalism 

The Zubarev formalism [8) is an extension of the thermodynamics according 

to Gibbs and provides a metbod to construct statistica! operators for nonequilibrium 

systems. The Gibbsian metbod is formulated in Refs. [8) and [9). The ex.tension of 

Zubarev is to generalize the integrals of motions on which the statistkal operator can 

depend. Since we want to consider partiele and energy exchange, we have to 

generalize the number or density operators and the energy operators of the different 
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subsystems a. In the case of energy and particles exchange, the nonequilibrium 

statistica.! operator (NSO) is given by 

p = Q·1ezp(-:E (f3o. .Ra -1Laf3o. .Ka)) 
Q 

Q = 5"-t( exp( -:E (f3o.~ -~tcJ1o. .ffo.))) • 
Q 

(3.3a) 

(3.3b) 

Here s:tmeans that the trace has to be taken, f3o.=l/(~To.), while Ta and #o. are the 

temperature and chemical potential of the subsystem a, respectively ~ and ~are 

given by 

0 

~ = e J exp(Et) Ho.(t) dt, (3.4a) 

-m 
0 

~ = e J exp(tt) No.(t) dt, (3.4b) 
-11) 

where Ha and Na are the Hamiltonian and the partiele number operator of the 

subsystem a, respectively. The time dependenee in Eqs. (3.4) of Ho.(t) and No.(t) is 

prescribed in the Heisenberg picture of quanturn mechanics by 

A(t) = exp(21fiHt/h) A exp(-21fiHt/h). (3.5) 

Here H is the total Hamiltonian given by H = :E Ha + V ( summation over the 

subsystems a), and V is the interaction Hamiltonian between the different subsystems 

a. It can be easily shown [8] that ~ and ~ are local integrals of motion in the limit 

el 0. The NSO, Eqs. (3.3), is a salution of the quanturn Liouville equation 

~~m = [H,p] (3.6) 

in the limit e l 0. 

Using the NSO, the mean values of the operators Ho. and Na can be 

calculated : 
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(3. 7a) 

(3.7b) 

In Eqs. (3. 7) the subscript 1 refers to the averaging over the local equilibrium operator 

given by 

Pl = Qi1 exp( -E (f3a.Ho.- JJ.o.f3o.No.)) 
a 

~ = S-t ( exp( -E (f3o.Ho. - JJ.o.f3o.N o.))) . 
a 

(3.8a) 

(3.8b) 

The local equilibrium operator is the NSO in the case where the interaction 

Hamiltonian V is equal to zero, and it plays a crucial role in the Zubarev formalism, 

which is reflected in the definition of the nonequilibrium entropy S: 

(3.9) 

The entropy is defined in this manner because if the form 

S=. -kb <lnp> (3.10) 

were be used, this would lead to no entropy production, since the NSO and ln p are 

solutions of the quanturn Liouville equation. Equations (3. 7) are a special case of the 

more general way to calculate the mean value of an operator A : 

<A> = S.z(pA) . (3.11) 

Note that in the Zubarev formalism the averages of the operators conjugate to the 

thermodynamic parameters f3o. and f3o.JJ.o. are defined in terms of the local equilibrium 

operator (see Eqs. (3. 7)). 

3.4 Derivation of the generalized law of mass action 

Since we are interested in the ionization equilibrium, the problem is to , 
calculate <Ne>, i.e., 
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<Ne> = _ <[Ne,I:i]> ' 

ih 
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(3.12) 

, 
where we use the Heisenberg representation. To calculate <Ne> we have to know p 

and H explicitly. Rewriting Eqs. (3.4) leads to 

0 

~ = Ho.- I exp( ft) Ho.(t) dt, (3.13a) 

~ 

0 

.A"o. =No.- Iexp(ä) No.(t)dt. (3.13b) 

-m 

Substituting Eqs. (3.13) into Eqs. (3.3) we get 

0 0 

p = Q·1exp( -~ (.Bo.Ha-P.afio.N a -Po. I exp( tt)Ha.( t) dt+p.oft0J exp( Et)N o.( t) dt)) , 
--m --m 

(3.14a) 

0 0 

Q = .n( exp( -~ (.Bo.Ho.-P.afio.No.-.Bo. I exp( Et)Ho.( t)dt+JI.afJo. J exp( <t)No.( t)dt))) . 
--m --m 

(3.14b) 

We expand p to first order in the fluxes, which is allowed since the fluxes are assumed 

to be smal!. Following Zubarev [8] we have 

with 

1 

p r; Pl(l+ J(exp(-Ar) B exp(Ar)- <exp(-Ar) B exp(Ar)>l)d-r) 
0 
1 

= PI(l+ JCB(r)- <B(r)>l)dr), 
0 

(3.15a) 

(3.15b) 
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A= E (/3aHo.- J.La/3aNo.) (3.16) 
a 

and 
0 0 

B = ~ (PaJ exp( Et)Ha.( t)dt- J.Lai3o.J exp( et) Na( t)dt) . (3.17) 
'"ill '"ill 

' 
Substituting Eqs. (3.15)-(3.17) into <Ne> Eq. (3.12) we obtain 

I 

<Ne> = E (Lil li Pa- LN :N J.La/3o.) , 
a a e a e 

(3.18) 

with the kinetic coefficients equal to 

0 1 

LHJ•e = J exp(et)dt J <HaNe(t,r)>dr, {3.19a) 

-al 0 

0 1 

LNo.Ne = J exp(ä)dt J <NaNe(t,r)>dr. (3.19b) 
-m 0 

The r dependenee refers to the r dependenee in Eqs. (3.15). In the derivation of Eq. 

(3.18) we made use of the fact that there are no fluxes in the local equilibrium state, 

i.e., 

(3.20a) 

(3.20b) 

To calculate the kinetic coefficients we need the explicit forms of Ha and Na· The 
I I 

fluxes Ha and Nathen follow from Eq. (3.12), i.e., the calculation of the commutator 

with the total Hamiltonian H. Here we use the second quantized form for the 

Hamiltonians and number operators. The Hamiltonians of the internal states of the 

neutral particles and ions, respectively, are 

.mnt = E E~nt.o btbp ' 
p 

(3.21a) 
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r~"~nt _ '(\ Eint.i ctc 
.ll{ - ü q q q ' (3.21b) 

q 

and for the kinetic degrees of freedom for electrons, neutral particles, and ions, 

respectively, are 

He = l: Ei aiak , 
k 

min= l) Sfin.O dÎdl' 
l 

fi\1n = 1: E~in.i Jem . 
m 

(3.21c) 

(3.21d) 

(3.21e) 

Here a! and an {n = p, q, k, l, and m} are creation and annihilation operators and E% 
is the corresponding energy of a partiele in the state n, of the subsystem a {a = a, b, 

c, à, and e}. The interaction within the subsystem a is included in the energy 

spectrum b%· The partiele number operators for the internal states are given by 

(3.22a) 

(3.22b) 

and for the kinetic degrees of freedom for electrons, neutral particles, and ions are 

given by 

Ne= E aiak, 
k 

.hiin = l: dtd1, 
l 

.N\in = 1: Jem . 
m 

(3.22c) 

(3.22d) 

{3.22e) 

The Hamiltonians in Eqs. (3.21) describe no interaction between the different 
subsystems a. Since the kinetic coefficients Eqs. (3.19) are a kind of correlation 

coefficients only those interactions for which the electron partiele number changes 
I 

have to be considered in calculating <Ne>· Therefore, the only interaction of 
importance in our plasma model is (see section 3.2) 
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e + A~ t-t e + e + Aq_ . (3.23) 

Writing the interaction Eq. (3.23) in the second quantized form we have 

* The matrix elements <I>f}filq and (<I>f}filq) correspond to the well-known T-matrix 

elements, which are assumed to be known from other calculations. 

The fluxes in the Heisenberg representation are calculated using the (anti-) 

commutator rules for the creation and annihilation operators [10] for bosons and 

fermions, respectively : 

[a1,,8j]_ = a1.8j- .8ja1 = óol3óij , 

[a1,.8J]+ = a1.8J + .8Ja1 = óol38iJ . 

(3.25a) 

{3.25b) 

Here we assume that the neutrals are bosons and the ions are fermions. This choice is 

arbitrary in the limit of nondegenerata systems, which is the limit we consider here. 

The calculated fluxes are substituted into the kinetic coefficients. We obtain after 

some algebra 

with 

' 81r 2 kT ' '-1 * <Ne>=n- .~ . ~ ó(E Ea.) (<I>I'J'lfi'q')(<I>tJ~) x 
tJmq t'J'm'q' a 
kl p k'l'p 1 

[ ( ~nt.i~in.i(l +~nt.0)(1 +nfin.O)ninj(1-ni) -

(1-~nt.i)(1~in.i)~nt.Onfin.0(1-nj)(1-nj)nf)bkk·Ön•Ópp'Ói!•Ójj'Ómm•Óqq' + 

2 [n~nt.i~in.i(l+~nt.o)(l+nfin.O)ninjnfi•

(1-n~nt.i)(1~in.i)~nt.Onfin.Oni(1-nj)ni·)bk•t•Ón·Ópp'Ókiêjj·Ómm•Óqq'] 

l') Eo. =E~nt.i + E~in.i + Ei + Ej _ E!nt.o _ ~in.o _ EJi 
tl 

(3.26a) 

(3.26b) 
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The Dirac 5 function refers to the conservation of energy, and flit are the occupa.tion 

numbers given by 

(3.27) 

where the plus sign refers to fermions and the minus sign to bosons. In the calculation 

leading to Eqs. (3.26) the theerem of Wiek (lO],[H] was used and the limit e ! 0 was 

taken. In our case we use the nondegenerate case, i.e., ng « 1. This means that there is 

no distinction between bosons and fermions, and the degenerate phenomena are 

disregarded (these are the (1 :1: n%) termsin Eq. (3.26a) due totheuse of the (anti-) 

commutator relations {Eqs. (3.25)). Then Eq. (3.27) becomes 

(3.28) 

Substituting Eq. (3.28) into Eq. (3.26a) and using the fact that ni} « 1 we obtain 

Some comment on the structure of Eq. (3.29) may be well in place here. Equation 

(3.29) seems to be undetermined because of the Dirac 5 function. However, in 

practice, when Eq. (3.29) is used, the summatien over the kinetic degrees of freedom 

is replaced by an integral over the kinetic energy ~ using the concept of the density 

of states [4] : 

(3.30) 
n all 

stat es 
with 

(3.31) 

In Eq. (3.31) 'Y is the volume of the system. 
' Now let us return to Eq. (3.29). In the stationary case <Ne> = 0. 
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Rearranging terms and using Eqs. {3.28) and Eq. {3.29) we obtain 

ln( -~ 8(:E Ec.) I lf?i}l6q!2exp(-,8eE4nt.i- PbE~in.i- .Be( Ei+ bj)))
lJmq a 
klp 

ln( -~ 8(:E Ea)l lf?f}l6ql2exp( -.BeE~nt.o- ,Bh.Efin.O- .Be.Ei) 
tJmq a 
klp 

- ln($/ fJt,). (3.32) 

Equation (3.32) is the generalized law of mass action, and Vn are the stoichiometrie 

coefficients of the reaction Eq. (3.23). The three cases already mentioned in the 

introduetion follow immediately from Eq. (3.32). In thermodynamic equilibrium .Be = 
Pb = ,8 and thus 

,8 E V oP-a = 0 . 
a 

From this relation the Saha equation can be obtained directly [9] : 

(3.33) 

(3.34) 

If (.Be-.Bh)(.Efin.o_E~in.i) < 1, then the right-hand side {RHS) of Eq. (3.32) is 

expanded into powersof (.Be-.Bh)(.Efln.o_E~in.i). This leads to 

:E V a.BoJ.I-o. = (,8e-,8h)t::,. Ol ' 
a 

(3.35) 

with !::. 01 the mean value of the heat exchange between the electrons and the heavy 

particles. !::. 01 is in the order of m6 /mh. This is the case that can also be derived using 

the principle of minimum entropy production and is in agreement with the derivation 

of Ecker and Kröll [5]. If we neglect this heat flow we retain Eq. (3.33); however, for 

different temperatures, 
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E Vr:JloJLo. = 0 . 
a 
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(3.36) 

In this case Eq. (3.36) leads to a Saba. equa.tion in which only the electron 

tempera.ture a.ppears [3]. On the other hand, Eq. (3.35) indicates tha.t the heavy 

partiele temperature plays a role in the first order of me/mh. Equation (3.36) also 

justi:fies the extension of the secoud law of thermodynamics for a multi-temperature 

plasma as proposed in Ref. [3] in contradiction to the extension proposed by several 

other authors [1],[2),[12]. 

Another aspect of Eq. (3.32) also follows directly. If the RHS is nonzero this 

can only lead to an equal overpopulation or underpopulation of the excited levels of 

the neutral particles. This is due to the fact that the Boltzmann distribution is still 

assumed for the excited level distribution. Therefore, all states have to shift in the 

same manner. 

If the transition probabilities are known we can calcula.te the RHS of Eq. 

(3.32) explicitly. The next sectionis devoted to the calculation of the RHS in the case 

where the transition probabilities are given by a threshold behavior. 

3.5 Calculation of the RHS of Eq. (3.32) for Rydberg atoms 

Since the RHS of Eq. (3.32) is a ratio of two terms proportional to I <I>~J~I 2, 

the precise structure of these transition probabilities as a function of the energies E1} 

is of minor importance. To get an impression of the order of magnitude of the RHS we 

assume a simple form for I <1>~}~1 2 : 

and 

I<I>\}Eql 2 = c 
for .Efin.o- ct(me/mh)112 - c2(me/mh)- c3(me/mh)312 

~ E&in.i ~ 

.Efin.o + c1(me/mh)112 - c2(me/mh) + c;(mefmh)312 

outside the above interval, 

(3.37) 

where c11 c2, c3, and c; are functions of the energies E~nt.i, E}f, Ej, E~nt.o, .Efin.o, and 
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Ei and are given in Appendix A. The constant C is arbitrary, since Eq. (3.32) 

contains the ratio of .Z' and ~. The assumption of constant transition probabilities 

I <P~}gql 2 corresponds to a phase-space calculation, since it takes account of the 

volume of the phase space available to the final particles [13]. If l = min I<P~}föqj2, 

then the transition probabilities I .Pf}gql 2 are equal to the transition probabilities 

usually calculated in the literature. In these cases the heavy particles are assumed to 

have infinite mass, and thus no kinetic energy of the heavy partiele is used in the 

ionization reaction. The upper and lower borders in Eq. (3.37) are determined by a 

combination of the energy and momentum equations for the reaction Eq. (3.23). The 

derivation of the borders is simHar to a trea.tment in Ref. [14] in the case of an elastic 

callision between an electron and a heavy particle. 
The terros of the numerator and denominator in the RHS of Eq. (3.32) differ 

by a factor of exp((Pe- Ph)(Efin.o- E~in.i)). On the basis of Eq. (3.37) the term 

(Pe- Ph)(.Bfin.o- E~in.i) is on the order of (me/mh)l/2• This is, however, the linear 
term and since Eq. (3.37) is anti symmetrie in the difference (Efin.o- E~in.i) this 

means that · the nurnerator and the denominator are equal to each other to the order 

(me/mh)112 and thus the RHS of Eq. (3:32) vanishes. A similar reason holds for the 

term of order me/mh. Therefore, we have to take into account (mefmh)312 terms. The 
total result, however, will still be of the order me/mh, in agreement with Ref. [7], 
since the ratio of .Z' a.nd ~ is considered. On this result we already anticipated in the 
discussion of Eq. {3.35). 

Using the transition probabilities I .Pf}gql 2 of Eq. (3.37) and changing the 

summatien over the kinetic degrees of freedom of the electrans and heavy particles to 

an integral using Eqs. (3.30) and substituting it into the RHS, we obtain after some 

elementary calculus 

(3.38) 

Here jjland tl are given by 

(3.39a) 

(3.39b) 
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with .6pq the ionization energy from the neutral state p to the ion state q, i.e., 

(3.40) 

The functions tJ and .!iJ determine the heat exchange between the kinetic degrees of 

freedom of the electrans and the kinetic degrees of freedom of the heavy particles. The 
• * 

explicit forms of N (Pe.6pq) and T (PeLlpq) are given in Appendix B. Note that the 

RHS of Eq. (3.38) contains a factor me/mh(l-Pe/Ph) and one which depends on the 

specific atomie structure of the species considered. Note, furthermore, that the RHS of 

Eq. (3.38) has the much-desired feature that for Th -+ 0, i.e., i3h -+ m this prefactor 

remains finite and that for Pe = JÎh the prefactor is equal to zero. This means that the 

old situation Eq. (3.36) is recovered. 

For Rydberg states [4J, 

(3.41a) 

(3.41b) 

(3.41c) 

gt = 1. (3.41d} 

with the Rydberg constant equal to 

flt:y:=" 13.6 eV . (3.42) 

In Eq. (3.41b) g~ is the degeneracy of the remaining core of the Rydberg state, i.e., 

exclusive of the degeneracy of the outer excited electron which is represented by the 

2p2 dependence. In calculating the RHS of Eq. (3.32) we omit the internal structure of 

the ions. For different ratios of Pel JÎh the RHS of Eq. (3.38) versus Pe :# flt;lis 
depicted in fig. 3.1. We have ealculated the RHS for two cases : Z= 1, gq = 1 and 

me/mh = 1/1836, i.e., a hydragen plasma and for Z = 1, gq = 6 and me/mh = 
1/{40,.1836), i.e., a singly ionized argon plasma. It can be shown that an equation of 

the form Eq. (3.38} leads to an overpopulation or underpopulation factor [4],[6] given 

by 
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(3.43) 

in which ~aha. is given by Eq. (3.2). From Eq. (3.38) we deduce that óbp is given by 

(3.44) 

Equation (3.44) is easily obtained by using the explicit form for the chemical 

potentials for which we take here the partial equilibrium form [15]. Note that, as 

already mentioned, óbp is independent of the state p, i.e, all the levels p shift in the 

same manner due to the RBS of Eq. (3.38). Note, furthermore, that 6bp as defined 

here is the ratio of the nonequilibrium Saha equation for the L TE situation and the 

altered Saha equation for the LTE situation with different temperatures for heavy 

particles and electrans calculated using the Zubarev formalism. 

As can beseen from fig. 3.1, for high electron temperatures, i.e., low /Je q; fltjls 

the RBS of Eq. (3.38) becomes a constant depending on the ratio /3e/f3h· For /3e/13b > 
1 the difference in temperature leads to an overpopulation, i.e., óbp > 0, of the exeited 

states. The magnitude of the constant depends strongly on the ratio me/ mh and on 

/3el/3h and is in the case of a hydragen plasma a few percent (fig. 3.1a). The 

dependenee on /Je/ /3h in the case of hydrageil might be observable in fusion plasmas, 

although the effect is small and difficult to measure. For low electron temperatures, 

i.e., /Je q} !ltjt> 10 the RHS of Eq. (3.38) becomes larger for increasing /Je :iJ. flt;t· In 

the case of a hydragen plasma of /3el/3h ~ 0.8 and Te= 0.20 eV, i.e., /Je q}Ry ~ 68, 6bp 
is in the order of 6 %. This effect could be important in inductively coupled plasmas 

or expanding plasma jets. For argon, the effect for the same conditions is in the order 

of 1 %, which in practical circumstances is negligible. Bowever, in the case of argon, 

the overpopulation due to a difference between the electron temperature and the 

heavy partiele tempera.ture is, for instance, for plasmas in the partiallocal equilibrium 

state [4], compara.ble with overpopulation due to nonequilibrium effects caused by 

inelastic electron heavy partiele collisions. Bowever, in this case both effects are 

small. 
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3.6 Discussion and conclusions 

We have demonstrated tha.t the Zuba.rev formalismis suitable to ca.lculate 
the genera.lized law of mass action in two-temperature plasmas. From the result three 

cases are derived. In the case where the heat flow between electrons and heavy 

particles is equal to zero, the Saha equation with the electron temperature replacing 

the thermodynamic temperature is retained. This in agreement with Ref. [3], 

indicating that the extension of the second law of thermodynamics proposed in that 

paper is the correct one. lf the heat flow is smal!, the linear case can be derived from 

Eq. (3.32). The result is in agreement with the result obtained by Ecker and Kröll [5]. 

A new result based on Eq. (3.32) is the nonlinear case. From this result it is shown 
that in the case of a simple plasma, i.e., a threshold behavior for the transition 

probabilities I i1>i}lfi.ql2 and Rydberg structure for the internal states of the neutral 

particles, the Saha equation depends on the heavy partiele temperature to the order 

me/mh. This order can also be estimated using the principles of microscopie 

reversibility [4] and minimum entropy production [5]. The calculation for a hydrogen 

plasma showed that the deviation from the Saba equa.tion with T = Te can be 

significant for low electron temperatures (Te< 0.5 eV) and Th/Te< 0.8. This could 
have implications for diagnostics based on the Saba equation, such as spectroscopy, 

especially in the determination of the electron density by an extrapolation metbod 

[16]. The errors in ne due to this effect could amount toabout 10% depending on the 

' The Zubarev formalism can also be used to determine <Ha> in our model. 

This could indicate the validity of the assumption of Maxwellian velocity distribution 

for kinetic degrees of freedom and for the Boltzmann distribution for the internal 

states of ions and neutrals. 

Appendix A 

The coefficients c1 and c2 are equal to 

c2 = 2Efin.o (Bi+E&nt.LE~nt.L.Ej)-112 
" ((E'i)I/2+(Ej)112+!(Bi+E<int.L~nt.o_.Ej)112). (A.2) 
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* It can be shown that the explicit forms of c3 and c3 are not necessary in the 

calculation of the RHS of Eq. (3.32) to the order (mefmh)312. This is a consequence of 

the fact that to the order (mefmh) 112 the numerator and denominator are equal. 

Because of this the terros containing c3 and c; drop out. The results for c1 and c2 can 

be obtained from the moroenturn and energy balance for the reaction (3.23), taking 

into account that me/ mh is small. 

AppendixB 

* * The functions T (f3e11pq) and N (f3e11pq) are given by: 

and 

* T (f3e11pq) = 

6+-ft1f+ 

(!fle11pq) (6 + 1f + 1tf- Bt(!fle11pq)) + 

(!fle11pq)2 (- i1r-m Bo(!fle11pq)- ffi Bt(!fle11pq)) + 

(!fle11pq)3 (4 -i1f + 1*1 Bonf3e11pq) + 'ÎH Bt(!fle11pq)) + 

(!fle11pq)4 (- !W Bo(!fle11pq) + fW Bt(!fle11pq)) 

* N (.8e11pq) = 
t1f + 
(!fle11pq) (!11' + f Bt(!fle11pq)) + 
(!f3e11pq)2 (!11' +ti Bo(!.Be11pq) + Tt Bt(!.Be11pq)) + 

(!,Be11pq) 3 (yf Bo(!.Be11pq) + Tf Bt(!.Be11pq)) 

here B0(x) and B1(x) are given by 

B0(x) = exp(x) K0(x) , 

Bt(x) = exp(x) K1(x) , 

where K0(x) and Kt(x) are modified Bessel functions. 

(B.l) 

(B.2) 

(B.3) 

(B.4) 



34 The expanding plasma jet: Experiments and Model 

Heferences 

[1] A.V. Potapov, High. Temp. 4 48 (1966). 
[2] I. Prigogine, Bull. CL Sci. Acad. R. Belg. 26 53 (1940). 
[3] M.C.M. van de Sanden, P.P.J.M. Schram, A.G. Peeters, J.A.M. van der Mullen and 

G.M.W. Kroesen, Phys. Rev. A 4D 5273 (1989). 
[4] J.A.M. van der Mullen, Phys. Rep. 191 109 (1990). 
[5] G. Ecker a.nd W. Kröll, ICPIG 5, Paris, 64 1964. 
[6] M.C.M van de Sanden, P.P.J.M. Schram, J.A.M. van der Mullen a.nd D.C. Schram, 

Phys. Rev. A 42 2461 (1990). 
[7] S.I. Braginskii, "Reviews of Plasma. Physics", ed. M.A. Leontovich (Plenum, New York, 

1965). 
[8] D.N. Zubarev, "Nonequilibrium Statistica.! Thermodyna.mics" (Plenum, New York, 1974). 
[9] L. Landau and E. Liftshitz, "Statistica! Physics" (Pergamon, London, 1968). 
[10] F. Mand!, "Introduction to Quanturn Field Theory11 {Interscience, New York, 1959). 
[llj G.C. Wiek, Phys. Rev. 80 268 (1950). 
[12] D.B. Boercker a.nd R..M. More, Phys. Rev. A 33 1859 (1986) 
(13] J.R. Ta.ylor, "Sca.ttering Theory 11 (Wiley, New York, 1972). 
[14] L. Landa.u a.nd E. Liftshitz, "Mecha.nics" (Pergamon, London, 1968}. 
[15] A. Morro a.nd M. Romeo, J. Plasma Phys. 39 41 (1988). 
[16] B. van der Sijde and J.A.M. van der Mullen, J. Quant. Spectrosc. R.adia.t. Transfer 44, 39 

(1990). 



Model 35 

4 Model 

In thls chapter, a model for the free expanding plasma jet in argon· is 

presented. Anticipating on the results (chapter 7), the main characteristics of the 

plasma jet are a supersonic expansion into vacuum, foliowed by a stationary shock 

front. After the shock front, the plasma expands further subsonically. For a correct 

model, it is necessary to take into account the nonequilibrium effects on the transport 

phenomena. These nonequilibrium effects manifest themself through a temperature 

inequality between the heavy particles and the electrons, an ionization nonequilibrium 

and a difference between the veloeities of the heavy particles and of the electrons. The 

temperature inequality and the difference in velocity is due to the small mass ratio of 

the heavy particles and electrons. The effect of the temperature nonequilibrium on the 

ionization equilibriumfora LTE situation was discussed in chapters 2 and 3. 

Sectien 4.1 deals with the basic equations and assumptions. Insection 4.2 the 

equations are applied to the supersonic expansion of a plasma. The influence of the 

mentioned nonequilibrium effects on the plasma flow properties is discussed. Section 

4.3 is devoted to the properties of the shock front. The differences between the 

structure of a neutral gas shock front and the structure of the plasma shock front are 

explained. In sectien 4.4, the plasma. flow bebind the shock front is shortly discussed. 

Section 4.5 is devoted to the discussion of. the numerical implementation of the 

derived equations. 

4.1 Basic equa.tions and assumptions 

The plasma considered throughout this thesis, consists of three species, 

namely electrons, neutral particles and singly ionized ions. They will be denoted by 

the subscript e, 0 and i, respectively. The continuity, momenturn and energy 

equations of the different species are derived by calculating the zeroth, first and 

second moments of the Boltzmann transport equa.tion using the formalism of 

Braginskii [1], which is applicable if 

1) 
2) 
3) 

4) 

all the velocity distributions are close to local Maxwell velocity distributions, 

the changes in the plasma parameters are gradual (to be specified later), 

the plasma is ideal i.e. the number of particles in the Debije sphere is large 

(in our case typically nnebije ~ 10-20}, 

the turbulence level is so small that this will not effect the transport 
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coefficients. 

The requirements mentioned above are fulfilled, except maybe requirement 2. This 

will be discussed in more detail in section 4.3. 

The Boltzmann transport equation is given by 

(4.1) 

where fa(r,'ll,t) is the distribution function of the species a (a = O,i,e), B is the 

magnetic induction, Eis the electric field, Vv the gradient in the velocity space and qa 

the charge of the specie a (qa = O,e,-e for respectively a= 0, i and e). The Boltzmann 

transport equation describes the time evolution of the distribution function in the six 

dimensional phase space. The right hand side of Eq. (4.1) represents the variation of 

fa( r, 'll,t) due to the elastic and inelastic interactions between the different species and 

as a result of radiation processes. The calculation of the moments, using the 

decomposition of the velocity "a in a random component tfa and a drift component wa, 

gives the continuity, momenturn and energy equations [1]. The continuity equation is 

equal to 

~+V· (naWa) = [~] coll-rad · (4.2) 

The right hand side describes the partiele production and destruction due to radiation 

processes and the interaction with other species. The intrinsic momenturn equation is 

given by 

where Pa is the partial pressure of the species given by 

( 4.4) 

In Eq. (4.3) IIa is the viscosity tensor for the species a and Ra is the momenturn 

transfer from the different species to species a. The intrinsic energy equation is given 

by 
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where ga, is the heat flux of the species a and Qa is the heat transfer from the different 

species to species a. Equations ( 4.2) to ( 4.5) together with the equation of state for 

the total pressure p 

and the Maxwell equations [2] 

V·B= 0, 

V·E=f!..cl. 
fo ' 

àB 
VxE=-ar, 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

form a closed set of differential equations. In Eq. ( 4.8) and ( 4.9) p,0 and fo are, 

respectively, the permeability and permittivity of vacuum, j is the current density 

and Pel is the charge density defined by 

(4.11) 

(4.12) 

Supplied with the appropriate boundary conditions Eqs. ( 4.2)-( 4.10) can in principle 

be solved. However, in practice Eqs. (4.2)-(4.10) are much too complex. Therefore 

assumptions are necessary to simplify the Eqs. (4.2)-(4.10). 

One of the assumptions is that the plasma studied is quasi neutral, i.e., that 

the electron density approximately equals the ion density, 

(4.13) 

In all equations, except Eq. ( 4.12), the ion density is replaced by the electron density. 

In Eq. (4.12) the replacement Eq. (4.13) is not allowed, since even very small 
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differences between the ion and electron densities give rise to large electric fields. 

Furthermore, the plasma studied is stationary and cylindrically symmetrie. 

Another assumption is that the temperatures and veloeities of the ions and 

neutral particles are not too different, so that, with respect to the quantities of the 

ions and neutral particles, they can be trea.ted as the heavy particles. The heavy 

partiele density is introduced, defined by 

(4.14) 

The temperatures and drift veloeities are given by 

{4.15) 

(4.16) 

where a is the ionization degree defined by 

(4.17) 

In fig. 4.1a the rela.xation times for the ion-ion [1], ion-neutral [3], 
neutral-neutral [4], and neutral-ion [3] interaction, respectively, ru, r10, r00 , and roi 
are shown as a function of the temperature Th. In r 10 and r 01, the charge exchange 

mechanism between ions and neutral particles is included [3]. The valnes depicted in 

fig. 4.1a, correspond toa neutral density and ionîzation degree close to the shock front 

(no = 1020 m·3 and ne = 1019 m·3). In fig. 4.1b the mean free paths Àiit Àio• Àoh and 

Àoa are shown. 

In the plasma expansion and in the shock front, the hydrodynarnic approach 

Eqs. ( 4.2)-( 4.6) is validated if a characteristic gradient length L is larger than the 

corresponding cha.racteristic mean free path. For the assumption of a not too different 

velocity and temperature, the friction forces a.nd the energy exchange between the 

ions and neutral particles should be very effective. As can be seen from figs. 4.1 the 

following inequalities hold close to the shock front 

Too < roi, 
ru « r1o , 

Àoo < Àoi, 

Àu « Àio • 

(4.18a) 

(4.18b) 
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---- neutral-ion,--- ion-neutraland ......... ion-ion. 

Note that in the expansion a relation exist between the temperatures and the 

densities. Since Tïo. roi and r 00 depend weakly on the temperature, the main 

dependenee of these collisions times and mean free paths is on the corresponding 
densities. But, as is discussed later, during the expansion the ionization degree does 

notchange very much. Therefore, inequality Eq. (4.18a) remains valid throughout the 



40 The expanding plasma jet: Experiments and Model 

expansion. Furthermore, since the densities increase about a factor of 103 towards the 

origin of the expansion, the times r 00 , Toi and rio and the mean free paths ). 00 , Àoi 

and Àio become a factor of 103 smaller close to the origin. For Tii and Àii> the 

reasoning is different. The relaxation time ru depends on the temperature as (Th)312, 

which means that the dependenee on the temperature is strong. However, if the 

expansion of the ions is nearly adiabatic (see section 4.2.1), the ion density decreases 

as ( Th)312• This means that, if the small dependenee of Tii on the Coulomb logarithm 

[1] is neglected, ru is more or less constant. The ion density close to the origin of the 

expansion is large(::: 1022 m"3) giving a value for ru::: 10·9 s for a temperature of 104 

K. Therefore, the relaxation time for the ion-ion interaction is always much smaller 

than the ion neutral collision time Tio ::: 10·6 s for the same temperature and an 

ionization degree of 10 %. A similar reasoning as for rii holds for Àu. Furthermore, it 

can be shown that Àii is always smaller than a typical gradient length L (::: lQ-3 -

10·2) in the expansion. Both reasons lead to the condusion that the ions have a 

Maxwellian velocity distribution and that the hydrodynamic approach of Eqs. 

( 4.2)-( 4.6) for the ions is validated. For the same reason, i.e. a high density close to 

the origin of the expansion, also Àio « L. This means that in the expansion, as can be 

shown by comparing the force terms in the ion momenturn balance, the friction force 

between the ions and the neutral particles is large. As a result, the velocity of the ions 

and neutral particles is not too different. Similar reasons hold for difference in the ion 

and neutral partiele temperature. The relaxation time r 00 is, for ionization degrees 

not larger than 10 %, always smaller than Toi· Furthermore, as in the ion case, in the 

expansion, ). 00 « L. So the neutral particles have a Maxwellian velocity distribution 

and for the neutral particles the hydrodynamic approach of Eqs. ( 4.2)-( 4.6) is 

justified too. 

Close to the beginning of the shock front (see fig. 4.1a), the characteristic 

gradient length becomes smaller than the mean free paths ). 00, Àio and Àoi· As a 

result, the ions and neutral particles behave independently in this region. 

Furthermore, since ). 00 > L, the assumption of a Maxwellian velocity distribution and 

the hydrodynamic approach becomes invalid, i.e. the neutral gas becomes rarefied. 

However, it is a very small region ahead of the shock front in which these effects take 

place. Therefore the differences with the hydrodynamic approach are small, and thus 

Eqs. ( 4.2)-( 4.6), will be used as a first order approximation of the transport processes 

in the region ahead of the shock front. For the ions the situation is different. Still the 

inequality Àu « L holds due to the strong temperature dependenee in the mean free 

path. As a result of this strong temperature dependence, the expansion of the ions 
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becomes never rarefied. 

Note that the independent behavior of neutral particles and ions becomes 

different for higher ionization degrees. In this case the charge exchange mechanism 

becomes a dominant callision process, resulting in a strong influence on the neutral 

partiele and ion transport properties [4]. 

In the shock front, >. 00 is of the same order as the gradients length of the 

neutral density (::: 2 w-2 m). Furthermore, the neutral particles undergo a shock 

transition independently of the ions. Since >. 00 ::: L, the shock front of the neutral 

particles can not bedescribed properly by the hydrodynamic equations. For the shock 

front region, the Boltzmann transport equation Eq. (4.1) for the neutral particles, 

without the influence of the ions, should be solved. However, as is well known, the full 

Boltzmann description will give results for the shock thickness which may differ a 

factor of two with the hydrodynamic approximation [4],[5],[6]. An important aspect is 

that in the analysis of the neutral partiele shock front, the influence of the ions can be 

neglected. Therefore the results for the shock front in neutral gases can be considered 

to be representative for the neutral particles in the expanding plasma considered in 

the present model. The shock front of the ions is according to the same reasoning, 

independent from the motion of the neutral particles. However, the influence of the 

electrens should be considered in the shock front of the ions. The neutral partiele and 

the ion shock front including the electron effects are considered in more detail in 

section 4.3. 

The use of Eqs. (4.15) and (4.16), for the heavy partiele drift veloeities and 

temperatures, is not meaningful, if the veloeities or temperatures of the ions and 

neutral particles are too different. In the present situation this is only the case, if 

different forces act on the neutral particles or ions. If the main force in the 

momenturn balance is the pressure force, the neutral particles and the ions can be 

treated together. Another situation exist, if an ion rotatien velocity is present due to, 

for example, E" B rotation of a plasma in an applied magnetic field. However, the 

expansion considered is supersonic which means that the drift veloeities are of the 

order of the thermal velocity of the heavy particles. The rotatien velocities, on the 

other hand, are limited by viscosity to a velocity of the order of half the thermal 

velocity [7]. That is, even in the case of a rotatien velocity of the ions and a not too 

high ionization degree, treating the ions and neutral particles tagether remains 

validated. 

In fig. 4.2 the relaxation times for energy exchange (a bout mh/3me larger 

than the relaxation times for momenturn exchange) for the electron heavy partiele 
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interactions are shown as a function of Te· Since Tee = (me/mh)r!i> a.nd because 
inelastic processes can be neglected, the electrons have a Maxwellian velocity 

distribution. If the forces acting on the electrous a.nd on the heavy particles are 

different the electrous will have a different temperature as that of the heavy particles. 

As seen from fig. 4.2, the energy exchange between electrons and the heavy particles 

is always dominated by the electron-ion energy exchange due to the strong Coulomb 

interaction. 

The electron drift motion is, in first order, independent from the heavy 

particles because of the small mass ratio. However, the Coulomb interaction between 

the electrons a.nd ions prevents a large charge separation. Because of this, the motion 

of the ions will be influenced by the electrous a.nd vice versa, through the generation 

of electric fields. In section 4.2, the problem of charge separation and electron motion, 

is discussed in more detail. The electron temperature and drift velocity are denoted 

by Te and We respectively. 

Including the assumptions mentioned, the final equa.tions ca.n be determined 

from Eq. (4.2), (4.3) a.nd (4.5) for the situation that there is no magnetic field. The 
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electron mass balance is equal to 

V· ( f1e tDe) = [ ?t] coll-rad · ( 4.19) 

For the heavy particles the mass balance is given by 

(4.20) 

Here the right hand side is equal to zero, because the total mass is conserved. The 

right hand side of Eq. (4.19) depends on the plasma ionization and excitation 

equilibrium. In section 4.2 the right hand side of Eq. ( 4.19) will be discussed. 

Since the inertia term in the electron momenturn balance is proportional to 

the electron mass, this term is very small compared to the pressure and friction term 

in the electron momenturn balance. Therefore the inertia term is neglected. If the 

term containing the electron viscosity (of the order ( Àee/ L )2 < 1) and the momenturn 

exchange with the neutral particles are omitted (of the order rei/reo < 1), the electron 

momenturn balanceis equal to (B = 0) 

(4.21) 

The momenturn exchange from the electrens -to the ions is reflected in Rei, which is 

given by 

(4.22) 

where 1f given by 

(4.23) 

In Eq. (4.23), rei is the cellision time for momenturn exchange with the ions and a0 , 

equal to 0.51, is a coefficient calculated by Braginskü [1]. The first term on the right 

hand side in Eq. (4.23) is due to the difference in drift velocity between electrens and 

ions. The second term is the momenturn exchange with the ions, because tbe cellision 

rateis temperature dependent. The coefficient -y0, equal to 0.71, is also calculated by 

Braginskii [1]. 
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The heavy partiele momentum balance, in the same approximation as Eq. 

(4.21), is given by (Rio= -Jl!H) 

(4.24) 

In the evaluation of the viscosity all collisions between the ions and neutrals must be 

considered. Hence nh is not simply the sum of the pure ion and the pure neutral 

partiele viscosity. Viscosity effects are important in the shock front, i.e., the directed 

kinetic energy is converted into thermal energy (see section 4.3) by viseaus 

dissipation. Adding Eq. (4.21) and (4.24), the plasma momentum balance results 

(4.25) 

This equation is the equivalent of the Navier-Stokes in fiuid mechanics [6]. If the 

magnetic field is included, a j x B term appears on the right hand side [8]. This force 

is related to the rotatien of the plasma [8] in the presence of a magnetic field. 

The electron energy equation is given by 

(4.26) 

where Qe consists of several terms. The heat souree Qe consistsof Ohmic heating, the 

heating by three partiele recombination, the cooling by elastic cellision with the 

heavy particles and the cooling by ra.diation processes such as two partiele 

recombination, the escape of line radiation and brehmsstra.hlung emission [9]. In 

section 4.2 the exact form of Qe is discussed in more detail. For the heat flux the 
following form is assumed 

(4.27) 

Here ~eis the electron heat conductivity. The energy equation of the heavy particles 

is equal to 

(4.28) 

where ~ is the heat exchange between between the electrens and heavy partieles. A 

similar shape for q'f,_ is assumed as Eq. ( 4.27). Note, that again q'f,_ is not necessarily 
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equal to the sum of pure neutral and pure ion heat conduction [10]. 

In the following sections, the presented equa.tions are used to discuss the 

properties of the expanding plasma jet. 

4.2 The supersonic expansion of a plasma jet 

4.2.1 The adiaba.tie supersonic expansion 

This section begins with a short discussion of the adiabatic supersonic frozen 

expansion of a plasma. The reason for this discussion is that, as is shown later in this 

subsection, the expansion of the heavy particles, including all dissipative terms, is 

almost equal to the adiabatic frozen expansion. The expansion of the electrons, 
however, as is apparent from the electron energy balance, is influenced by the 

dissipative processes. The effect of the dissipative terms on the decrease of the 

electron density in the expansion is small. After the discussion of the supersonic 

frozen expansion of a plasma, the different features of the supersonic expansion of a 

plasma including all the dissipative effects are described. 

By adding Eq. (4.26) and (4.28) neglecting all dissipative effects and taking 

the ionization degree constant, the total energy equation is obtained 

(4.29) 

where pis the mass density given by 

(4.30) 

and Tp the plasma temperature defined as 

(4.31) 

In Eq. {4.29) ~ is the gas constant for argon which equals kt,/mh· Since all 

dissipative effeets are neg!ected, the veloeities of all particles are assumed to be equal 

to the heavy partiele velocity 10JJ. in the derivation of Eq. (4.29). The plasma. mass 

balanee reads 

V· (p10JJ.) = 0 . (4.32) 
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Relation (4.32) is exact. Substituting Eq. (4.32) in Eq. (4.29) and using p = p!il Tp, 

the Poisson adiabatic for a plasma is derived 

~ = constant . (4.33) 

Here 1 is the adiaba.tic exponent and is equal to 5/3. The momenturn ba.lance in this 

approximation is equal to 

p(1J1h·V)1Dh + Vp = 0. (4.34) 

The form of Eqs. (4.29), (4.32) and (4.34) are equal to the ordinary ideal gas dynamic 

equations [11], with the definitions of the temperature and mass density as in Eq. 

( 4.30) and ( 4.31). It is therefore na.tural to use the following definitions of the speed of 

sound c and the Mach number Mp of the plasma flow [4],[12] 

(4.35) 

(4.36) 

In Eq. ( 4.35), the subscript s and a means that the quantity is evaluated at constant 

entropy and ionization degree [11]. The flow of the plasma is supersonic if Mp > 1. 

The definition Eq. ( 4.35) is called the frozen speed of sound. Since by definition the 

sound wave in the plasma is isentropic and the ionization degree in the sound wave is 

constant, the relation between the pressure and the mass density is given by Eq. 

( 4.32). Therefore the velocity of sound in a plasma is equal to 

(4.37) 

Equation ( 4.37) means that the frozen speed of sound is proportional to the square 

root of the plasma temperature, since 1 is independent of the temperature. This is in 

contrast with the equilibrium speed of sound evaluated by de Haas [13], in which a 

temperature dependent 7 occurs. The reason is that in the thesis work of de Haas [13] 

the ionization degree is not constant, but given by the Saba equation Eq. (2.3). His 

case would apply to situations in which the LTE (high ne and Te) condition remains 

fulfilled. The approach bere is valid far from LTE, when the ionization degree is 
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f'rozen. The speed of sound in a plasma is related to the definition of the specific 

enthalpy fora plasma [5],(13]. Since the energy equation contains explidtly the souree 

terms, the definition of the specific enthalpy is avoided. This means that the 

temperature dependendes of the specific heat at constant pressure and the specific 

heat at constant volume of a plasma, are not relevant for the evaluation of the frozen 

speed of sound. 

If the ionization degree is zero, Eq. (4.29), (4.32) and (4.34) rednee to the 

equations for a neutral gas. Several authors have studied the inviscid supersonic 

expansion of a neutral gas through a sonie orifice (14],[15),[16],[17],[18]. Especially the 

results of the work by Ashkenas et al. [14], using the metbod of characteristics, has 

been f'requently cited in the literature and used in the analysis of experiments [14]. 
The outcome of this study is that the free jet expansion of a neutral gas shows great 

similarity with the souree expa1;1sion, i.e., after several diameters Dof the orifice the 

stream lines seem to originate from a virtual souree (see fig. 4.3). Therefore, the mass 

density Po has the following axial dependenee for z/ D) 1, where z is the axial position 

2 
Po(z) = Po,res (i-~0)2 . (4.38) 

In Eq. (4.38), Po,res is mass density in the reservoir where the velocity is z~ro, z0 is the 

position of the virtual souree and Zref is a sealing length. Both can be given in 

diameters of the orifiee (Zrer/ D :::: 0.806, Zo! D :::: 0.15 [15]). Equation ( 4.38) has been 

verified by several authors [19],(20],(21]. Chou et a1.(22], Jenkins (21] a.nd Goldfineh 

[23] extended the ideas of Ashkenas et al. [14] to expanding plasmas. In the next 

subsectien the specifie features of the supersonic expanding plasma jet are discussed. 

streamline Mach 

lor· · ----~· ~ disk 
z ·-·-·-ór·r'-·-·-·-·-· ·-·-·-·-·-·-·-·-·-·-· ·-·-·-·- z 

lo-.IZO 

Figure ,(..3 The expansion of a neutral gas through a sonic orifice. 
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4.2.2 Nonequilibrimn features of ihe expand.ing plasma 

In this subsection it will be discussed that, although recombination has a 

minor effect on the densities, the effect on the electron temperature is significant. 

Another important feature of the expanding plasma jet is the different behavior of the 

electrans and heavy particles (We :F WJJ.), i.e., a current density and an electric field is 

generated, which results in a heating of the electron gas by Ohmic dissipation. Both 

recombination and Ohmic dissipa.tion phenomena elevate the electron temperature 

above the heavy partiele temperature (Te > Th)· These nonequilibrium features of the 

supersonic expansion of a plasma are discussed subsequently in this subsection. 

The effect of ionization-recombination phenomena on the flow properties of a 

partia.lly ionized gas have been studied by several authors [21],[22],[23]. Since the 

electron temperature and density in expanding plasmas are low, ionization processes 

can be neglected. An important parameter in that situation is the recombination 

coefficient for two and three partiele recombination. Chou et al. [22} and Goldfinch 

[23] considered a souree flow model after Ashkenas et al. (14] in spherical coordinates, 

including ionization-recombination phenomena adapted from the work of Bates et al. 

[24]. The conditions considered in these models are typical for the expanding plasma 

considered here. Both calculations assume that equilibrium conditions are valid at the 

exit of the sonic orifice. Following Chou et al. (22], Jenkins [21] ineluded a 

nonequilibrimn state at the sonic orifice. The results of Chou et al. [22] and Jenkins 

[21] indicate that the effect of recombination on the ion and neutral partiele densities 

and on the heavy partiele temperature is small, i.e., the expansion of the heavy 

particles is nearly adiabatic. However, the effect of the recombination on the electron 

temperature is large according to their calculation because the three partiele 

recombination heats the electron gas. The calculation of Chou et al. (22] and Jenkins 

(21) exclude a difference in the velocity between the electrons and heavy particles. 

This means that the heating due to Ohmic dissipation of the generated current 

densities is neglected, which, as is shown in chapter 7, is not justified. Moreover, to 

model the electron gas in the expansion of a plasma, the influence of Ohmic 

dissipation is important and of the same order as the three partiele recombination. 

Later on in this subsection this point is addressed in more detail. 

The heating due to the three partiele recombination occurs because the 

remaining electron in the three partiele recombination, 

e + e + A • -1 e + Ap , (4.39) 
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not only gains the third electrons energy, but also (a part of) the ionization energy. In 

Eq. ( 4.39), Ap is an excited state of the neutral particle. The radiative recombination, 

on the other hand, cools the electron gas. This process is given by 

e + A+ '"" Ap + Iw . (4.40) 

In the PLTE description of a plasma. [9] the energy lost in this process is on the 

average ~~Te (see later). The process Eqs. (4.39) and partly (4.40) are responsible for 

the population of the excited states, and therefore for the light emission of expanding 

plasma jets. 
A problem encountered in the description of recombination, is the 

determination of the total recombination rates for three partiele recombination (Eq. 

(4.39)) Krec,s and radiative recombination (Eq. (4.40)) Krec,2 defined as 

( 4.41) 

where Kion is the ionization rate and A (~ 1) the escape factor to account for photo 

ionization, the inverse of radiative recombination. In Eq. ( 4.41) the quasi-neutrality 

Eq. (4.13) is used and the ionization effects are included for completeness, although it 

can be neglected for the present situation. Using the principle of detailed balancing 

[25], arelation between Kion and Krec,s can be determined 

( 4.42) 

where n~·saha is the Saha density for the ground state of argon given by Eq. (2.3) of 

chapter 2. Using the population factor for the ground state b1 defined as 

n~ no 
ól = nrsm ~ nï ,saha ' (4.43) 

Eq. (4.41) can be rewritten as 

(4.44) 

In strongly expanding plasma ó1 < 1, i.e., recombination processes are dominant over 
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Figure 4·4 The three and two partiele recombination coefficients, a) Krec,3 

{top): Ref. {29}, ---- Refs. {26},{27}, ---
Ref. {28}, Ref. {31} ----, Ref. {24}, b) Krec,2 

(bottom): Ref. {26}, ----Ref. {27}, -- Ref. 
{30] 

the ioniza.tion processes. In fig. 4.4 different forms for Krec,3 a.nd Krec,2 are given from 
Refs. (26],[27],[28], [30],[31] for the temperature range 1000 -10000 K. 

Binnov et al. [26] determined experimentally the recombination coefficient 

Krec,a for a helium plasma. Biberma.n et al. [27], derived the ra.te coefficient for three 
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partiele recombination for hydragen like atoms using a diffusion approximation for 

the excited states. Both results give 

( 4.45) 

The result Eq. (4.45) is valid below Te = 3000 K and the differences above this 

temperature are within a factor of ten [25],[27]. According to Biberman et al. [27], the 

recombination coefficients for different elements are all approximately equal for low 

electron temperatures (Te < 2000 K). The reasen is that the recombina.tion for low 

temperatures is mainly to high excited states, for which the energy spectrum for all 

elements is hydragen like. 

A fit of the results of Bates et al. [24] by Goldfinch [23] gives 

(4.46) 

being valid for a plasma totally optically thick for resonant radiation, which means 

that the radiation from the first excited state to the ground state is totally 

(re-)absorbed in the plasma. Note that the dependenee in Eq. (4.45) and in Eq. (4.46) 

differ a. factor 103x Tël, i.e. at Te = 1000 K they will give the same result. 

The result from the collision-radiative model of Benoy et al. [28] is also 

shown in fig. 4.4a. Although this model is not constructed for the low Te range and it 

includes the radiative recombination, it can be seen that the results of Eq. ( 4.45) are 

equal to the results of Benoy et al. [28] within a factor of two for Te < 5000 K. 

Hoffert et al. [29] determined Krec,B• using the principle of detailed balancing 

applied to the effective collisional ionization for which they assume that this quantity 

equals the electron excitation rate of the ground level to the first excited state. 

Furthermore, they assume that the cross sectien in the neighborhood of the threshold 

for this transition is a linear function of E. A oomparabie result is obtained by Refs. 

[5],[32],[30]. The recombination coefficient determined by Hoffert et aL [29] shows a 

large difference with Eq. { 4.45) as can be seen from fig. 4.4a. The possible explanation 

is that, for low Te values (Te< 3000 K), not the excitation to the first excited state, 

but that to a higher state becomes the ionization rate determining step. Since the 

exponential behavier of this Krec, 3 value is due to ionization energy from the first 

excited state, this strong Te dependenee will decrease, if the ionization determining 

excitation is shifted to a higher state. 

In the model calculations of section 7.5.2, an expression similar to that of Eq. 
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(4.45) is used, basedon experimental results obtained in chapter 7. 

Also depicted in fig. 4.4a is the recombination coefficient measured 

experimentally by Desai et al. [31] in a plasma jet at atmospheric pressure. They 

claim that their results can be explained if dissociative recombination is the main loss 

souree of electrons. The sequence leading to the loss of electrens is thought to be given 

by 

A• + 2 A-+ A2 +A followed by 

A2 + e -+ A + Ap . (4.47) 

The second step in this reaction is very fast, which is the reason that molecular ions 

are difficult to measure. However, in Ref. [33] the presence of molecular ions was 

suspected to be the main reason for the measured lower velocity of the excited states 

compared to that of atoms in the ground state. The reason for this is the two times 

larger mass of the molecular ion. The molecular ions are produced in the region of 

high neutral partiele density, i.e., at the beginning of the expansion. The main motive 

for the mechanism Eq. ( 4.47) is the discrepancy between the measured recombination 

coefficient and the mentioned collisional radiative model of Bates et al. [24]. Other 

results [34],[35] for the recombination coefficient for dissociative recombination show, 

compared with the result of Desai et al. [31], large differences up to a factor of 104 for 

the same ne and Te range, depending on the type of plasma. In the present model the 

influence of dissociative recombination is neglected. For expanding hydragen plasmas, 

however, the dissociative recombination is the main loss process [36] so that it can not 

be neglected in a proper description of the transport processes in hydragen plasmas. 

In fig. 4.4b some rates for the radiative recombillation Krec,2 are shown. The 

expression given by Hinnov et a.I. [26] is valid for helium. The result of Biberman et 

al. [27] for hydrogen like atoms and the result for argon [30] are also depicted. Again 

the differences between the different rates are of the order of a factor of ten. As is seen 

by camparing figs. 4.4a and b, the radiative recombination for argon can be neglected 

for electron densities higher than 1Qt9 m·3. 

In conclusion, recombination is by far dominant compared to ionization which 

is virtually absent. However, the decrease of the electron density due to 

recombination phenomena is small compared to that due to the expansion of the 

plasma. The literature gives large differences in the three partiele recombination rate 

Krec.3 for the temperature range 1000 < Te < 10000 K. 

As mentioned the effect of recombination on the electron energy balance is 

significant and results in a temperature nonequilibrium (Te 1 Th)· The corresponding 
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energy sourees for two and three partiele recombination in the electron energy 

equation are given by 

(4.48) 

(4.49) 

where Erec,s is the average energy gained by the electron in a three partiele 

recombination Eq. (4.39) and Erec.2 the average energy lost in a two partiele 

recombination Eq. (4.40). As stated before in the PLTE description, the energy Erec,2 

is equal to i/%Te. Chen [37] has calculated Erec,3 for an optically thick and an 

optically thin argon plasma. The average for a totally optically thick plasma is that 

the resulting electron gains an energy of approximately 0. 72 times the. ionization 

energy of argon liw In the optically thin plasma the gain in energy is approximately 

0.1xlion· In genera!, however, the gain in energy for the electron gas depends much on 

which mechanism, collisional deexcitation or radiative deexcitation, is dominant in 

the recombination flow to the ground state. For the plasma presently considered, it 

will be argued in chapter 7 that, although the plasma is optically thick for resonance 

radiation, the recombination to the ground state is still dominated by radiative 

transitions, leading toa recombination energy of approximately 0.15><hon· 

Apart from recombination, also other mechanisms can cause a temperature 

nonequilibrium in the expanding plasma. For instance, a possible existing temperature 

nonequilibrium at the crigin of the expansion might develop during the expansion. 

This case was considered by Jenkins [21]. In partienlar for a large flow a difference 

between the electron and heavy partiele temperature may be present at the crigin of 

the expansion, which in this study is the anode plate of the cascaded are (see chapter 

5). Another possible mechanism for a thermal nonequilibrium is Ohmic dissipation, 

which elevates the electron temperature above the heavy partiele temperature. In this 

situation a difference in velocity between electrens and heavy particles is needed. In 

the freely expanding plasma. the electron pressure a.nd temperature force (Eqs. ( 4.21) 

and (4.22)) are capable of generating currents densities. This is discussed later on in 

this section. 

The effect of temperature nonequilibrium and current generation on the flow 

properties is best demonstrated by rewriting the balance equations Eqs. ( 4.19), ( 4.20), 

(4.21), (4.25) (4.26) and (4.28) [38]. This is done by expressing the electron drift 

velocity in the heavy partiele velocity and the current density Eq. (4.11), neglecting 
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the small difference between wi and 1.11Jl, and using the fact that 

V·j=O. (4.50) 

The electron momenturn balance Eq. (4.21), is used to express the gradient of the 

electron temperature in the electric field, in the current density and in the gradient of 

the electron density. Furthermore, if viscosity effects are neglected the final equations 

read 

(4.51) 

(4.52) 

(4.53} 

(4.54) 

Here the asterisk refers to the energy souree term including the heat conduction term. 
* * * Qt = Qe + (Î!l is the total heat source. The loss of energy due to line and free-free 

* emission are neglected in Qe, since these losses are much smaller than the ether heat 

lossesin the electron energy balance (see chapter 7). Qj, Qo., and (are given by 

Q ;2 [ 3 1] · E [ 3 J ~ aa 
j = TJJA 2(70+1) + -JA A 2(10+1) - ea ~· (4.56} 
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(4.57) 

(4.58) 

The coordinate Ç in Eqs. (4.51)-{4.55) refers to either the radius r of the souree 

expansion models of Refs. [16],[22],[23], or to the axial coordinate z, if the quasi one 

dimensional approach of Ref. [12] is considered. In the spherically symmetrie case of 

the souree expansion [16].[22],[23] 

(4.59) 

and in the quasi one dimensional case [12] 

1 àA _ 2tan(~) ::;raç- z , (4.60) 

where 4J is half of the angle of expansion. A is equal to r2 in the souree model and 

corresponds to the surface over which the plasma parameters are averaged in the 

quasi one dimensional model. It is seen that the souree model is equal to the quasi one 

dimensional model for the choice if> = i1r. The quasi one dimensional model is only 

valid if the axial gradients are much larger than the radial gradients. In the quasi one 

dimensional model the parameters a, p, 'Wb, Te, Th, EA. and jA refer to some surface 

averaged value [12],[13],[38],[39]. In the souree eJ..lJansion case the parameters refer to 

the radial values of these parameters. 

Equations (4.51)-{4.58) contain 7 unknown parameters. Therefore two 

additional equations are needed. These equations are the electron momenturn balance 

Eq. (4.21) and the Maxwell equation (4.9). The adiabatic situation is reconstructed 

from Eqs. (4.51)-{4.58), by putting all souree terms and the current density to zero. 

Note that, in contrast to ordinary gas dynamics [11], the sonic condition is not 

necessarily at the position where fJ2AfàÇ 2 = 0. Note furthermore that, since ( > 0, if 

a current density is present the Mach number can be smaller than unity to get an 

expansion behavior, i.e., the densities and temperatures decrease during the 

expansion. 

Now the influence of a temperature nonequilibrium on the motion of the 

heavy particles is discussed. A small effect on the motion due to Te > Th, is that for 
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the supersonic expansion Mp > 1, Th will exceed the value predicted by the adiabatic 
ad 

approach (see section 4.2.1), i.e., Th > Th . Due to the higher Th, the Mach number 

will be smaller than in the adiabatic situation. Considering this in Eqs. ( 4.52) and 

(4.53), where in the denominator oî both equations (-1+Wp+() in both equations is 

smaller, it turns out that the increase of W!t and the decrease of p during the 

expansion of the plasma are larger than in the corresponding adiabatic case. The basic 

reason for this "stronger" than adiabatic behavior is the heating oî the heavy particles 

by the electrons. However, the heating of the heavy particles by the electrans is small 

due to the weak coupling between electrons and heavy particles. Note that the second 

term on the right hand side of Eq. ( 4.52) and ( 4.53) are of order (Mp)-2 and therefore 

are not considered in the analysis for MP> 1. Note furthermore, that this is the reason 

tha.t the expansion oî the heavy particles is not too different from the adiabatic 

expansion of section 4.2.1. 

The calculation ofthe electron temperature by Eq. (4.54) depends, in contrast 
* with the heavy partiele properties, very much on the souree terms Qe, Qj and QQ. The 

reason for this is that the expansion terms in the electron energy balance are less 

important than in the other equations. In this respect, it is importánt tomention the 
* electron heat conduction which is included in Qe. Because the thermal velocity of the 

electrons is J(mhTe/meTh) larger than that of the heavy particles, the transport of 

electron thermal energy by heat conductivity is very important and should be 

included. In the quasi one dimensional model, an averaged value of the electron heat 

conductivity is taken by assuming a certain radial profile. The electron heat 

conductivity in the axial direction is fully included. In the discussion oî the shock 

front in the next section, the electron heat conduction plays, beside the current 

density and the electric field, an important role. The current and electric field 

generation are the last nonequilibrium features discussed in this subsection. 

As can be seen from Eqs (4.51)-(4.58), the difference between a situation 

with and without a current density, are reflected by the correction factor ( and 

additional heat sourees Qj and QQ. The presence of a current density in the plasma, 

results in a heating of the electrens if the heating due to the Ohmic dissipation is 

larger than the cooling caused by the expansion. This means that the sum of Qj and 

QQ has to be considered. If the term proportional to (Mp)"2, which is small for MP> 1, 

is neglected, and if 

(4.61) 
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then the presence of an additionaJ current density leads to an additional heating of 

the electron gas. If, on the other hand, 

( 4.62) 

the electron temperature is lowered by the presence of a current density. The right 

hand si de of Eqs. (5.61 )--(5.62) reflect the effect of cooling due to the expansion of the 

electron gas. More indirectly the heavy partiele motion and temperature are 

influenced through the termsin Eqs (4.51)-(4.58) containing jA and EA· 

To solve the Eqs. (4.51)--(4.58) the current density and the electric field have 

to be known. If the electron density and temperature are known (for instanee from 

measurements or from an iterative scheme using Eqs. ( 4.51)--( 4.58) starting by jA and 

EA equaJ to zero), the current density and electric field are calculated by solving the 

electron momenturn balance in combination with Poisson's equation Eq. (4.9) and 

appropriate boundary conditions. Here the model developed by Gielen [8],[40] is 

adopted. This scheme determines the electric field self consistently by calculating the 

charge separation from the electron momenturn balance and using the condition Eq. 

(4.50). Since the current generation in case of a free expanding plasma is partly of a 

convective nature, two dimensional effects in the determination of the current density 

and the electric field are very important. Therefore Eqs. ( 4.9) and ( 4.19) are solved 

fora cylinder symmetrie expanding plasma. Rewriting Eq. (4.9) for the electric field 

E gives, 

(4.63) 

where Pel is determined from the divergence of the electron momenturn balance 

(4.64) 

Equation (4.63) is solved with given boundary conditions. From the determined 

electric potential the current density is determined from [41] 

(4.65) 

Thus, if the electron density and temperature are known, the current density and the 
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electric field can be determined self consistently. However, here an important point 

has to be stressed. If the current density is zero, the induced electric field is equal to 

the pressure and temperature term in the electron momentum balance, see Eq. ( 4.61). 

This electric field is called the ambipolar electric field, since in this situation the 

electrens and ions drift together. However, even in the case of zero current density, 

the presence of this electric field has a influence on the motion of the ions and 

indirectly on the motion of the neutral particles, as is discussed in the next section. 

In conclusion, several nonequilibrium features were discussed and the 

qualitative influence on the plasma parameters was determined. In the expansion the 

presence of a current density and electric field, together with the heating due to three 

partiele recombination lead to a higher electron temperature than the heavy partiele 

temperature. The properties of the heavy particles in the expansion, i.e., the 

temperature and the neutral partiele and ion density, are due to the small 

recombination effects and the small heat sourees in the heavy partiele energy balance, 

close to properties found for the adiabatic expansion (see sectien 4.2.1). 

4.3 The sta.tionary shock front 

4.3.1 The position of a. shock front in a neutral gas 

The expansion of a neutral gas has the structure as shown in fig. 4.3 from Ref. 

[14]. The supersonic free expansion from a sonic orifice ends in the formation of a 

normal shock front. The position where M0 = 1 is called the Mach disk. In radial 

sense, the free jet is limited by the jet boundary and a preceding so called barrel 

shock. The distance from the position z0 (see fig. 4.3), totheMach disk is denoted by 

zM· The structure, as seen in fig. 4.3, is not always present, but depends strongly on 

the pressure ratio Pstag/ Pback· Where Pstag is the stagnation pressure in the reservoir 
and Pback the background pressure. Above certain pressure ratios more than one shock 

front can be found due to reflection of the expansion waves of the jet bounda.ry can 

evolve [42]. 

Several authors have determined the position of the stationary shock front 

after the supersonic expansion of the free jet as a function of the ratio Pstag/Pback· 

Ashkenas et al. [14] obtained an empirica! relation between zM and Pstag/Pba.ck : 

.51 = c [&..tag] 1/2 ' 
D Pback 

(4.66) 
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where the constant ( C lil 0.67) is independent of the adiabatic exponent 'Y· Young [43] 

derived the position of the Mach disk by an entropy balance and a pressure balance 

method and obtained the same relation as Eq. ( 4.66) but with a different constant C 

( C lil 0.76) for 1 = 5/3. The constant C in the workof Young [43] depends weakly on 

1· The slight differences in C could be due to a different definition of z0• Another 
possible explanation for the difference in the value of C is that Ashkenas et al. [14] 
used gases with different 1 for the determination of C. Note that the position of the 

Mach disk in both derivations is independent of the temperature Tback of the 

background gas. Whether, Eq. (4.66) qualitatively or quantitatively holds fora freely 

expanding plasma is discussed in the subsection 4.3.3. 

4.3.2 The strncture of a. shock front in a neutral gas 

The shock front is an example of a surface of discontinuity [6] in gas 
dynamics. In the situation of a discontinuity 1 the flow parameters such as the 

temperature, density, pressure and velocity, on each side of the discontinuity surface 

are given by relations which describe the conservation of mass, momenturn and 
energy. The jump relations for the density, velocity and temperature ratio for an 

adiabatic normal shock front, can be determined from these conservation laws as a 

tunetion of the Mach number ahead of the shock. For a perfect gas with 1 = 5/3, 

these jump relations read [5],[6] 

Po.2 Wo,t 4.Ma , 1 

Po,t = Wo,2 =Mi , 1+ 3 ' 
(4.67) 

To,2 (5.Ma,t-1) ( .Ma,t+3) 
7r,'i = 16M8 ,1 

(4.68) 

where T0 is the temperature of the neutral gas. Equation (4.67)-{4.68) are equivalent 

to the Rankine-Hugoniot relations [5]. The subscripts 1 and 2 refer to the quantities 

ahead, respectively, behind the shock front. Here M0 is the Mach number defined as 

[~]1/2 Ma= 5~To . (4.69) 
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through the shock front, the supersonic flow transfarms to a subsonic flow. Since 
directed kinetic energy in the shock front is converted into heat, in an irreversible 

manner, the total entropy is increased a.fter the shock front. In the conversion of 

mechanica! energy into heat, the viscosity plays an essential role. Moreover, only if 
viscosity is included the transition from a supersonic flow to a subsonic flow can 
preeeed in a continuons fashion for a.rbitrary Mach numbers [5]. If viscosity is absent 

and heat conduction is the main broadening mechanism, the so called isothermal 

discontinuity is found for high Mach numbers [5]. Because of the broadening 

mechanisms viscosity and heat conduction, the shock front has a finite thickness. The 
thickness is of the order of the mean free path for neutral-neutral collisions ahead of 
the shock front .\00 ,1 [5],[6]. As already mentioned, if gradient lengths in the flow are 

of the same order as a characteristic mean free path, the hydrodynamic approach is no 

longer valid and a kinetic approach on basis of the Boltzmann transport equation Eq. 

(4.1) should be performed. However, the kinetic approach, e.g., by Mott-5mith [44] 

leads to a simHar spatia.l dependenee of the shock front as calculations based on the 

Navier-Stokes equation [5],[45]. The kinetic calculation results in a shock thickness 

which is approximately a factor of two smaller than the Navier-Stokes calculation 

[5],[6],[44]. The kinetic approach by Mott-Smith [44] and later extended by several 

ethers [45],[46], assumes a bimodal distribution function, consisting of a subsonic high 
temperature and a supersonic low temperature velocity distribution. With this 

assumption, an approximate salution of the Boltzmann transport equation is obtained 

in the neighborhood of the shock front. The rela.tive weight of the distribution 

functions va.ries along the shock front from 0 to 1. The salution for the ratio of the 

densities, can be written as 

3Po,t(Mä. cl) 
Po(z) = Po,t + (l+exp( -4z / Lo))(Mb+3) ' (4.70} 

where z is the axial coordinate in the direction of the flow and L0 is the shock 
thickness as defined by Prandtl [45] 

Po( +m )-Po( -m) wo( -oo )-wo( +m) 
La= I 8p/8zlmax = 18w/8zlux · (4.71} 

The variatien of the temperature and the velocity, through the shock front are 

deduced from the jump relatious Eqs. ( 4.67)-( 4.68), using the expression ( 4. 70). As 
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shown by Muckenfuss [45] and Glansdorff [46], who both extended the model of 
Mott-Smith [44], the shock thickness depends very much on the interaction potential 

of the governing particles. The ratio Àoo.t! L0 is depicted in fig. 4.5 as a function of 

Mo,l> for different interaction potentials between the argon atoms which is indicated 

by the exponent v of the repulsive potential r-v+t [45],[46]. As can be seen, the 

stronger the shock, the thinner the shock thickness. Also depicted in fig. 4.5 is the 

shock thickness determined with the Navier-Stokes equation [5],[6],[47] for the same 

interaction potentials of the argon atoms. From this, it can be concluded that the 

Navier-Stokes underestimates the shock thickness by approximately a factor of two. 

In several experiments the shock thickness was measured for argon [47],[48],[49],[50]. 

All the measurements of the shock front shape and thickness are in excellent 

agreement with the theory of Mott-Smith (47],[48],[49],(50], for an exponent in the 

repulsive interaction potential of v = 10 for 1 < M0,1 < 10. 

This concludes the discussion of the shock structure in a neutral gas. The 

next subsectien is devoted to the discussion of the structure of a shock front in a 

plasma. 
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4.3.3 The structure of a shock front in a plasma 

The structure of a shock front in a plasma has a number of interesting 

features. These features are related to the slow energy exchange between the electrous 

and the heavy particles, the high electron mobility, the presence of space charges and 

due to this the presence of an electric field. Another aspect of a shock front in a 

plasma is the presence of recombination processes. Since the residence time of the 

plasma in the shock is small compared to the time needed for substantial 

recombination or ionization, the change in ionization degree is small. Hence, the 

influence of recombination processes is mainly in a heating of the electrons. As was 

discussed in section 4.2, recombination processes have a small effect on the mass 

balances. This means that if the small heat exchange between electrans and neutral 

particles is neglected, the neutral partiele component will have an adiabatic shock 

behavior. The motion of the ions in the shock front is not influenced by the presence 

of recombination processes. On the other hand, the ions do not behave adiabatically 

since their motion is influenced by the presence of electrous due to the generation of 

electric fields. Therefore the small influence of the recombination processes on the ion 

shock structure can be included in the jump relations for the ion shock front. The 

shock structure of the neutral particles, of the ions and of the electrous in a plasma 

are subsequently discussed. 

As mentioned in section 4.1, the neutral particles behave in the shock front 

independent from the ions and in a good approximation adiabatically. This means 

that the results for the neutral gas shock front, as discussed in the two preceding 

sections, still hold in a plasma for the conditions under which Eq. (4.18) remains 

valid. Thus, for the neutral component the jump relations, Eq. ( 4.67)-( 4.68), are still 

applicable. The definition of the Mach number in Eq. ( 4. 70), in the case of the neutral 

partiele shock front in the present situation, is still equal to that of the neutral gas 

Eq. (4.69). Relation (4.66) will be verified in chapter 7, by camparing it with the 

measurements of the position of the shock front. 

The behavior of the ions in the shock front is independent from the neutral 

particles. However, the ions do not behave independently from the electrons. The ion 

shock structure is therefore not adiabatic but influenced by the presence of the 

electrons. Since in the shock front the electron density increases, the electrons, due to 

their smaller mass, "leak" out of the shock front, causing an excess of negative charge 

density ahead of the shock front. This excess of negative charge generates an electric 

field. The influence of this generated electric field on the jump relations for the ion 
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shock, can be determined by consiclering the electron-ion fluid. As mentioned before, 

the neutral-ion friction can be neglected in the present approximation, because this 

friction is smaller than the corresponding pressure terros in the ion momenturn 

equation. 

The conservation laws for the electron-ion fluid for a normal shock front are 

(4.72) 

(4. 73) 

(4.74) 

The relations Eq. ( 4. 72 )-( 4. 7 4) can be used to determine the jump conditions for the 

ion shock front. The explicit expressions for the ion jurnp conditions will be 

determined later on in 

this subsection. 

Due to the influence of the electron pressure Pe on the ion shock structure, the 

position of the ion shock front is not necessarily equal to the position of the neutral 

partiele shock. In fig. 4.6 the ratio >.u,t! Li> where >.u,1 is the mean free pathof the 
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ions ahead of the shock and Li is the ion shock thickness is shown, as a function of 

Mi,! the Mach number ahead of the shock front [45],[46]. The ion Mach number is 

defined by 

[
3w 2 J 112 

Mi=~. (4.75) 

The values depicted are valid for an ion gas excluding the electric field, i.e., the 

electrons are assumed not to influence the ion shock front thickness. As can be seen, 

the shock front thickness of the ions expressed in Àii,t is about 10 3 for large initial ion 

Mach numbers. 

The situation described in the previous paragraph, the motion of the 

electron-ion gas through the neutral partiele gas, is for the electron-ion gas identical 

to the situation of a shock front in a fully ionized plasma. The shock front structure in 

a fully ionized gas was determined in Refs. [51],[52],[53],[54],[55]. All references 

included the electric field due to the charge separation except Ref. [55]. In the results 

of Jaffrin et al. [51], the different motion of the electrons results in a charge 

separation on the scale of the Debije length Àn. The potential distribution has a 

double layer shape in the ion shock region with a negative sign ahead of the ion shock 

front. The influence of a possible current jin the shock front region was investigated 

by Greenberg et al. [52]. However, they did not include viscosity, which caused a 

discontinuous solution. However, they demonstrated that large electric fields can exist 

( 4 106 V /m !) in the ion shock front. Jaffrin [4], in an extension of the work in Ref. 

[51] to partially ionized gases determined the difference between the neutral partiele 

and the ion veloeities and the corresponding temperatures. The result was, that only 

for high plasma Mach numbers (Eq. (4.36)}, Mp>t > 1, the ion slip is significant. The 

ion temperature is higher at the end of the ion shock front for ionization degrees 

larger than 10 %. The results of Jaffrin [4], however, are only qualitatively applicable 

to the present situation, since Jaffrin [4] used a different expression for the cross 

section for the neutral-ion interaction, which is larger by a factor of ten, than used in 

the present work. Therefore the differences between the ion and neutral partiele 

velocity and temperature will be larger in the present situation than in Jaffrin's [4] 

work. The thickness of the ion shock front ranges from several hundreds [4],[56] to 

several thousands [51],[55] ion mean free paths ahead of the shock front for the 

various calculations depending on initial plasma Mach number (Eq. ( 4.36)) and 

ionization degree in agreement with fig. 4.6. 
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Now the behavior of the electrans in the ion and neutral partiele shock region 

will be considered. An important feature is the fact that the electrons, due to the 

small mass, do not undergo a gas dynamic shock transition. That is, the energy 

required to compress the electrons, in the ion shock front, does not come from the 

directed kinetic energy of the electrans in the expansion, since this kinetic energy is 

negligible to the thermal energy of the electrons. Instead, this energy is delivered by 

the generated electric field of the electron-ion fluid and partially by the temperature 

nonequilibrium [56]. In an adiabatic shock transition of the electrons, Te would 

increase as n~/3. However, in the region of the ion shock front the heat sourees in the 

electron energy balance, e.g. Ohmic dissipation and electron heat conduction, are 

important leading to a more complicated situation. 

Another interesting feature is the preheating of the electron gas ahead of the 

ion density shock front seen in several experiments of expanding plasmas [19],[20], 

[21]. The explanation usually given in the literature is that, because the electron heat 

conduction is large, electron thermal energy is "leaks" back to positions ahead of the 

shock front, leading to a local heating of the electron gas [51],[54],[56]. However, in 

this explanation the influence of the presence of a current density is neglected. As was 

argued insection 4.2.2, a current density can be generated in the expansion due to the 

strong electronic pressure force. A heating due to this current density by Ohmic 

dissipation ahead of the density shock front is therefore possible. In section 7.5 it will 

be shown that Ohmic dissipation together with electron heat conduction are the main 

causes for the preheating of the electron gas. The presence of a current density and 

the electron heat conduction results in a broad region of a monotonic increase of the 

electron temperature through the shock front. In fig. 4. 7 a schematic impression of the 

shock front in a plasma is shown. In fig. 4. 7 it is assumed that the ion and the heavy 

partiele shock fronts are identical. 

Figure 4.1 A schematic view of the electron thermal layer in comparison 
with the heavy partiele shock front, the shock front thickness of 
the ions and neutral particles are assumed to be equal. 
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If electron heat conduction is the main cause for the prehea.ting of the 

electrons a quantitative estimation of the width Le of the precursor region can be 

given by equating the thermal heat flux to the hydrodynamic electron energy 

transport [5]. The result for the width Le of the thermal electron layer is given by 

[5],[57] 

(4.76) 

where Ke is the electron conductivity coefficient and We is the velocity of the electrous 

at the position in the preheated region, where the electron temperature increases 

above the heavy partiele temperature ( see fig. 4. 7). Relation Eq. ( 4. 76) is 

experimentally verified in chapter 7. 

Another possible mechanism for a preheating of the electron gas is the 

mechanism of radiation absorption [58],[59]. In an initially neutral gas, astrong shock 

front is generated (M0,1 > 15). If the initia! temperature is approximately 300 K the 

temperature after the shock front is 30000 K for M0•1 18, and a significant 

ionization of the neutral gas takes place. Several authors [58],[59] have researched the 

influence of radiation emitted by the ionized gas behind the shock front. The radiation 

travels also upstream, where it is absorbed by the high density in the thin shock la.yer. 

A subsequent ionization occurs ahead of the shock front, by combined photon and 

collisional excitation and ionization. By three partiele recombination and super elastic 

deexcitation collisions, the electrous are heated in the region ahead of the shock front. 

Thls mechanism, however, is not of importa.nce in the shock front in the situation 

considered here. First of all, the density in the shock is much lower, resulting in a. 

lower a.bsorption of the radia.tion. Secondly, the shock strength as measured in the 

expa.nding cascaded are, is of a relatively small strength, resulting in much lower 

tempera.tures and densities behind the shock front. Substantial ionization and 

excitation can therefore be neglected, and the subsequent radiation production is 

much lower than in the situation considered in Refs. [58],[59]. 

The jump relations for the ion shock front in a plasma can now be derived. 

Since the electroos are heated over a much broader region than the thickness of the 

ion shock front, the electron temperature is considered to be constant through the ion 

and neutral partiele shock region. This is in agreement with Refs. [51] and [4], where 

the same assumption was made to determine the jump relations for the ion shock 

front. Consirlering the assumption of a constant electron temperature in Eqs. 
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( 4. 72 )-( 4. 7 4), the jump relations for the electron-ion fluid in the shock front can be 

derived easily and are given by 

ne,2 Wi,t 4..-fty 

ne,1 = wi,2 = .KI + 3 ' 
(4.77) 

T1,2+ Te,2 ( 5 ~-1 ) ( ~+3) 

Ti,1+Te,1 = 16Jlf 
(4.78) 

where .44 is the electron-ion Mach number ahead of the ion shock front . ...ft is defined 

as 

(4.79) 

Equations (4.77)-(4.78) are general, i.e., they are also valid if the electron 

temperature is not constant through the shock. Equation (4.77)-(4.78) are identical 

to the jump relations for the neutral gas Eq. (4.67)-(4.68) if T0 and Po are replaced by 

T1+ Te and 2ne, respectively. Using the assumption that the electron temperature is 

approximately constant in the ion shock region, the jump relations for the ion gas can 

be determined explicitly in terrns of the ion speed of sound Eq. (4.75) and the ratio 

Te/ Tt, 1. These jump relations read 

ne,2 Wï,l 4My , 1 

ne,t = wi,2 :;;:: ML+3( 1 +Tel Ti,d ' (4.80) 

As aresult of Eq. (4.80)-(4.81) the compression of the ionsis smaller than in the case 

that the electrans are absent. The reason for this smaller compression of the ion gas is 

that the energy needed to compress the electrous is delivered by the ions through the 

generation of an electric field. In other words, the compression of the ions is smaller 

since they are hindered by an excess of positive charges in the ion shock front due to 

the mentioned "leakage" of the electrans to positions ahead of the ion shock front. In 

fig. 4.8 the jump relations for the ion shock front (Eqs. ( 4.80)-( 4.81)) are given as a 
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ratios for which n1,2/ni.l < 1 are thermodynamically not allowed since these ratios 

correspond to a decrease of the entropy [5],[6]. The jump relations for the neutral gas 

component are identical to the ion jump relations for the ratio Te/T1,1 = 0, if the ion 

Mach number Mt,l is replaced by the neutral partiele Mach number M0,1. Due to the 
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similarity of Eqs. (4.77)-(4.78) with Eqs. (4.67)-(4.68), it is assumed in the model 

calculation, that the ion shock is of the Mott-Smith type with the Mach number .A4 
replacing M0, 1 in Eq. (4.70). In chapter 7 this assumption will be verified 

experimentally. 

4.4 Subsonic rela.xation zone 

In the region behind the shock front, the plasma expands further subsonically. 

The decrease of the electron density in this region is due to diffusion and a minute 

recombination of the electron density. Again, as in section 4.2.2, the recombination 

keeps the electron temperature at a relatively high level. The differences between the 

ion and the neutral partiele temperature and velocity, possibly existing at the end of 

the shock front, will diminish very rapidly, since both the neutral partiele and ion 

density are larger than ahead of the shock front and the gradients are small. This 

leads to an increase of the friction farces and energy exchange between the neutral 

particles and ions. The difference in heavy partiele and electron temperature, if 

present behind the shock front, decreases very slowly, due to the small mass ratio (see 
fig. 4.2). 

In the subsonic region, the axial gradients are no longer larger than the radial 

gra.dients. If the quasi one dimensional calculation of section 4.2 is proceeded behind 

the shock front the radial terms in the Eqs. (4.19)-(4.28) have to be estimated. 

According toKroesen [12], the angle t/J in Eq. (4.59) of the plasma boundary is given 

in terros of the ambipolar diffusion coefficient Da by 

D 
tan(t/J) = F t%'7( ~/?r) (4.82) 

where F is a factor depending on the shape of the radial profile of the plasma jet. A 

number of common profiles (gaussian, parabolic) give approximately the samefactor 

F ~ 2 [12]. The ambipolar diffusion coefficient is given by Timmermans [3], and is 

equal to 

TO .64 
D ~ 5.5 1018 e 

a no +ne ( 4.83) 

The heat conduction terros in Eqs. ( 4.51 )-( 4.58) are treated in a simHar way. 
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4.5 Numerical implementation 

In this section the written numerical implementation of the presented 

equations to calculate the plasma parameters is discussed. First of all, the current 

density and electric field are determined from the local measurement of the electron 

density and temperature in the supersonic expanding plasma jet (see chapter 7), using 

the numerical procedure as described by Gielen [8],[41]. A two dimensional computer 

code with grid generation is developed [60], which runs on an IBM RS work station. 

The computer code determines the genera.ted electric field E and the genera.ted 

current density j self consistently in a cylindrically symmetrie situation, by solving 

the momenturn equation Eq. (4.21) tagether with Poisson's law Eq. (4.9) and the 

condition Eq. ( 4.50). The determined axial components of j and E are included in 

solving Eqs. (4.51)-(4.58). These equations are solved for given begin conditions for 

the souree model (Eq. (4.59)) using a fifth order Runge-Kutta integration procedure 

on an IBM RS work station. The calculation in the expansion region is completed at 

the position of the shock front determined either with help of a given position or 

calculated from a condition as in Young's work [43]. At this position, a Mott.....Smith 

(Eq. (4.70)) shape of the shock front for both the ions and the neutral particles is 

assumed with different shock thicknesses L0 and L1 and different Mach nurnbers M0,1 

and ..Je 1> determined from an analytical expression obtained from figs. 4.5 and 4.6. In 

the shock front the electron energy equation is solved, using the electron densities and 

gradients following from the Mott-Smith ion shock front shape. The described 

procedure in the shock front is identical to the work of Grewal et al. [56]. If the 

calculation is proceeded behind the shock front ( which thickness is approximately 2 x 

L0 for the neutral particles, respectively 2 x. Li for the ion shock front), Eqs. 

(4.51)-(4.58) are solved using the effective surface following from Eq. (4.82) is used. 

Note, however, that the quasi one dimensional approach in the subsonic relaxation 

region is not a good approximation since two dimensional effects are important. 

References 

[1] 

[2] 
[3] 
(4] 
(5] 

S.I. Braginskii, "Reviews of Plasma Physics", ed. M.A. Leontovich (Plenum, New York, 
1965). 
J.D. Jackson,"Classica.l Electrodyna.mics" (Wiley, New York, 1975) 
C.J. Timmerma.ns, R.J. Rosa.do and D.C. Schram, Z. Naturforsch. 40a 810 (1985) 
M.Y. Jaffrin, Phys. Fluids 8 606 {1965) 
Y.B. Zel'dovich a.nd Y.P. Raizer, "Physics of Shock Waves a.nd High Tempera.ture 



Hydrodynamic Phenomena.11 1 k; 2 (Academie Press, New York, 1966) 
[6] L. La.ndau a.nd E. Liftshitz,"Fluid Mechanic:.s" (Pergamon, London, 1989). 
[7] J.M.M.J. Vogels, J.C.M. de Haas, D.C. Schram and A. Lunk, J. Appl. Phys. 59 71 (1985) 
(8] H.J.G. Gielen, Ph. D. thesis, University of Technology, Eindhoven, The Netherlands 

(1989) 
[9] G.M.W. Kroesen, D.C. Schram, C.J. Timmermans and J.C.M. de Ha.a.s, IEEE Trans. 

Plasma. Sci. 18 985 (1990) 
[10] L.S. Frost, J. Appl. Phys. 32 2029 (1961) 
[11] J.A. Owczarek, "Fundementals of Gas Dyna.mics11 (International Textbook Company, 

Scranton, 1964) 
[12] G.M.W. Kroesen, D.C. Schram, A.T.M. Wilhers and G.J. Meensen, Contr. Plasma. Phys. 

31 27 (1991) 
[13] J.C.M. de Haas, Ph. D. thesis, University of Technology, Eindhoven, The Netherlands 

(1986) 
[14] H. Ashkenas and F.S. Sherman, Proc. Ra.refied Gasdynamica 4, ed. J.H. de Leeuw 

(Academie Press, New York, 1966) 
(15] H.C.W. Beijerinck and N.F. Verster, Physica 111C 327 (1981) 
[16] B.B. Hamel a.nd D.R. Willis, Phys. Fluids 9 829 (1966) 
[17] R.H. Edwards and H.K. Cheng, AIAA J. 4 558 (1966) 
[18] H.C.W. Beijerinck, R.J.F. van Gerwen, E.R. T. Kerstel, J.F.M. Martens, E.J.W. van 

Vliembergen, M.R.Th Smits and G.H. Kaashoek, Physica. 96 153 (1985). 
[19] R.B. Fra.ser, F. Robben and L. Talbot, Phys. Fluids 14 2317 (1971) 
[20] R.H. Kirchhoff and L. Talbot, AIAA J. 9 1098 (1911) 
[21] R.C. Jenkins, AIAA J. 9 1383 (1971) 
[22] Y.S. Chou and L. Talbot, AIAA J. 5 2166 (1967) 
[23] J. Goldfinch, J. Plasma Phys. 6 153 (1971) 
[24] D.R. Bates, A.E. Kingston and R.W.P. McWhirter, Proc. Roy. Soc. A 267 297 (1962) 
[25] J.A.M. van der Mullen, Phys. Rep. 191 109 (1990) 
[26] E. Binnov and J.G. Hirschberg, Phys. Rev. 125 795 (1962) 
[27] L.M. Biberman, V.S. Vorob'ev and I.T. Yakubov, "Kinetics of Nonequilibrium Plasmas" 

(Plenum Press, New York, 1987) 
[28] D.A. Benoy, J.A.M. van der Mullen, B. van der Sijde and D.C. Schram, J. Quant. 

Spectrosc. Radiat. Transfer 46 195 (1991) 
[29] M.I. Hoffert and H. Lien, Phys. Fluids 8 1769 (1967) 
[30] D.C. Schram, I.J.J.M. Raaymakers, B. van der Sijde, H.J.W. Schenkelaars and P.W.J.M. 

Boumans, Spectrochim. Acta 388 1545 (1983) 
[31] S.V. Desai and W.H. Corcoran, J. Quant. Spectrosc. Radiat. Transfer 9 1311 (1969) 
[32] C.H. Chang and E. Pfender, Plasma Chem. Plasma Proc. 10 473 {1990) 
[33] D.H. Winicur and E.L. Knuth, J. Chem. Phys. 46 4318 (1967) 
[34) Y.J. Shiu and M.A. Biondi, Phys. Rev. A 17 868 (1978) 
[35] J.N. Fox and R.M. Hobson, Phys. Rev. Lett. 17161 (1966) 
[36] M.J. de Graaf, R.P. Dahiya, J.L. Jeauberteau, F.J. de Hoog, M.J.F.van de Sande and 

D.C. Schram, Col!. Phys. 18 05-387 (1990) 
(37] C.J. Chen, Phys. Rev. 163 163 (1967) 
[38] M.C.M. van de Sanden, not publisbed 
[39] G.M.W. Kroesen, D.C. Schram and J.C.M. de Ha.a.s, Plasma Chem. Plasma. Proc. 10 531 

(1990) 
[40] M.C.M. van de Sanden, J.M. de Regt, and D.C. Schram, to be publisbed 
[41] H.J.G. Gielen and D.C. Schram, IEEE Trans. Plasma Sci. 18 127 (1990) 
[42] A.V. Antsupov, Sov. Phys. Tech. Phys. 19 234 (1974) 
[43] W.S. Young, Phys. Fluids 18 1421 (1975) 
[44] H.M. Mott-Smith, Phys. Rev. 82 885 (1951) 
[45] C. Muckenfuss, Phys. Fluids 3 320 (1960) 
[46] P. Glansdorff, Phys. Fluids 5 311 (1962) 



72 The expanding plasma jet: Experiments and Model 

[47] M. Camac, Proc. Rarefied Gasdynamics 4, ed. J.H. de Leeuw (Academie Press, New 
York, 1966) 

[48] D.A. Russell, Proc. Rarefied Gasdynamics 4, ed. J.H. de Leeuw (Academie Press, New 
York, 1966) 

[49] H. Alsmeyer, J. Fluid Mech. 74 497 (1976) 
[50] F. Schultz-Grunow and A. Frohn, Proc. Rarefied Gasdynamics 4, ed. J.H. de Leeuw 

(Academie Press, New York, 1966) 
[51] M.Y. Jaffrin and R.P. Probstein, Phys. Fluids 10 1658 (1964) 
[52] O.W. Greenberg, H.K. Sen and Y.M. Treve, Phys. Fluids 3 379 (1960) 
[53] V.S. Imshennik, Sov. Phys. JETP 15 167 (1962) 
[54] V.D. Shafranov, Sov. Phys. JETP 5 1183 (1957) 
[55] J.D. Jukes, J. Fluid Mech. 3 275 (1957) 
[56] M.S. Grewal and L. Talbot, J. Fluid Mech. 16 573 (1963) 
[57] P. Bogen, K.H. Dippel, E. Hintzand F. Siemsen, Proc. ICPIG 10, Oxford (1971) 
[58] H.F. Nelson, Phys. Fluids 16 2132 (1973) 
[59] A.R. Vinölo and J.H. Clarke, Phys. Fluids 16 1612 (1973) 
[60] R. van den Bereken, to appear 



Experimental set up 73 

5 Experimental set up 

In the first part of this thesis the free expanding plasma jet is modeled. In 

this chapter the experimental apparatus to generate the free expanding plasma jet will 

be presented. The plasma source, a cascaded are, is discussed in section 5.1. The 

plasma flowing through the cascaded are expands into a vessel at low pressure. The 

set up, consisting of the vessel, the cascaded are and the pumping system, are subject 

of discussion in section 5.2. The electrical circuit and the operation modes of the 

cascaded are set up are given in the last section 5.3. 

5.1 The cascaded are 

The cascaded are is an example of a wall stabilized thermal plasma and can 

be operated for a wide range of pressures (104 -108 Pa) and currents (5- 2000 A). 

The electron densities are high (1021 -1024 m-3) while the electron temperatures are 

in the 104 K range. The cascaded are was introduced by Maecker [1]. At the E.U.T. 

group the cascaded are was used to study nonequilibrium and non-ideal plasma 

effects by Rosado [2] and Timmermans [3] and the flowing cascaded are was studied 

by de Haas [4]. Several studies were devoted to the deviations from local 

thermodynamic equilibrium [5],[6]. Recently the flow in the cascaded are was modeled 

in two dimensions by Beulens et al. [7], showing the necessity to take into account 

nonequilibrium effects. Beside the scientific interest in the cascaded are also 

technologkal applications have become important. In the thesis work by Kroesen [8] 

the cascaded are was introduced as a ionizing and dissociating souree for a novel 

deposition technique. In the work of de Graaf et al. [9], the cascaded are is used as a 

partiele source. The light emission of the cascaded are has been studied by Wilhers 

[10]. Since the cascaded are has a high emissivity in the UV and infrared range, it can 

be used in several optical diagnostics as a light source. Haverlag [11] and Wilhers [10] 
used a stationary cascaded are for an infrared absorption spectroscopy experiment and 

a spectroscopie ellipsometer, respectively. The same experimental set up as described 

here was used by Gielen [12] to study self generated magnetic fields in expanding 

plasmas. 

The cascaded are used in the experiments (see chapter 7) is depicted 

schematically in fig. 5.1. The cascaded are consists of an anode plate, a stack of 

electrically isolated copper plates (the cascade plates) and three cathodes positioned 
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anode plug 

Figure 5.1 The cascaded are. For explanation see text. 

in a cathode housing. The cathodes are sharpened pins of tboriated tungsten with a 

diameter of 2 mm, pressed in a copper setting. Tbe cascade plates are copper plates 

witb a thickness of 5 mm and a central bore of 4 mm. From the catbode housing to 

tbe anode plate, the cascade stack is formed by eight plates. Tbe cascade plates, 

catbodes and anode plate are water cooled. The catbodes are positioned under an 
angle of 45 degrees with respect to the cascade plates. The angle between the cathodes 
is 120 degrees. Tbe cascaded plates are separated by PVC spacing rings with a 

tbickness of 1 mm. Inside these spacers a Viton 0-ring is mounted as a vacuum seal. 

These 0-rings are prevented from melting by absorption of plasma radiation by a 

ring made of teflon or boren nitride. In the anode plate an anode plug is screwed. Tbis 

anode plug can ea.sily be exchanged. The diameter of the central bore of the anode 

plug is 4 mm, i.e., equal to the bore of tbe cascade plates. The standing time of the 
cascadedareis very long, i.e., the only maintenance in tbree years was tbe change of 
tbe three ca.thodes. 

The burning gas is high grade purity argon. It is fed through a mass controller 

into the cathode side where it is ionized. The plasma flows through tbe channel, is 

accelerated and expands into a vessel at low pressure. The vessel, pumping system 

and the magnetic field will be discussed in the next section. 
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The cascaded are set up. 1) Thomson-Rayleigh scattering 2) 
Optical spectroscopy 3} Fabry-Perot interferometry 4) 
Collective scattering 5) Optical probes 6) Computer. 

5.2 The cascaded are set up 

The cascaded are set up (CAS) is shown in fig. 5.2. The CAS consists of a 

large stainless steel vacuum vessel (diameter 0.36 m, length 3 m) connected to two oil 

dilfusion pumps, with four observational sections giving a.ccess to the dia.gnostics a.nd 

surrounded by eight Helmholtz coils to provide an axially directed ma.gnetic field (0-

0.5 T). The oil dilfusion pumps are a relic of the time that the CAS was used as a 

hollow catbode are [13],[14]. For the flows used by the casca.ded are (500-5000 

sml/min), the pumping capacity of the dilfusion pumps combined with a sma.ll roots 

blower (280 1/s) and a ronghing pump (30 1/s) is insufficient to attain a 1ow 

background pressure. Therefore a new pumping system was constructed consisting of 

a large roots blower (700 1/s) pumped by a small roots blower (100 1/s) which in turn 

is pumped by a ronghing pump (30 1/s). In this way the desired background pressure 

is attained (1-100 Pa depending on the flow). The pumping speed of the large roots 

blower pump line can he varled between 20 1/s and 700 1/s by an electramotor driven 

valve (also indicated in fig. 5.2). In this way the background pressure can be more or 

less controlled independently from the gas flow . 

The cascaded are is positioned on a movable electrode support indicated as 

tbe catbode side. Opposite to the cascaded are an auxiliary anode is installed on a 

movable electrode support. The present set up with cascaded are and auxiliary anode 
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The electrical circuit and operation modes of the cascaded are 
set up. mode a (top left), mode b {top right) and mode c 
{bottom). 

bas the advantage that both recombining and ionizing plasmas can be studied. For 

the ionizing plasma simply an additional current is drawn from the cascaded are 

anode to the auxiliary anode (see section 5.3). 

Several diagnostics have been implemented. In fig. 5.2 the positions of the 

diagnostics are indicated. The advantage of the movable electrode supports is that the 
plasma jet can be shi!ted a.xially with respect to the viewing ports. The electrode 

supports can also be moved in vertical or horizontal direction. In this way it is 

possible to perlorm spatially resolved measurements while the diagnostics remain 

fixed. The difference in plasma parameters due to a.xial or lateral displacement of the 

plasma are assumed to lie within the experimental errors. Another advantage of the 

movable electrode support is that the length of a current carrying plasma column can 

be varied between 0 - 2.5 m. 
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5.3 Electrical circuit and operation modes 

In this section the electrical circuit and the operatien modes of the CAS are 

described. There are three electrical circuits and thus three operatien modes of the 

CAS. They are depicted schematically in fig. 5.3. In all the cases the cascaded are 

anode plate is grounded. 

Mode a : The auxiliary anode is electrically floating and plays no active role. The 

cascaded are is operated in its normal fashion. A voltage is applied 

between the cathodes and the anode plate. The argon gas is ionized in the 

cascaded are and expands into the vessel. The plasma is recombining and 

Mode b: 

Figure 5 . ..{. 

has a pink to red color indicating the argon I nature of the plasma. 

The cascaded are is operated as described in mode a. Different from mode 

a is the fact that. an additional voltage is applied between the cathodes 

and the auxiliary anode, i.e., a current will be drawn to the auxiliary 

anode. The current in the jet section can not be increased above the 

current in the cascaded are. If the current in the jet section is large 

enough the plasma will be ionizing in combination with a magnetic field. 

The characteristics of this type of discharge will be close to the hollow 

cathode are. The color is bright blue in this ionizing case indicating the 
presence of argon II. 

> -> 

30 40 50 60 70 80 

I (A) 

The current voltage characteristic of the cascaded are set up for 
mode a: -'f- Vca.s and mode c: -•- Vcas and -•- VJet· 
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Mode c: 
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The cascaded are is not operated in its normal fashion. The driving 

voltage is applied between the catbodes and tbe auxiliary anode. In fact 

mode c is a degenerate case of mode b, i.e., if the current in tbe jet 

section is equal to the current in the cascaded are. The characteristics of 

the plasma in the jet section are similar to mode b. 

In principle a fourth electrical circuit is possible [12], i.e., a circuit in which more 

current is drawn in the jet sectien than in the cascaded are. However, usually this 

operatien mode is instabie since current will be drawn from the total anode plate 

giving a wandering plasma jet on the surface of the anode plate. 

Not shown in fig. 5.3 are the resistors of 4 n, in series with each of the 

cathode. These series resistors warrant that all three catbodes burn independently. 

Furthermore, also the variabie resistance of 0 - 30 n in series with the cathodes is not 

indicated. In the operatien modes b and c this resistance was set to 0.8 n to assure a 

stabie operation. 

In fig. 5.4 the current voltage characteristics of the CAS for typical 

parameters in the operatien mode a and c is shown. For operatien mode c the voltage 

between catbodes and anode plate is also given. During the experiments only the 

eperation modes a and c are used. 

The parameters which can be varied independently in eperating the CAS in 

mode a are: the current in the cascaded are leas• tbe flow Q tbrough the cascaded are, 

the background pressure Pba.ck in the vessel, and the applied axial magnetic field Bz· 

In mode c, additionally the length of the plasma jet Ljet can be varied and the current 

Table 5.1 An overuiew ofthe range ofthe CAS parameters. 

current cascaded are leas 30-90 A 

flow cascaded are Q 80-800 sccjs 

background pressure Pback 1-100 Pa 

magnetic field Bz 0-{).5 T 

current jet sectien 1 Ij et 30-90 A 

length plasma jet t Ljet 0-2.5 m 

10nly in modeband c and usually leas > Ij et 
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in the jet section Ijet is equal to the current in the cascaded are leas· In table 5.1 the 

range of the parameters is indicated. 
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6 Diagnostics 

In this chapter the diagnostics of the cascaded are set up are discussed. 

Section 6.1 deals with the Thomson-Rayleigh scattering experiment. This device is 

newly designed and constructed and is used to measure the neutral density, the 

electron density and the electron temperature locally in the plasma with a high 

accuracy. In section 6.2 the light emission experiment is described. This experiment 

consists of line intensity and continuurn emission measurements. Since both these 

measurements are non local, a subsectien is devoted to the tomographic Abel 

inversion technique. In the last section the Fabry-Pérot interlerometry experiment 

which is used to determine the neutral partiele temperature is shortly discussed. 

6.1 The Thomson-Rayleigh scattering experiment 

6.1.1 Introduetion 

In studying expanding plasmas appropriate diagnostics to measure the 
densities and temperatures locally is essential. A good spatial resolution and a high 

accuracy with a large dyna.mic range are necessary since the gra.dients are large. Main 

parameters in expanding plasmas are the electron and neutral densities and the 

èlectron temperature. In the past several dia.gnostics have been used to determine 

these parameters. 

Langmuir probe measurements [1],[2],[3],[4] yield consistent results for the 

electron density and temperature. The limit on these measurements is that the 

plasma is influenced by the probe itselî and that the precision in Te is limited. 

Furthermore, if negative ions are present the interpretation of the probe characteristic 

becomes more difficult. Measuring the Stark width of (hydrogen) spectrallines gives 

also good results for the electron density [5] for higher electron densities ( ne > 1020 

m-3). A severe problem here is the necessity of Abel inversion at every wa.velength 

position to get local information. Besides this, other broa.dening mechanisms can blur 

the Sta.rk broadening tota.lly. Other possibilities are line intensities [2],[6],[7] with or 

without continuurn measurements [8]. Both have as a disadvantage that a.n Abel 

inversion has to be perlormed, and in the case of neutral density [2] or electron 

tempera.ture determination [6],[7], model assumptions have to be made. These model 

assumptions can ca.use large uncertainties in the determined parameters. A method to 
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determine the plasma density is interferometry [7],[9],[10]. Usually this diagnostic is 

combined with another diagnostic todetermine either the electron or neutral density. 
Also in this case local information is only obtained after Abel inversion. Other 

possibilities to gain information about the plasma is to measure the pressure with a 

Pitot tube [6],[10]. The Pitot tube has the same disadvantage as the Langmuir probe, 

i.e., the Pitot tube changes the plasma. If one is only interested in qualitative 

information Schlieren and shadow photography are also possible, if the plasma does 

not emit to much light by itself. The last two diagnostics are mainly used in flow 

studies to visualize the shock wave occurring in, e.g., nozzle flows. Neutral densities, 

veloeities and temperatures can also be measured by using an electron gun technique 

[2] and detecting the additional emission signa!. 

A method to determine the electron density and temperature in an expanding 

plasma is Thomson scattering [7],[8],[10],[12]. The advantages over the mentioned 

diagnostics is the fact that it measures the electron density and temperature locally 

and that no model assumptions are necessary. Unfortunately Thomson scattering is 

very weak and only when powerful lasers became available Thomson scattering 

became popular [13]. A method related to Thomson scattering is Rayleigh scattering. 
It is used to determine the neutral density locally [14],[15]. A key problem here is the 

stray light because one can not distinguish it from the Rayleigh scattering signa!. 

Combining the two scattering diagnostics in one set up is very convenient in studying 

expanding plasmas because the three important plasma parameters can be measured 
simultaneously. Only recently set ups which combine the two scattering techniques 

were developed [16],[17]. 

In this sectien a newly constructed combined Thomson and Rayleigh 

scattering set up is presented. As already mentioned a key problem in designing a 

Thomson-Rayleigh scattering set up is the level of the stray light. The level in the 
new set up is diminished to 1 Pa argon at 300 K stray light equivalent making it 

possible neutral densities down to 1020 m·3. The set up is used to mea.sure ne, n0 and 

Te in the plasma expanding from a cascaded are (see chapter 5 and [18]), which, 

depending on the operating mode or the applied magnetic field, has electron de:risities 
in the range 5 1018 - 1021 m·3, neutral partiele densities in the range 1020 - 1Q23 m ·3 

and electron temperatures of 1000 to 25000 K. Hence, for as well the densities as the 

electron temperature a large dynamic range is required. This large dynamic range is 
achieved by using a powerlul repetitively pulsed Nd:YAG laser in combination with a 

multichannel detection consisting of a gated light amplifier and an optical 

multichannel analyzer (OMA). The OMA is cooled which permits a long integration 
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time. The large dynamic range in Te is achieved by a high resolution grating and by 

using convolution techniques. Convolution techniques can be used since the appa.ratus 

profile is known from calibration measurements. Because a.n OMA is used, it is 

possible to mea.sure the total Thomson-Ra.yleigh spectrum. Therefore deviations from 

a Maxwelüa.n distribution tunetion can be stuclied easily. A high resolution can also be 

achieved by a scanning dye laser and detection in a small bandwidth. In Ref. [19] an 

experiment is described in which one was able to resolve the ion feature for a 

scattering parameter in the range 1 - 2. 

The outline of this section is as follows. The theory of Thomson and Rayleigh 

scattering is discussed in section 6.1.2. In section 6.1.3 a description of the 

Thomson-Ra.yleigh set up is given. In section 6.1.4 the ca.libration procedure and the 

wa.y in which the mea.surements a.re analyzed is described. In section 6.1.5 two 

exa.mples of Thomson-Ra.yleigh mea.surements are presented and insection 6.1.6 some 

conclusions a.re given. 

6.1.2 Scattering of electroma.gnetic radiation by a. plasma 

Since there is an extensive literature both on Thomson a.nd Ra.yleigh 

scattering [13],[20],[21],[22],[23], only the ma.in features a.re presented here. 

In fig. 6.1 the scattering geometry of the Thomson-Rayleigh experiment is 

depicted. The incoming laser bea.m ha.s the frequency w0 and wave vector kc,. The 

Figure 6.1 The scattering geometry. 
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angle between the incoming wave vector and the wave vector in the direction of 

observation As is given by (). The angle of polarization between the direction of the 

incoming electromagnetic field and the plane through ko and ks is equal to <P; Adet is 

the cross section of the laser beam and the length of observation is given by Ldet· The 

detection volume is Vdet = Ldet x Adet· In the detection volume there are Ne electrans 
and Ni ions. We neglect multiple scattering since Thomson scattering is very weak. 

The following assumptions are made [20],[21). Relativistic effects are neglected, i.e., 

for all veloeities v < c. Quanturn effects are also omitted since the wavelength of the 

laser is larger than 0.01 nm. The scattering from ions is neglected as they have a 

much larger mass. The incident electric field is small enough so that it will not 

influence the plasma. This was verified by Janssen [24]. Furthermore, the influence of 

a magnetic field on the scattered spectrum is neglected. The scattered spectra are 
1/3 

measured at a distance R) Vdet and R l> >. 0, so that the far field approximation is 

valid. The scattering vector k is given by 

(6.1) 

The length of the scattering vector kis equal to 

(6.2) 

Since Thomson scattering is to a good approximation an elastic scattering process, 

i.e., 

IAsl ~ lkol , (6.3) 

this leads to 

k= lkl =2kosin(0/2). (6.4) 

The Doppier shift of the frequency of the sca.ttered radiation is a result of two effects: 

The incident wave is "seen" by the charged partiele at a Doppler-shifted 

frequency, because the partiele is rnaving with respect to the souree of 

radiation. 

The partiele has a velocity component in the direction of the observer 

which gives a second Doppier shift. 
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The shift in frequency w is defined as 

(6.5) 

i.e., the shift in frequency wis proportiona.l to the component of the partiele velocity 

in the direction of k. If the scattering electrans in the detection volume are free 

electrens the scattering phenomenon is called Thomson scattering. Here the scattering 

parameter a is introduced 

(6.6) 

with kfrom Eq. (6.4) and ÀD the electron Debye length 

(6.7) 

Now two casescan be considered: 

If >.. 0/(47rsin(8/2))< ÀD, which means a< 1. This is incoherent Thomson 
scattering. The incident wave 11sees" the individua.l electrons, which appear 

free. In this case the scattered spectrum reflects the shape of the electron 

velocity distribution (this follows from Eq. (6.5)), which shows that w is 
proportional to the electron velocity component which lies along k. 

If >.. 0/( 47f' sin ( fJ/2)) ~ >..D, which means a~ 1, we have coherent scat tering. 

The incident wave now interacts with shielded charges. The scattered 

spectrum therefore depends on the collective behavior of groups of charges. 

The Thomson scattering set up described insection 6.1.3 has a scattering parameter a 

which is in the range a < 1 but not a < 1. This case is more complicated than the case 

of incoherent scattering [25],[26]. The shape of the scattered spectrum now depends on 

the scattering parameter a. 
The general expression for the scattered power in a solid angle L\0 and in a 

frequency range dw5 (= dw, Eq. 6.5) is given by [20],[21],[22),[23] 

(6.8) 

where P5 and P 0 are the scattered and incident power respectively, daT/ on is the 

differential cross section for Thomson scattering and is equal to r~. Here re is the 
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classica! electron radiUB given by 

e2 ·15 re = 47rfomec2 = 2.82 10 m . (6.9) 

That Thomson scattering is weak is expressed by the smallness of the cross section ( = 
7.95 1Q·3o m2). In our scattering experiments P5/ P0 ~ 10"14 (see section 6.1.3). S(k,w) 

in Eq. (6.8) is the speetral density function and g(O,if;) is the shape of the scattered 

radiation field. g( O,if>) is equal to 

(6.10) 

i.e., the scattered radiation field is equal to the radiation field of the dipole radiator 

[20],[21]. In our case 0 = if; = 90° (see section 6.1.3.) and thus g(O,if>) = 1. 

To develop an expression for the speetral density function usually Maxwellian 

velocity distribution functions for the electrens and ions are assumed [20],[21]. The 

Maxwellian distribution function in the scattering plane is given by 

(6.11) 

with 'Utb,x the thermal speed of the electrons or ions in the scattering plane 

(6.12) 

where Tx is the temperature and mx the mass of the electrens or ions with x = 
electrens or ions. Salpeter [27] showed that the speetral density function can be 

separated approximately in an electron termandan ion term: 

(6.13) 

where 
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(6.14) 

with Xe = w/(kvth,e), Xj_ = w/(kvth.i) and Z the charge of the ion. In Eq. (6.14) 

&w(x) and .J'.mw(x) are the real and imaginary parts of the plasma dispersion 

function: 

x 
&w(x) = 1- 2x exp(-x2) J exp(p2)dp, 

0 

(6.15) 

(6.16) 

In fig. 6.2 the real and imaginary parts of the plasma dispersion function are shown.In 

the above equations the following assumptions are made: 

Figure 6.2 

neÀn 3 > 1, where ne is the electron density and Àn the Debye length 

time variations in P0 and S(k,w) are slow compared to the microscopie 

times Wjiê, Véf and Wö1 where Wpe is the electron plasma frequency, vei is 

the cellision frequency for momenturn transfer between ions and electrens 

and w0 is the frequency of the incident radiation. 

0.75 
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x 
The real (--) and the imaginary (--- -) part of the plasma 

dispersion function. 



Diagnostics 87 

The basis for the Salpeter approximation is, that if the difference between Ti and Te 

is not too large, the difference between Ze and Xï for a given frequency shift w is 

proportional to ../( meTi/mi Te)< 1. For an incoherent spectrum (a< 1) 

S(k,w) I a-+O = ~ , {6.17) 

with Fe(wfk) the onHimensional Maxwellian distribution function of the electrons 

parallel to the scattering vector k 

Cl) Cl) 

J S(k,w) dw5 = J Fe(wfk) d(wfk) = 1. {6.18) 

In the Thomson scattering experiments discussed in section 6.1.3, a is not 

much smaller than one, but a :5 0.3. In thls case the terms proportional to a4 can be 

neglected Eqs. {6.13)-(6.14), because the error introduced by this simplification is 

smaller than 1 %. Equations (6.14) can now be simplified to 

{6.19) 

Substitution of Eqs. (6.19) in equation 6.13 gives 

1 + a 2 Z ~ &tew(xi) 
2 

S(k,w) = (·hkvth e)-1exp(-4rr----'---~----"......_ __ _..... __ --,.2 

' 1 + a2 Z ~ &tew( Xï) + a 2 st" w(:ce) 

{6.20) 

A further simplification of the right hand side of the Eq. (6.20) (by expanding the 

denominator as a series expansion and neglecting the a4 terms) yields 
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= ~ (1 - 2a2 SUw(:ce)) . (6.21) 

The consequences of Eq. (6.21) for the ca.lculation of the electron density ne 

a.nd electron temperature Te can now be ana.lyzed. Incoherent scattering (a< 1): in 

this case the terros conta.ining a2 in Eq. (6.21) ca.n be neglected a.nd thus the scattered 

spectrum is purely Gaussia.n. It is easily seen that ne is proportional to the area under 

the Gaussia.n profile. The electron temperature Te is ca.lculated from the half 1/e 

width 6.A 11e of the Gaussian profile 

(6.22) 

With 8 = 90° this gives Te = 5244 (t.Uve)2 with Te in degrees Kelvin and ÁÀtte in 

nm. In the incoherent case the scattered spectrum is directly proportional to the 

velocity distribution (see Eq. (6.23)) in the scattering pla.ne. By choosing several 

va.lues for the a.ngle 8 a full three dimensional velocity distribution ca.n be measured 

[26]. 

Weak coherent scattering effects (a$ 0.3): From fig. 6.3b it can beseen that 

the scattered spectrum has the sha.pe of a. corrected Gaussian according to Eq. (6.21). 

In fig. 6.3b this is shown for a = 0.3. From fig. 6.3 it ca.n be seen that the sca.ttered 

Figure 6.9 
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The normalized scattered spectrum around the incident wavelength 
>.0 for incoherent scattering (--) and weak coherent scattering 
for a = 0.9 (---) for the same electron temperature and density. 
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signa! is depressed in the center and broadend in the wings of the spectrum in 

comparison with a true Gaussian. A least mean square program is written [24] which 

adjusts the measured spectrum to Eq. (6.21) and gives directly the electron density ne 
and the electron temperature Te· 

A phenomenon related to Thomson scattering is Rayleigh scattering. This is 

the scattering of electromagnetic radiation by bounded electrens of the neutral atoms 

and the ions. The expression for the scattered power for Rayleigh scattering is similar 

to that for Thomson scattering [22],[28] and is given by Eq. (6.8). Here ne is replaced 

by no + {:Jn1• The ratio between the differential cross sections of the ions and neutrals 

is given by {:J. For argon [16]: 

{:J = 0.393. (6.23) 

The scattered power is given by 

(6.24) 

with da-1 / dO the differential cross section for Rayleigh scattering. The ratio of the 

differential Rayleigh and Thomson cross sections for argon, for an incident wavelength 

of 532 nm is given by N (the Rayleigh cross section is, in contrast to the Thomson 

cross section, wavelength dependent [28]), and is equal to [16] 

(6.25) 

The Doppier width of the scattered spectrum is proportional to m,-112, where in this 

case m is the mass of the atoms. This means that the width of the Rayleigh profile is 

small compared to the Thomson profile. In section 6.1.3 the following approximation 

is used 

S1(k,w)::: 6(w) , (6.26) 

with 6(w) the Dirac delta function. 

The spectrum in the scattering experiments is thus a combination of 

scattering by free and bounded electrons. In fig. 6.4 a simuiatien of a scattering 

experiment is given. 
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Simulation of a Thomson Rayleigh scattering measurement, ne = 5 

1019 m·a, n0 = 1021 m·a, Te 10000 K and Th= 10000 K. 

6.1.3 The Thomson-Rayleigh scattering set up 

In fig. 6.5 the Thomson-Rayleigh scattering set up is depicted. The scattering 

planeis normalto the jet a.xis. A frequency doubled Nd:YAG laser (DCR 11 Quanta 

Ray, Epulse = 0.19 Jfshot, rpulse 10 ns, /rep= 10Hz) at ). 0 = 532 nm is used. Two 

dichroic mirrors S1 and S2 are necessa.ry to select the green light which is focused into 

the plasma by the lens L1 (/1 = 500 mm) to a waist of 0.5 mm (1/e width). The 

infrared photons are absorbed by the beam dumps behind S1 and S2• To diminish the 

stray light due to scattering on the entrance window several diaphragms are installed 

in the vessel tube T1• The lens L1 and the window W1 are anti-reDeetion coated fora 

wavelength band around >. 0 = 532 nm. The length of the tube is chosen as large as 

possible to diminish the solid angle under which the reflected light of the laser dump 

can enter the vessel again and cause unwanted stray light. The incident laser light is 

absorbed in the laser dump, which is mounted on a large tube of two meter length. 

The laser dump consists of a glass plate NG3 under the Brewster angle. The 90° 

scattered light is observed through the window W2. The scattered light is then imaged 

on the entrance slit of the polychromator by two plano convex lenses L2 and L3 (both 

f = 500 mm). Matching the aperture ratio of the detection opties to the aperture ratio 

of the holographic grating (special Jobin Yvon; 1800 1/mm; Rowland geometry; 

dispersion on Rowland circle 1.11 nm/mm) leads to asolid angle of 2.5 10·2 sr. The 
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The Thomson-Rayleigh scattering set up. Note that the 
polychromator is viewed from the top. 

entrance and exit angles of the polychromator are chosen in such a wa.y that the main 

aberrations are minimum on the Rowland circle for the wavelength >. 0 = 532 mm [29]. 

The scattered light is detected against a black background by means of a · viewing 

dump which consists of a glass plate under the Brewster angle. To reduce the stray 

light further a set of diaphragms are mounted in the tube T2 which are matebed to 

the solid angle. 

The mentioned precantions as laser dump, large tube, viewing dump, anti

reileetion coatings, diaphragms, etc. diminish the stray lighttoa level of 1 Pa argon 

at 300 K. This corresponds to an electron density of 5 1017 m·3 and a neutral density 
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of 7 1019 m-3• This level is still two orders of magnitude larger than obtained by 

Jauernik et al. (16], but is two orders of magnitude lower than obtained by Marshall 

et al. [17]. The reason for this large difference inthelevel of stray light between the 

present set up and the set up of Jauernik et al. [17] is the difference in solid angle .óO, 

i.e., the stray light comes from refl.ections of the tot al vessel whereas the scattered 

signal comes from a well defined solid angle. The level of 7 1019 m-3 in the present set 

up with an accuracy of the sameorder makes it possible to measure neutral densities 

of 1020 m-3 with an accuracy of 50 %. Electron densities as low as 7 1011 m-3 are 

measurable with the same accuracy. Note that the accuracy in the determination of n0 

not only depends on the level of stray light but also on the electron temperature. The 

higher the electron temperature the higher the accuracy in n0, because then the error 

due to the signa! in the central channel is lower. So it can be concluded that the 

unwanted stray light is lirnited to a level which is low enough to enable neutral and 

electron density measurements on the plasma expanding from a cascaded are. 

As already mentioned the scattered light is dispersed by the holagrapbic 

grating. Tagether with the width of the entrance slit (0.5 mm) and the dispersion of 

the grating, this leads to a wavelength resolution of 0.36 nm, if the slit is totally 

illuminated by the scattered light. Since the waist of the laser beam (FWHM) in the 

focus is 0.5 mm this condition is fulfilled. The resolution, however, is much improved 

by convolution methods as will be shown later. The height of the entrance slit gives 

the spatial resolution in the radial direction which is 1 mm. The beam diameter and 

the dimensions of the entrance slit determine the detection volume of approximately 

0.25 mm3• 

The detector of the Thomson-Rayleigh scattering consists of 3 parts: a gated 

light amplifier (LA), an optica! multichannel analyzer (OMA) and a personal 

computer with an ADC plug in unit (12 bits, 100 kHz DMA). The gated light 

amplifier (amplification lOOOOx, rgate = 20 ns, fiber optie array) amplifies the light 

which strikes the photocathode (S20, quanturn efficiency 12 % at 532 nm). The 

photocathode is positioned on the Rowland circle. At the exit of the light amplifier 

the emitted green light is, by means of camera opties, focused onto an optical 

multichannel analyzer (1024 pixels; 25 J.Lm" 2.5 mm EG&G Reticon photo diode 

array RL1024S). The light amplifier is gated by an advanced trigger pulse provided 

by the Nd:YAG laser. This advanced signal triggers the high voltage pulse of the light 

amplifier (on/off ratio> 106). The OMA is cooled by means of two peltier elements 

( Toma = -20 °C) which provides long integration times (over 240 s ). After a certain 

amount of laser shots the accumulated Thomson-Rayleigh spectrum contained in the 
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OMA is scanned and the analog signal is converted to a digital signal by the ADC 

plug in unit in the personal computer. The light amplifier tagether with the OMA 

acts as a "nearly" pboton counter. The relation can be calculated theoretically and is 

given by [30] 

1 ADC count f;1 3.4 photo electrans. (6.27) 

From Eq. {6.27) it follows that if a 14 bits AD converter would be used, single pboton 

counting could be performed. This is possible since the dynamic range of the photo 

diode array is approximately 104. 

The described detector has several advantages compared to other described 

detectors [16],[17]. First it has one gating element. This is a large advantage 

compared to an array of gated photo multipliers since the timing is much easier. 

Second because the photo catbode of the light amplifier has a width of 17 mm, 

conesponding to a wavelength scale of approximately 19 nm, the total spectrum can 

be measured in channels of a width of approximately 28 pm in one time. In this way it 

is possible to measure deviations from a Maxwell distribution due to for example 

electron runaway or a displacement of the velocity distribution due to a current 

density [31]. Third, related to the second item is the fact that during Rayleigh 

calibration the apparatus profile is measured which can be used in the analysis of the 

measured spectra. This leads to higher accuracy compared to other set ups where the 
apparatus profile is assumed [16] or where no correction is performed for the 
appa.ratus profile [17],[32]. Fourth, as we shall see later, since the OMA integrates the 

signal the calibration can be performed under the same conditions as the 

Thomson-Rayleigh spectra. In this way there is no problem concerning the different 

time response of the detector elements because DC calibration measurements can be 

omitted. Compared to the detectors consisting of one photo multiplier [17],[33], the 

described detector has the advantage that no wavelength scan has to be made and the 
information per unit time is increased. 

In contrast to other similar set ups the incident laser light intensity is not 
measured simultaneously [16,17]. This has two reasons. The first one is the fact that 

the inhomogeneons distribution of the laser energy in the laser beam makes it 

uncertain that the laser energy measured somewhere in the set up is representative for 

the energy actually in the scattering volume. Second during laser stability tests the 

laser energy is found to be stabie within 2 % during more than six hours. Care is 

taken that the measuring time does not extend this six hours of operation. Since all 
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the measurements are averaged over 1200 shots the variations in the energy 

distribution in the laser beam can be neglected. In fact they are measured during the 

eaUbration measurements (see next section). 

The measurements of the Thomson-Rayleigh profiles in radial and axial 

direetions are performed by moving the plasma jet (see chapter 5). The advantage is 

that the opties and thus the alignment remains fixed. The difference in plasma 

parameters due to an axial or lateral displacement are smal!, if the dimensions of the 

plasma are much smaller than the dimensions of the vessel. The differences are 

assumed to lie within the experimental errors. 

To summarize: the main charaeteristies of the set up are a high repetition, 

short pulse Nd:YAG laser as a light souree and multichannel detection consisting of a 

polyehromator, a gated light amplifier and an OMA system. The amplifier takes care 

of the amplification and gating of the individual shots of the laser signa! while the 

OMA integrates the total signal for a number of laser shots. The main parameters of 

the set up are Iisted in table 6.1. The low detection limit for ne and no is a 

consequence of the low vessel stray light level and is equal to 1020 m·3 for no and 

7 1011 m·3 for ne. In fig. 6.6 the vessel stray light is shown as a function of the axial 

position of the are. As can beseen the vessel stray light increases fast, if the eascaded 

are is shifted close to the laser beam. Therefore for positions smaller than 12 mm after 

every measurement a stray light measurement was performed by turning the plasma 
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The stray light as a junction of the axial position. 1000 counts 
corresponds toa neutral partiele density of 1.4 1020 m·3 for argon. 
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off. This is necessary because putting the cascaded are back at exactly the same 

position is practically impossible. The densities also increase towards the exit of the 

cascaded are. Both effects, the increase in the straylight and Thomson-Rayleigh 

signa!, result in a slight increase of the inaccuracy in ne and n0 towards the exit of the 

cascaded are. The lower limit for Te is determined by the width of the apparatus 

profile while the upper limit is a consequence of the size of the detector surface. As 

can beseen from tàble 6.1 the dynamic range for all three parameters is large. 

Table 6.1 Characteristics ofthe Thomson-Rayleigh set up. 

laser energy Epulse 0.19 Jfpulse 

number of shots Nshot 1200 

scattering angle 0 7r/2 rad 

solid angle b.O 2.5 10"2 sr 

lengthof 

det. volume Ldet 1.0 mm 
detection volume Vdet 0.25 mm3 

stray light level (at 300 K) 1 Pa 
in ngq 7 1019 m·3 

in ~q 5 1017 m·3 

detection limit 
n9et 1020 m·3 
ndet e 7 1017 m·3 
.M;jet e 1.8 108 

dynamic range 

no 1020 -1023 m·3 

ne 7 1017-1022 m·3 

Te 1000-50000 K 
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6.1.4 Calibration and analysis 

To deduce absolute results from the Thomson-Rayleigh spectra the set up 

needs to be ca.librated relatively and absolutely. Furthermore, the dispersion of the 

polychromator has to be obta.ined. The relative calibration of the pixels and the light 

amplifier is done under the same conditions as the plasma measurements using a 

tungsten ribbon lamp. This is possible since the OMA integrates the signal. 

Furthermore, this is an advantage of the use of the gated light amplifier compared to 

the use of an array of photo multipliers. Usually DC measurements of the relative 

eaUbration are done [16J leaving an uncertainty in the time response of the array of 

photo multipliers. Another possibility is the use of a fast pulsed LED [17], which has 

the uncertainty of the wavelength dependent emission of the LED. The calibration of 

the wavelength scale, i.e., the measurement of the dispersion on the Rowland circle is 

done by using gas discharge lamps with well defined speetral lines in the area around 

Ào = 532 mm. The light amplifier is not gated during these measurements, but is set 

in the continuons mode. The measurement is only done to determine the dispersion, 

i.e., no absolute wavelength calibration is obtained. The effect of the Rowland circle 

in combination with a flat detection surface is also studied since this influences the 

linear relation between position of the speetrallinea and the pixel number. In fig. 6. 7 

the calibration of the wavelength scale is given. As can be seen a straight line which 

Ê 
c: -

Figure 6.1 
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The wavelength calibration using different gas discharge lamps, 
• Nd:YAG, li Ne,., Cs, • Xe,,. Hg, • Ar, andv Ti. 
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has a good correlation (0.9991). The widths of the measured spectrallines were equal 

to within 1 pixel for the wavelength range shown in fig. 6. 7. 

The absolute calibration is performed using an argon gas sample ( typically 

200 Pa) and performing a measurement under the same conditions as during the 

plasma measurements. From the ratio between the Rayleigh (for >.0 = 532 mm) and 

the Thomson cross section (Eq. (6.25)) and the measured pressure and the 

temperature of the gas sample, a relation can be determined between the density and 

the amount of ADC counts. The absolute calibration is repeated every one or two 

hours to obtain the highest accuracy in the determination of ne and n0• During the 
measurements the variation in the calibration factors is within 2 % and are due to the 

variatien of the laser energy and energy distribution within the laser beam. Since the 

relative calibration does not depend on the laser, this calibration is performed less 
frequently than the absolute calibration. 

The absolute calibration is also used for another purpose. Because of the 

width of the entrance slit, the profile measured during the absolute calibration is 

equal toa convolution of the apparatus profile of the polychromator and detector, the 
line profile of the laser and the spectrum due to the random motion of the argon 
atoms in the gas sample. An estimate of the 1/e width of the apparatus profile (::1 16 

pixels) shows that it is much broader than the width of the line profile of the laser ( < 
1 pixel) and the width due to the temperature motion of the argon gas atoms ( < 1 
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Figure 6.8 The measured apparat'US profile. 
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pixel). Thus the profile measured during the absolute calibration is the apparatus 

profile. An example is shown in fig. 6.8. As can be seen the apparatus profile is not 

symmetrie which has consequences for the Thomson-Rayleigh measurements if the 

measured electron temperatures are low. The asymmetrie apparatus profile is 

probably due to imperfect slits, inhomogeneons energy distribution of the laser beam 

etc. As already mentioned the knowledge of the apparatus profile is an advantage of 

our set up. In table 6.2 the differences are indieated if instead of the asymmetrie 

apparatus profile a Gaussian is taken with the same width [16]. The least mean square. 

analysis was performed on a simulated Thomson-Rayleigh spectrum using the 

measured apparatus profile. As can be seen the influence on Te is significant especially 

Table 6.2 

1 

2 

3 

4 

5 

6 

Influence ojthe asymmetrie apparatus profile. 

M ethod I: the analysis is performed by using the measured apparatus 

profile. Method IJ: the analysis is performed by using a gaussian 

apparatus profile with the same 1/e width as the measured apparatus 

profile. Conditions simulated 

Method I 

~ ~Te 
ne e 

0.005 0.022 

0.089 0.15 

0.002 0.02 

0.004 0.004 

0.001 0.008 

0.000 0.003 

1: ne = 51018 m·3, n0 = 1021 m·3 and Te= 5800 K, 

2: ne = 5 1018 m·3, no = 1021 m·3 and Te= 17400 K, 

3: ne 5 1019 m·3, no = 10~l1 m·3 and Te= 5800 K, 

4: ne = 5 1019 m·3, no = 1021 m·3 and Te= 17400 K, 
5: ne = 5 1020 m·3, n0 = 1021 m·3 and Te = 5800, 

6: ne = 5 1020 m·3, n0 = 1021 m·3 and Te= 17400 K 

Methodii 

L!.no Äne ~Te ~ 
no ne e nn 

0.001 0.084 0.085 0.074 

0.063 0.14 0.052 0.063 

0.008 0.002 0.11 0.022 

0.000 0.002 0.019 0.062 

0.055 0.41 0.33 

0.006 0.001 0.034 0.046 
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if Te is low. The influence on n0 is related to the influence on Te since Te determines 

the width of the profile and thus the height of the Thomson component. 

The analysis of the measured spectra is done as follows. The 

Thomson-Rayleigh profile P(w) can be written as (see section 6.1.2) 

P(w)dw5 = Or S(k,w)dw8 + Oa ó(w)dw8 , {6.28) 

where 0r is proportional to the electron density ne and 01 is proportional to a linear 

combination of the ground state neutral partiele density and the ground state ion 

density (see Eq. (6.24)). The speetral density function S(k,w) for a Maxwellian 

distribution function for the electrons to order a2 is given by Eq. (6.21) and is equal 

to 

(6.29) 

As mentioned for a < 1 the Thomson profile is Gaussian and Te can be determined 

from the 1/e width. Since the scattering plane is normal to the jet axis the 

Maxwellian velocity distribution is the distribution in radial sense. If 0 < a < 0.3, Te 

and ne are determined from the shape of the profile of S(k,w) in combination with the 

surface Or. The delta function in Eq. {6.28) is chosen to represent the Rayleigh 

component although the component has a finite width. However, as already indicated 

this width can be neglected compared to the width of the Thomson profile and the 
* width of the apparatus profile. The measured profile P (w) is a convolution of the 

apparatus profile A(w) with the profile P(w), i.e., 

ID 

p*(w) = J A(wa) P(w-wa)dwa. (6.30) 

--11) 

In practice the profiles measured are analyzed using Eqs (6.28), (6.29) and (6.30) in 

combination with a linear background in a seven parameter least mean square 

analysis running on a PC/AT. Aseven parameter least mean square analysis is chosen 

because the position of the asymmetrie Rayleigh component is independent from the 

Thomson component. The relative positions of the Thomson and Rayleigh spectra 
reproduced within 1 pixel during the measurements of the day. In the procedure the 

convolution Eq. (6.30) is calculated using Fast Fourier Transforms. The least mean 
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squares analysis is based on the Levenberg-Marquardt iteration scheme [34]. A 

similar method was used by Huang et al. [33], although no convolution with the 

apparatus profile was performed. From the parameter OR the neutral density n0 can 

be determined. Here the contribution of the ion ground state has to be subtracted. 

This contribution is equal to 0.393 ni [16] where n1 = ne because of quasi neutrality. 

The influence of the excited states can be neglected since the densities are much lower 

than the ground state densities [16],[19]. Using the explicit form of the apparatus 

profile increases the dynamic range of Te (1000 - 50000 K) and besides this, it takes 

into account the asymmetrie apparatus profile properly which increases the accuracy. 

Table 6.9 The injluence of collective effects on the determination of the 
parameters. 
Method liJ: the analysis is performed not including collective effects. 
Method IV: the analysis is performed including collective effects to 
order a2• The comparison was made for ne = 1.11020 m-3, n0 = 9.6 

1021 m-3 and Te= 9400 K corresponding toa= 0.21. 

Method lil Method IV 

6-ne 0.028 0.001 ne 

~,Te 0.036 0.003 
e 

6-no 0.064 0.006 no 

To show the necessity of implementing collective effects in case of the 

expanding cascaded are a comparison was made (see table 6.3). The influence of taken 

into account collective effects to order a2 is depicted. A collective profile was 

simulated using Eqs. (6.28), (6.29) and (6.30) with ne = 1.7 1020 m-3, Te= 3400 K 

and n0 = 3.6 1021 m-3 resulting in a scattering parameter of a= 0.27. Method III 

illustrates the result of the least mean squares fits, if no collective effects are taking 

into account and method IV shows the results of the analysis if collective effects are 
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taken into account. Although the error in ne and Te is of the order of a 2, the error in 

the determination of no is larger. The error made in no if no collective effects are 

included, i.e., the difference between no obtained from metbod IV and n0 obtained 

from metbod III, no,IV - no,ni> can be expressed in ne,IV• i.e., the electron density 

obtained using method IV, and the error in the electron density, i.e., ne,rv- ne.nr. 

(6.31) 

~-1 is equal to 143 (see Eq. (6.25)). Note tbat the relation between ne and Te in the 

case of a constant scattering parameter a is given by Eq. (6.7). The error no.rv- no.m 

Table 6.4 The noise sourees in the Thomson-Rayleigh experiments 

-shot noise in signal (Poisson statistics) 

-laser: 

-detector: 

light amplifier 

OMA 

- calibration 

relative 

absolutely 

energy stability (pulse to pulse) 

pulse energy distribution both in 

time and spatial sense 

beam pointing stability 

noise in quanturn efficiency of 

photocatbode 

noise in amplification factor 

variation in time structure gate 

pulse 

noise in dark current 

noise in AD conversion 

reset noise photo diode element 

accuracy in the dispersion 

determination of the pressure of the gas 
sample 

- reproducibility in the conditions of the plasma 
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becomes larger for a set up using a Ruby laser [9],[11],[12],[35] since the ratio of the 

cross sections is larger in that case (the Rayleigh cross section is inversely 

proportional to À 4). In fig. 6.9 the error no.tv- no,m is depicted as a function of ne,IV 

for different ne,IV - ne.m for a = 0.27. It appears that the correction in n0 can be 

appreciable in the parameter range of the expanding cascaded are plasma even when 

ne,IV = ne.m· 
To conclude this section the accuracy in ne, n0 and Te will be discussed. The 

following factors are of influence (see table 6.4). The main important noise sourees are 

the shot noise and the combined noise of the detector and laser. To indicate the 

influence of the laser and detector in the noise contribution a typical Rayleigh 

calibration is discussed. The measurement consisted of ten measurements of 1200 

shots at a 200 Pa argon sample. The mean value of the amount of counts was 

Nrayleigh = 67000 :1: 500 ADC counts. Here the uncertainty corresponds to the 
measured standard deviation. On basis of Poisson statistics (see Eq. (6.27))' 

_,Poisson 
ANrayleigh = (67000x3.4)112f3.4 = 140 ADC counts is expected. lt can beseen that 
the measured standard deviation is a factor of four larger indicating that another 

noise souree is dominant in this case. This other noise souree is the combined laser 

and detector effect. For example the pulse to pulse stability alone is already 2 %. In 

the case that the number of laser shots used during the measurements are large, the 
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pulse to pulse stability is averaged. The same holds for the stability of the detector. 

Approximately a 1% random error remains which is shown by the above experiment. 

So the random error in ne is mainly determined by the instrumental noise (:1: 1 %) and 

the shot noise. Typical values of the accuracies in ne are respectively 1 - 4 %. For the 

error in ne this means that the reproducibility in the plasma conditions (:1: 1 %) can 

play an important role. There is also a systematic error in ne due to the relative and 

absolute calibration (5 2 %). The errors in Te are mainly determined by the analyzing 

procedure and the accuracy in the width in pixels. Furthermore, the error in Te 
increases rapidly as the electron density goes down. For electron densities in the range 

1019 m·3 the error in Te is approximately 300-500 K. Typical errors in Te are 2 to 

6 %. Systematic errors in Te are due to the determination of the dispersion on the 

Rowland circle (:1: 1 %) and the relative calibration ($ 2 %). The accuracy in no is 

mainly determined by the accuracy in the vessel straylight and the amplitude of the 

Rayleigh signal. Usually the relative error in n0 is of the order of 10-50 %. Another 

important aspect is the inclusion of the collective effects in the Thomson profile. If 

these effects are not included, it causes systematic errors in the determination of ne, 
no and Te depending on a. 

6.1.5 Results 

In figs. 6.10 two measured Thomson-Rayleigh profiles are given for two 

plasma conditions as indicated in the figure caption. Also the least mean square fits 

are shown and the five times magnified residue. For fig. 6.10a the scattering 

parameter was a = 0.11 and for fig. 6.10b a = 0.16. Camparing figs. 6.10a and 6.10b 

the large difference in temperature is immediately seen. This is because in fig. 6.10b a 

magnetic field is applied and current is drawn in the jet sectien (mode c, see chapter 

5). In fig. 6.10b the Rayleigh contribution is diminished due to the ionization of the 

plasma which takes place in the expansion zone. 

6.1.6 Conclusions 

The described Thomson-Rayleigh set up links high accuracy with a large 

dynamic range which is necessary to study the plasma expanding from the cascaded 

are. This is achieved by using a multi channel detection system in combination with a 

periodically pulsed Nd:YAG laser. The spectra are analyzed with convolution 

methods to increase the dynamic range and using the measured asymmetrie apparatus 
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profile. The influence of collective effects and an asymmetrie apparatus profile are 

discussed and especially the inclusion of collective effects is essential to obtain a good 

accuracy in the determination of n0. The accuracy in ne is of the order of the plasma 

stability i.e. 1- 4% while the accuracy in Te is of the order of 2- 6 % depending on 

the plasma conditions. For neutral densities above 102° m-3 the accuracy is of the 

order of 10 to 50 %. 

6.2 Light emission experiment 

The excited state densities of the Ar I neutral system can be determined from 

line intensity mea.surements. This passive spectroscopie technique is important in 

equilibrium studies [36],(37},[38]. lt becomes even more powerful if it is combined with 

an independent method to determine the electron density and electron temperature 

(e.g. Thomson scat tering). Then it is possible from the distribution of these excited 

state densities with respect to the ionization energy of the state to determine whether 

the plasma is in Saha equilibrium. Furthermore, the excited state densities can be 

used to estimate the recombination or ionization rate. If the electron density and 

temperature are not available, line intensity measurements are still very useful and 

gives insight in the kinetics of the plasma (38]. 
The radiated power P pq> emitted by np excited particles per unit volume per 

unit solid angle in some upper state p, which decay to some lower state q by 

spontaneons emission, in the absence of stimulated or absorption effects, is given by 

(6.32} 

where Apq is the transition probability and hvpq is the photon energy. Measurement 

of the absolute value of Ppq gives, provided that Apq is known, the absolute value of 

the excited state density np. 
Besides line emission the plasma also emits continuurn radiation. The 

continuurn radiation is given by [39],[40] 

ei eo 
fcont = ffb + Eff + Eff , (6.33) 

(6.34) 
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(6.35) 

(6.36) 

In these expressions €fb is the continuurn emission due to two partiele recombination, 
ei 
f~b the emissivity due to the free-free interaction between an electron and an ion and 

Eff the emissivity caused by electron atom interaction. G1 and G2 are constants (1.63 

w-43 Wm4K112sr·l and 1.026 lQ-34 Wm4K·3/2sr·1, respectively), Çfb and {rr the 

free-free and free-bound Biberman factors for argon, >. the wavelength of the 

emissivity and Q( Te) the cross section for the electron-neutral interact ion. A 

computer program is written to calculate fcont [39] for given Te, ne and n0 assuming 
quasi-neutrality ( ne ~ nt). In the continuurn emission the influence of double ionized 

atoms is neglected. 

)-. 
z 

Figure 6.11 The light emission spectroscopie set up. For explanation see text. 
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In fig. 6.11 the experimental set up and in fig. 6.12 the data acquisition 

system is depicted for the light emission experiment. The set up is located at the same 

segment of the CAS as the Thomson-Rayleigh scattering set up. This minimizes the 

possible differences in the plasma parameters compared to the Thomson-Rayleigh 

scattering measurements. The optical a:x:is is perpendicular to the jet a:x:is. The plasma 

is imaged by a large mirror S1 and two lenses L1 (! = 750 mm) and L2 (f = 500 mm) 

and a rotating mirror S2 on the diaphragm D1• The solid angle is determined by the 

diameter of the first lens and is equal to 4 10"3 sr. With the diaphragm the detection 

volume is selected. Diaphragms of 0.25, 0.5 and 1.0 mm can be used and can be 

exchanged. During the light emission experiment the 0.25 mm is used which yields a 

0.375 mm spatial resolution in lateral sense. The rotating mirror is used to scan the 

plasma laterally. The mirror is mounted on a stepping motor which is controlled by a 

M68000 microcomputer in combination with a data acquisition system (see fig. 6.12). 

The minimal step size of the stepping motor corresponds to 0.028 mm in the plasma. 

Afterwards the lateral scan is Abel inverted to get local information (see subsectien 

6.2.1). The dateetion volume selected by the diaphragm is imaged by lenses L3 (J = 
150 mm) and L4 (! = 150 mm) on the entrance slit of a Jarell Ash grating 

monochromator. The dispersion of the monochromator is equal to 1.6 nm/mm. The 

width of the entrance slit was 0.025 mm and the exit slit had a width of 0.100 mm. 

Figure 6.12 

0 

The data acquisition system: Eotating Mirror, Monochromator, 
Stepping Motor driver, Ereset Scaler, E.hoto Multiplier, 
Qiscriminator, Level ,d.dapter, Scaler, E.Einter, MOnitor, PLotter. 
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The entrance slit gives the spatial resolution in axial direction in the plasma. 

The wavelength band transmitted by the monochromator is equal to 0.16 nm. 

For the line intensity measurements this makes it necessary to select argon I lines 

which are isolated by more than 0.16 nm on both sides [41],[42]. The Stark widths of 

the used argon lines are all smaller than 0.16 nm. Selecting the argon I lines, it is 

assumed that there is a good coupling between the two argon I subsystems (36], which 

means that the excited states are distributed according to their energy from the 

ground state. In this case the two argon systems also share the same ionization level, 

namely the lowest of the two systems (Eion = 15.755 eV). The coupling can be 

maintained by frequent electron collisions and the charge exchange mechanism. In 

Table 6.5 

4P .... 4s 
4P .... 4s 
4p'.... 4s 
4p'....4s' 
5p-+ ..f.s 
5p-+ ..f.s 

4d-+ 4P 
6s-+ 4P 
..f.d'.... 4P 
7s-+ 4P 
5d'.... 4P 

Bd-+ 4P 
7d'.... ..f.p' 

The argon I lines selected for the line intensity measurements, Ep (in 
e V) is the energy measured from the ground state, lp ( =hon - Ep in 
e V} the ionization energy of the level, >. the wavelength of the 
transition, 9p the degeneracy of the upper level, Apq (in 108 s-1) the 
transition frequency, and the accuracy of the transition probability. 

>.(nm) Ep lp 9p Apq accuracy 

811.5 13.07 2.69 7 0.366 < 25% 

763.5 13.17 2.59 5 0.274 < 25% 

696.5 13.32 2.44 3 0.067 < 25% 

750.4 13.48 2.275 1 0.472 < 25% 

419.8 14.49 1.265 1 0.0276 < 25% 

420.1 14.57 1.185 7 0.0103 < 25% 

693.8 14.69 1.065 1 0.0321 < 25% 

703.0 14.84 0.915 5 0.0278 < 25% 

591.2 15.00 0.755 3 0.0105 < 25% 

588.9 15.18 0.575 5 0.0134 < 25% 

518.8 15.30 0.455 5 0.0138 < 25% 

506.0 15.52 0.235 9 0.0039 > 50% 

531.8 15.63 0.125 7 0.0027 > 50% 
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table 6.5 the selected argon I lines are given. As can be seen the accuracy in Apq for 

almost all the lines is smaller than 25 % except for the highest states. For the 

continuurn measurements the wavelength intervals around 633.5 nm and 468.8 nm are 

used as they are far away from any of the Ar I or Ar II lines [42]. Between lenses L3 

and L4 the light rays are parallel and here a second filter (GG 395, cut off 395 nm) 

was placed for all measurements with >. > 500 nm. If the intensity was too high a 
neutral density filter ( transmission 1.5 % for 400 _: 800 nm) was additionally placed 

between L3 and L4 ( especially the argon 4P lines are very strong). The radiation is 

detected by a RCA 31034 photo multiplier (quantum efficiency at 700 nm 12 %). The 

photo multiplier is cooled by means of an freon cooler to a temperature of -35 °C to 

minimize the dark counts. Using photon counting techniques the output of the photo 

multiplier is converted to a voltage pulse by means of a load resistor. This signal is 

amplified a hundred times by two fast amplifiers, discriminated and converted to 

TTL level (using respectively, LeCroy 12 channel amplifier, NIM model 612, 8 

channel discriminator (D), NIM model 623 and level adapter (L.A), NIM model 

688AL). The signalof the TTL converter is supplied to a scaler. This scaler registers 

the number of pulses duringa time interval which is controlled by the preset scaler. 

The line intensity and continuurn measurements are corrected for dark counts 

(::1: 16Hz). Furthermore, the line intensity measurements are also corrected for the 

continuurn intensity by measuring the continuurn under the same conditions as the 

line intensity at a wavelength as close as possible to the line. The calibration of the 
set up was done using a calibrated tungsten ribbon lamp, which was for that purpose 
located on the same position as normally the plasma jet. 

As already said the light emission experiment does not give a locally resolved 

emissivity. To get local information on r~p/ 9p from the lateral profiles it is assumed 

that the plasma is cylindrically symmetrie. In this situation an Abel inversion can be 

performed on the lateral profiles. The Abel inversion technique is described in the 

next subsection. 

6.2.1 Abel inversion 

A measured lateral profile of the intensity I(y) side on is in fact an integrated 

value of e(x,y) = e(r) over the view line s (see fig. 6.13) or ma.thematically 
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(6.37) 

where Ristheborder of the plasma. This expression can he inverted to obtain E(r) 

R 
E(r)=-!J 1 BI(y)d. 

1!' r J(yLr2) Of} y 
(6.38) 

This procedure is called Abel inversion. With the help of Eq. (6.38) it is possible to 

calculate E(r) if I(y) is known. However, Eq. (6.38) has several disadvantages. The 

first one is the presence of a singular point in y = r. This makes straightforward 
numerical integration impossible. To overcome this point, the integral is usually 

separated by means of partial integration [43]. The second problem is related to the 

fact that a first derivative of the measured profile is necessary. If the profile is very 

noisy (which it is for high excited sta.tes), this first deriva.tive gives problems. A 

possible wa.y to overcome this problem is to smooth the profile by a.djusting it to a 

polynomial [44],[45]. Another disadvantage of Eq. (6.38) is that this way of Abel 

inversion is usually very slow. 

Other ways to Abel invert the lateral profiles is by fitting the lateral profiles 

to a sum of Gaussians or even better to a sum of a combination of a Gaussian and an 

Figure 6.13 The projection of an object (left) and the simple back projection 

(right). 
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even Hermite polynomial. These functions are known to be invariant to the Abel 

inversion [46],[47],[48]. A new method which uses tomographic techniques is presently 

being researched [48],[49],[50],[51]. This technique is also used to Abel invert the 

measured lateral profiles in this thesis. 

The basis of this technique is demonstrated in fig. 6.13. In fig. 6.13a the 

measured lateral proftles, or using another word, projections are shown together with 

the original object. In fig. 6.13b a very simple reconstruction technique is shown 

called back projection [52],[53]. The position of the four points is already correct but 

as can be seen a star pattern is formed. The star pattern in the case of this simple 

back projection depends on the amount of projections and the amount of measured 

points in these projections. If one has an infinite number of projections this back 

projection can be written as (see fig. 6.14) 

1r 

f(x,y) = J p(t,tp)dtp, 
0 

(6.39) 

. here f(x,y) is the reconstructed profile (not necessarily cylinder symmetrie) and p(t,tp) 

the lateral profiles for a certain angle tp. To avoid the star effect in the reconstruction 

a so called filtered back projection has to be performed [52),[53]. This filtered back 

projection is a consequence of the reiation which exists between Radon transfarms and 

Fourier transforms [52],[53],[54]. The Radon transferm is given by 

\ 
\ 

\ 
\ 
\ 

\ 
\ 

\ 
\ 

\ 

Figure 6.14 The projection of an object. 

t 
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(I) 

p(t,cp) = J f(z,y) ds, (6.40) 
-ro 

i.e., the projection p(t,cp) is the line integral of the original object f(x,y). Note the 

close correspondence between the first part of Eq. (6.37) and Eq. {6.40). It can be 

shown [52],[53] that f(x,y) can be rewritten as 

where 

7r 

f(z,y) = J p*(t,cp)dcp, 
0 

(I) 00 

p*(t,cp):::; J (J p(t,cp)ezp( -27riwt)dt] ezp(27riwt)l wl dw. 
-m -m 

(6.41) 

(6.42) 

The inner integral of Eq. (6.42) is the one dimensional Fourier transferm of the 

measured lateral profile p(t,cp) and is defined as 

(I) 

Q(w,cp) = J p(t,cp)ezp( -21riwt)dt = Sf(p(t,cp)) . (6.43) 
-m 

Combining Eq. (6.42) and (6.43) gives 

(I) 

p*(t,cp) = J Q(w,cp) lwl ezp(27riwt) dw, (6.44) 

-m 

i.e., p*(t,cp) is the convolution of the measured lateral profile p(t,cp) and the inverse 

Foutier transferm of the filter I wl 

p*(t,cp) = Sf"1(lwl)*p(t,cp). (6.45) 

This equation is the basis for the convolution techniques used in the literature 

[52],[53]. Fast Fourier Transforms (FFT) are used to calculate the convolution which 
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means a large reduction of the calculation time. So the procedure is as follows: 

calculate p*( t, rp) from 

p*(t,rp) = .5T-1(Q(w,rp)lwl), (6.46) 

and then use Eq. (6.41) to calculate the original profile. In the procedure to calculate 

p*( t,rp) filter techniques are used to reduce to influence of the noise in the 

reconstruction. In fig. 6.15 filtered back projection is schematically compared with the 

UÄ I I 
I I 
I I / 

Figure 6.15 

Figure 6.16 
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ordinary back projection. 

Some additional remarks have to be made. It is a fact that only one lateral 

profile is measured. Equations (6.46) and (6.41) assume, however, an infinite number 

of profiles. Here the assumption of cylinder symmetry is implemented, namely it is 

assumed that all profile are the same. This means that the cp dependenee in Eqs. 

(6.41) and (6.46) disappears. In practice 180 back projections are sufficient for the 

reconstruction of the original profile. Second Eqs. {6.46) and (6.41) have to be 

digitized for computer implementation. A comparison between the analytica! Abel 

inverted profile and the profile using Eq. (6.41) and (6.46) is shown in fig. 6.16. As 

can beseen the difference between the two profiles is about 1 % in the top. However, 

it can be concluded that the error made in the top for Gaussian profiles is never larger 

than the noise in the original profile [49],[50]. Eqs. (6.41) and (6.46) are implemented 

in a computer program running on a PC/ AT. A typical time for a Abel inversion of a 

lateral profile of 256 points is 10 seconds. 

To conclude this section, it should be said that the presented Abel inversion 

is not more accurate than the Abel inversion presented in the literature 

[34],[35],[36],[37]. However, the filtering techniques are implemented more naturally 

and the calculation time is decreased considerably, compared to the methods used in 

the literature such as' direct integration of Eq. (6.38) or the function expansion 

methods. 

6.3 Fa.b:ry-Pérot interferomet:ry 

The neutral partiele temperatures in the free expanding plasma jet are 

measured using Fabry-Pérot interferometry. The principle of these measurements is 

the broadening of speetral lines [55). Two broadening mechanisms are important in 

the parameter range of the expanding cascaded are. These two mechanisms are 

Doppier broadening due the thermal motion of the particles and Stark broadening 

which is caused by the presence of charges in plasmas. Besides this the speetral line 

can also be shifted because of drift and rotation velocities. 

If the velocity distribution of the heavy particles is Maxwellian, the Doppier 

broadening results in a Gaussian profile. The Stark broadening results in a Lorentzian 

profile. If both these broadening mechanism occur the resulting line profile is a 

convolution and a Voigt profile results. From the width of the Doppier profile the 

neutral partiele temperature can be calculated. Neglecting the naturalline width, the 

Stark width is proportional to the electron density. Griem [55] has calculated the 
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Stark parameter for the argon line >. = 420.1 nm [44]. The Stark width is 

approximately 16 pm for ne r::i 1022 m-a. For a neutral partiele temperatures of 5000 K 

the Doppier width is approximately 4 pm. This makes deconvolution of the measured 

line profiles necessary for densities higher than ne > 1021 m-a 

The spectroscopie set up for the Fabry-Perót interferometry is identical to 

that used by Gielen [18]. The only difference is that the optical set up was 

reconstructed so that it was possible to measure on the same position as where the 

Thomson-Rayleigh scattering set up and the light emission experiment are located. 

For further details concerning the Fabry-Pérot interferometry measurements see Ref. 

[18]. The measured line profiles are analyzed using the least mean square program of 

the Thomson-Rayleigh scattering set up. For this purpose the program was extended 

[24] to include also Voigt profiles. 
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7 Results and discussion 

In this chapter the results obtained with the diagnostics and the results of the 

model calculations for the plasma expanding irom a cascaded are will be discussed. In 

section 7.1, the measurements of the plasma parameters for the standard condition are 

presented and analyzed qualitatively. The standard condition is defined in terms of 

the CAS parameters (cf. section 5.3) in section 7.1. Section 7.2 is devoted to the 

discussion of the measurements of the plasma parameters for other conditions. The 

differences in the plasma parameters with those of the standard condition are 

discussed qualitatively. The measurements will be analyzed more quantitatively in 

section 7.3. Section 7.4 is devoted to the structure of the neutral partiele and the ion 

shock fronts for the different conditions. In section 7.5 the model calculations of the 

expansion· are presented. The results for the standard condition are compared with the 

measurements and the derived quantities as given in sections 7.1 to 7.4. 

7.1 The standard condition of the CAS 

The standard condition of the CAS defined in this thesis work is given in 

table 7.1. 

Table 7.1 The standard condition ofthe CAS 

current cascaded are leas 45 A 

flow cascaded are Q 58 ssc/s 

background pressure Pback 40 Pa 

magnetic field Bz 0 T 

current jet section Ij et 0 A 

Note that since no external current is drawn in the jet section, Ljet is not relevant for 

the standard condition. The main characteristic of the standard condition is the fact 

that the plasma expands supersonically into the low pressure background. After 

several centimeters a shock front is formed, resulting in an increase of the densities 

and temperatures. Behind the shock the plasma expands further subsonically. 
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7.1.1 The Thomson-Rayleigh scattering results 

In figs. 7.1 the electron and neutral partiele density and the electron 

temperature for the standard condition of the CAS are shown as a function of the 

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

The results of figs. 7.1a-c are obta.ined from the Thomson-Rayleigh experiment using 

the least mean square method in the ana.lysis of the sca.ttered spectra as described in 

section 6.1.4. 

The fa.ct tha.t the collective effects have to be included (see section 6.1.3) in 

the a.nalysis of the sca.ttered spectra is demonstrated in fig. 7.2, where the scattering 

parameter (k>.D)-1 (Eq. (6.6)) is depicted as a function of the axial position z. Close to 

the exit of the cascaded are, the scattering parameter is (k>.D)-1 ~ 0.5 giving rise to 

significant corrections in the parameters ne, n0 and Te (see fig. 6.9). The 

reproducibility of the measurements was checked by performing more measurements 

for a. certain position during the day. In this way the reproducibility conta.ins the 

informa.tion on the inaccuracy in the determination of the axial position and the 

change of plasma conditions during the measurements. From the two measurements of 
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ne, no and T8 at z = 100 mm (see figs. 7.1) it can be concluded that reproducibility is 
within the estimated error. 

The division of the plasma in 1) the supersonic expansion (z = 0 -::l 40 mm), 

2) the stationary shock front (z ::$ 40-60 mm for the ions and z ::$ 40- 100 mm for 

the neutral particles) and 3) the subsonic relaxation region (the region behind the 

shock fronts) is clearly seen in fig. 7.1a-b. The behavior of the electron temperature is 

different, i.e., the electron temperature jumps ahead of the shock front (z = 25 mm). 

As known from measurements and calculations in the cascaded are [1],[2] for 
equivalent conditions as given in table 7.1, the values of the electron and neutral 

partiele densities at the exit of the cascaded are are approximately equal to ne ::$ 1022 

m·3 and n0 1:l 1023 m·3• This means that in the first part of the expansion the densities 

decrease with three orders of magnitude. Because the electron density is equal to the 

ion density, the measurement of the electron density gives information on the 

dynarnic behavior of the ions as well. This is related to the fact that it is easier to 

estimate the divergence of the ion flux. Therefore, in the treatment of the mass 

balance for the electron or ion density, it is more instructive to discuss the properties 

in terms of the ion dynarnics. 
The decrease of the electron temperature in the expansion region is smaller 

than is expected on the basis of an adiabatic expansion. In that case the temperature 

would decrease as nij/3, which means for the situation of the standard condition (see 

figs. 7.1) that the eleètron temperature would decrease two orders of magnitude. The 
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reason for the smaller decrease of the electron temperature in the expansion is, as was 

discussed in chapter 4, current generation in the expansion and the heating by three 

partiele recombination. 

As mentioned, at z ::: 40 mm both in the ion and in the neutral partiele den

sity a shock front occurs. The difference in the shock front thicknesses for the neutral 

particles and ions, as is known from chapter 4, is related to the mean free paths of the 

ions and neutral particles ahead of the shock. An important fact is that the electron 

temperature jumps ahead of the ion density jump. This observation, which is a 

general feature of the free expanding plasma [4:1,[5],[6], was discussed in chapter 4. As 

was stated there the preheating of the electrans is caused by Ohmic dissipation due to 

the presence of a current density and by the large electron heat conduction. After the 

shock front, the electron density decreases slowly. The neutral partiele density 

increases towards the background value. 

The ionization degree for the standard condition is given in fig. 7.3. and is, as 

can be seen, approximately constant in the expansion and the shock front indicating 

the small effect of recombination on the densities. After the shock front the ionization 

degree decreases to approximately 1 % at 500 mm as the diffusion broadens the 

electron density profile whereas the neutral partiele density increases somewhat due 

to the decrease of the heavy partiele temperature. 

In fig. 7.4a-c the electron and neutral density and the electron temperature 

as a function of the radial coordinate r are shown for z = 20 mm and z = 40 mm. As 

0 

Figure 7.3 

0.10 

0.08 

0.06 , .. 
:-.. 

0.04 ,, 
• 

0.02 • 

.. 
0.00 

0 

• 
• 
•• 
• • 

• • • • • 
100 200 300 400 500 

z (mm) 
The ionization degree on the axis as a function of the axial 
position. 



122 The expanding plasma jet: Experiments and Model 

is seen from figs. 7.4, in the expa.nsion a structure corresponding to the barrel shock of 

fig. 4.3 is present, resulting in two dips in the neutral partiele density. The electron 

density has a dip just ahead of the shock front. Close to the exit of the cascaded are 

the radial profile of the electron density bas a small peak on top of a broader profile. 

In figs. 7.5a-c the Thomson-Rayleigh scattering measurements are shown in a 
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density n0 {bottom} as a function of the radial coordinate r for 

different axial positions: • 10 mm, 1 20 mm and • 4 0 mm. 
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Continued. c) The electron temperature as a function of the 
radial coordinate r for different axial positions: • 10 mm, .t. 20 
mm and • 40 mm. 

smoothed three dimensional representation. As can be seen from fig. 7.5a-i:: after the 

shock front. the structure in the radial profiles of the electron density and temperature 

and the neutral density disappears. Furthermore, the typkal structure of the shock 

front can be seen clearly. 

The results presented in figs. 7.1 are similar to the results obtained by Refs. 

[3],[4],[5]. The difference in the positions of the electron temperature and of the 

electron density jump was also measured by Fraser et al. [3], Kirchhoff et al. [4], 

Jenkins [5] and Poissant et al. [6] using a. Langmuir probe diagnostic. All these 

measurements were performed on a similar expanding plasma in argon (e.g. back

ground pressures, flow etc. ) as considered in this work. The result obtained by 

Christiansen [7], using a Langmuir probe diagnostic in a cesium seeded argon plasma 

shows also the preheating of the electron gas in front of the electron density jump. 

Bogen et aL [8] and McNeill [9] used Thomson scattering to determine the electron 

density and temperature in a deuterium shock tube experiment. In both cases the 

electrons are preheated upstream of the electron density shock. The radial profiles 

given in figs. 7.4 are similar to the results of Kobayashi et al. [10], who measured the 

densities in the barrel shock in a expanding plasma jet using interferometry. 
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7.1.2 Results of absolute light emission mea.surements 

The light emission experiment was used to determine the excited state 

densities of the Ar I system as discussed in section 6.2. The wavelength bands around 

>. = 466.8 nm and 633.5 nm are used to measure the continuurn emission. All the 

emission measurements are Abel inverted with the procedure as described in section 

6.2.1. 

In fig. 7.6a the excited state densities per statistica! weight are shown as a 

function of the ionization potential for the state p, lp = hon - Ep, for different radial 

positions at z = 40 mm. Using the Thomson-Rayleigh scattering results and the Saha 

equation for a two-temperature plasma (Eq. (3.32)), the corresponding population 

factor bp (defined insection 2.6) can be determined from fig. 7.6a. The result is shown 

in fig. 7.6b. The corrections ( < 0.1 %) in the Saha equation due to the difference 

between the heavy partiele and electron temperature for the argon situation are small 
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(see fig. 3.lb) and are therefore neglected. Moreover, the accuracy ofthe line intensity 

measurement is not large enough to determine this small deviations, due to the 

uncertainty in the transition probability [11] (25- 50 %, see table 6.5) and the low 

intensity for the highly excited states (:~: 50 %). As can be seen in fig. 7.7, bp 

approaches the value 1 for lp -+ 0, which means that the higher excited states are in 
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equilibrium with the continuum. The values for bp larger than 1 are caused by, 

respectively, the inaccuracies in the transition probability (25-50 %), inaccuracies due 

to the photon statistics ( < 30 %), the inaccuracy of the Abel inversion ( < 20 %), and 

the inaccuracy in the calibration procedure ( < 10 %). A relatively small uncertainty 

is included by a difference in the position of the measurements of the line intensity set 

up and the Thomson-Rayleigh set up ( < 20 %). The total error in the determination 

of bp is indicated in fig. 7.6b (for the higher excited states :1: 100 %, for the 4P states :1: 

25 %). For the lower excited states the population factor bp « 1, which implies that 

the plasma is recombining. The population factor for the argon ground state can be 

determined from the Thomson-Rayleigh scattering measurements and is 

approximately equal to 10"24 for the situation in fig. 7.6b. This means that the ground 

state is totally deccupled from the excited states and from the continuurn as expected. 

The population factor becomes smaller as a function of the radial position (cf. 7.6b), 

indicating a further departure from equilibrium for parts at the edge of the plasma. In 

this sense the expansion is frezen in, i.e., the ion and neutral density do notfellow the 

Saha equation. In fig. 7.7, the population factors on the axis for different axial 

positions as a function of the ionization potential are shown. As can be concluded 

from fig. 7. 7 the higher excited states are approximately in equilibrium with the 
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continuum. The lower excited states are under populated, indicating the recombining 

character of the expanding plasma. For the lower excited states, the population factor 

increases for higher electron temperatures and electron densities. The electron 

temperature seems to have a larger influence on the bp values for the lower excited 

states (compare fig. 7.1c and 7.7). In section 7.3 the results for bp will be used to 

estimate the recombination rate. 

The results of Refs. [12],[13],(14],[15],[16] of line emission measurements on 

expanding plasmas show a similar behavior as in figs. 7.6. The low excited states are 

under populated, except in the results of Limbaugh [12]. He measured the 4s statesof 

argon neutral system in absorption and found np/ 9p :::: 1017 m-3 for the 4s state at a 

electron temperature of Te= 7800 K and ne = 6.3 1020 m-3 conesponding to an 

overpopulation of a factor of ten. This was explained in terros of the strong three 

partiele recombination to these states. The electron temperature and density were 

determined from the higher excited states in a line intensity experiment which makes 

it very inaccurate. He did not measure the 4P states in emission, so that a comparison 

with the present situation is difficult. In section 7.3 the overpopulation of the 4s 
states of Ar I in the present situation will be considered. The results of Kimura et al. 

[14] indicate, in contrast with the results of Limbaugh [12], an underpopulation for the 

4s states. Furthermore, Kimura et al. [12] concluded that their plasma is optically 

thick for the transitions from 48-13p, 3d ... 3p and 58-13p. However, this does not 

necessarily mean that the transitions to the ground state are not radiative 

determined. In fact as, will be shown later on in this chapter, the transition to the 

ground state is radiative dominated. This item is also considered in section 7.3, 

because it has a profound effect on the recombination energy. McGregor et al. [16] 

determined the excitation temperature from the slope in the Boltzmann plot as a 

function of the axial positions in an expanding plasma jet. The results indicate, in 

agreement with the results presented here, that the excitation temperature is higher 

than the electron temperature close to the origin of the expansion which implies that 

the excited states are far from equilibrium with the continuum. Behind the shock 

front the differences between the excitation temperature and the electron temperature 

decreased in the experiment by McGregor et al. [16]. This is opposite to the results in 

the present situation. A possible explanation is that in the present situation the 

electron temperature is relatively low, whereas in the situation of the experiment of 

McGregor et al. [16] the electron temperature was about 6000 K after the shock front. 

The higher temperatures in the experiment of McGregor et al. [16] are probably due 

to the higher background pressures. 
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In figs. 7.8a and b the results of the continuurn rneasurernents for À = 466.8 

and 633.5 nrn are cornpared with the expected continuurn on the basis of Eqs. (6.33)

(6.36) as a function of z. The continuurn is calculated using the results of the 

Thomson-Rayleigh scattering measurements for ne, no and Te (see fig. 7.1) [17]. Frorn 

the calculations it can be shown that the continuurn for the 468.8 nm is rnainly 

deterrnined by free-bound processes [17]. As can be concluded frorn figs. 7.9 the 
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measured continuum is roughly one order of magnitude larger than the calculated 

continuum emission for ). = 468.8 nm and approximately equal for ). = 633.5 nm. 

This discrepancy was a.lso measured by others [18] for similar plasma conditions as in 

the present situation, i.e., low densities and temperature. Because the dependenee of 

the continuurn emission on the electron density for both wavelengths is equal (see Eq. 
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(6.34)), the continuum around 466.8 nm and around 633.5 nm depend differently on 

the electron temperature. The wavelength corresponding to >. = 633.5 nm belongs to 

free bound transitions to levels higher than 4P (see table 6.5) because the energy 

corresponding to this radiation (~ 1.96 eV) is smaller than lp (> 2.2 eV). On the 

other hand the continuurn emission around >. = 466.8 nm includes partly radiative 

recombination to the 4P levels. A possible explanation is the following. In the 

calculation of the continuurn emission the Eiberman factors calculated by Ref. [17] are 

used. In this calculation a simplified Ar I system is considered, i.e., the 4P states are 

represented by an effective 4P level. This would result in the well known edge in the 

continuum emission as a function of the wavelength. In reality, however, the 4P and 

Sd states are distributed in an energy band of 0.5 eV, which means that the 4p-3d 

edge is not so apparent as in the calculations. Furthermore, during the measurements 

an integration is performed over a wavelength band which smooths out the edge, if 

present. This smoothing effect is partly confirmed by the measurements of Wilhers et 

al. [17] of the continuurn emission of a cascaded are. The difference between the 

measured and the calculated continuurn emission as found by Refs. [17],[19],[20] is, 

however, about a factor of two in the wavelength band 450-550 nm. The factor of ten 

measured in the present situation is therefore still a factor of five too large. At the 

present the reason for this is unknown but could be related to the low electron 

temperature. 

To conclude this subsection, in figs. 7.9 two typical radial profiles of np/ 9p for 

EP = 14.57 eV (>. = 420.1 nm) are shown for two axial positions, respectively z = 20 

and 40 mm. The typical shape of the radial profile for z = 40 mm, i.e., a hole in the 

middle, is seen in all radial profiles of the excited states for the positions z = 30 and 

40 mm. This typical shape is related to the shape of the barrel shock (fig. 4.3). Note 

in this respect, the similarity between figs. 7.4 and figs. 7.9. 

7.1.3 The results of the Fabry-Pérot measurements 

To determine the neutral partiele temperature the line width of the >. = 420.1 

nm Ar I transition is measured. As is shown in the previous section, the radial profiles 

of the >. = 420.1 nm emission are hollow from z = 30 to 40 mm. This has consequen

ces for the Fabry-Pérot measurements of the neutral temperature in the expansion. 

As also no Abel inversion is performed on the line profile measurements, the 

temperature deduced from the line profiles must be regardedas an upper limit of the 

neutral partiele temperature on the axis between z = 30 and 40 mm. 
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The neutral partiele temperature on the axis as a function of the 
axial position determined from the line profile of the À = 420.1 
nm transition. 

In fig. 7.10 the results for the neutral partiele temperature as a function of the 

a.xial position is shown. The jump in the heavy partiele temperature occurs at approx

imately z = 40 mm, the same position as the jump in n0 (cf. fig. 7.1b) and not at the 

position of the jump in Te ( cf. fig. 7.1c) illustrating the decoupling between the 

electrons and the heavy particles. As can be seen from fig. 7.10 the neutral partiele 

temperature T0 behind the shock front rela.;x:es slowly towards the electron tempera

ture. Similar results for T0 were obtained by Fraser et al. [3] and Kroesen et al. [21]. 

Note that the pressure calculated from the neutral partiele temperature of 4000 K at 

z = 150 mm, using the densities and the electron temperature of figs.7.1, is approxi

mately equal to the background pressure (at z = 150 mm: nokbTo:::: 40 Pa; Pback = 40 

Pa). 

7.2 Results for other conditions ofthe CAS 

7.2.1 The Thomson-Rayleigh scattering results 

In this subsection the results of the Thomson-Rayleigh scattering 

measurements for different conditions of the CAS a.re discussed. Each measured 

condition of the CAS differs only in one parameter from the standa.rd condition 
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discussed insection 7.1. 

In figs 7.11 the measured ne, n0 and Te are shown as a function of z 
conesponding to the background pressures Pback of 13.3 and 133 Pa. The standard 

setting is also shown for comparison. Note the accuracies in Te and no for the lowest 

background pressure. The accuracy of the neutral density for values below 7 1019 m·3 

is about 100 %, i.e., these values are at the detection limit. The accuracy in Te just 

behlnd the shock front is for Pback = 13.3 Pa worse than for Pback = 40 and 133 Pa. 
As is discussed in chapter 6, the accuracy in Te is related to the electron densîty: the 

accuracy is better for larger electron densîties. For ne ~ 3 1018 m·3 the error in Te 
approximately equals 10 - 20 %. 

It is clear from figs. 7.lla-b that the background pressure has no effect on 

the first part of the expansion. However, the start of the shock fronts as measured 

from the exit of the cascaded are advances if the background pressure decreases. As in 

Young's [22] work it is observed that the position of the shock front is found at larger 

distauces from the cascaded are exit, if the background pressure is lowered. 
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For lower background pressure, see figs. 7.1la-b, the shock front thickness is 

larger than for a higher background pressure. This is caused by the fact that the 

densities for lower background pressures are lower leading to larger mean free paths 

for momenturn transfer. The jump in the neutral partiele density is larger for a lower 

pressure which is associated with a larger Mach number (see Eq. (4.67)). For Pback = 

40 and 13.3 Pa, the ratio between the neutral partiele density ahead and behind the 

shock front is approximately 4, indicating that the neutral partiele Mach number is 

large (see fig. 4.8). For the ion density the situation is different. Note the oversboot of 

the ion density for higher background pressures caused by deceleration and cooling of 

the plasma [21]. lt can be concluded that for lower background pressures the jump in 

the ion density decreases. As was discussed in chapter 4, the ions and neutral particles 

behave independently in the shock front. If the shock transition of the ions would be 

gas dynamically in nature, a smaller density jump would mean a smaller ion Mach 
number. However, the motion of the ions in the shock front is influenced by the 

presence of electrans causing effectively a smaller than gas dynamic ion density jump 

(see figs. 4.8). So a smaller ion density jump does not necessarily mean that the ion 

Mach number is smaller than the neutral partiele Mach number. 

However a difference in the ion and neutral partiele Mach number is not 

unlikely. Although it was assumed in chapter 4 that the coupling between the ions 

and neutral particles in the first part of the expansion is strong, this coupling 

diminishes as a function of the axial position. For ion and neutral densities similar as 
in the standard condition, the coupling remains strong throughout the expansion. 

However this reasoning is not valid for Pback = 13.3 Pa, since the density close to the 

shock front are an order of magnitude lower. This leads to different temperatures and 

veloeities for the ions and the neutral particles, resulting in different Mach numbers. 

In section 7.4, the shock front structure of the ions and the neutral particles is 

discussed more quantitatively and is compared with the Mott-Smith solution Eq. 

(4.70). 
From fig. 7.11c (as from fig. 7.1c) it can be concluded that the electron 

temperature jumps ahead of the density shock fronts. The jump in the electron 

temperature is approximately 1500 K, independent of the background pressure. This 

is an indication that the current density generated in the expansion plays a essentia.l 

role in the determination of the electron temperature jump. As stated before, if the 

compression of the electron gas would be adiabatic the electron temperature would 

increase as n~/3. However, the relative electron temperature jump is larger for a 

smaller electron density jump and because the electron heat conduction scales as T~l2, 
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the significanee becomes smaller for lower electron temperatures, i.e., lower 

background pressures (see fig.7.11c). 

After the shock front, the temperatures for the different conditions become 

approximately equal. In the ion shock front the changes of the electron temperature 

are small, validating the assumption made in Eqs. (4.80)-{4.81). 

In figs. 7.12 ne, n0 and Te are shown as a function of z for two other different 

conditions of the CAS. The differences with the standard condition are the flow 

Q = 75 sccfs instead of 58 sccfs for one situa.tion and a change of the cascaded are 

current from leas = 45 A to leas = 60 A for the other situa.tion. By changing Q and 

leas the valnes of the velocity, the temperature but in partienlar the densities for the 

different species, are different at the exit of the casca.ded are. As can be seen from fig. 

7.12a ne is larger if leas is cha.nged from 45 A to 60 A. For a higher flow in the 
cascaded are, the results for the electron density are simHar to the standard condition 

of the CAS. The neutral partiele density is lower for a. higher current in the cascaded 

are, leading to a higher ionization degree. Probably this is related to the fact that for 

a higher cnrrent the neutral partiele density profile in the cascaded are is different 
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from the standard condition, which affects the expansion of the neutral particles. For 
the higher flow in the cascaded are, the neutral partiele density in the expansion is 
approximately equal to the standard condition. As can be seen from fig. 7.12c, the 

jum.p of the electron temperature occurs in front of the jumps in the densities. The 

differences in the electron temperature are small for the different conditions in the 

cascaded are. For the situation with leas= 60 A the electron temperature is, however, 

systematic larger than for the other two conditions. The difference in electron 

temperature is especially clear bebind the electron temperature jump and in the 

subsonic relaxation region. 

In figs. 7.13 ne, n0 and Te are given as a function of z for other sets of 
parameters of the CAS. The differences, as compared with the standard condition are: 

1) A current of /jet= 45 A is present in the jet section, in this situation the lengthof 

the jet is Ljet = 700 mm. 2) A magnetic field of Bz = 0.2 T is applied, or the 

combination of these two parameters Ij et 45 A and B2 = 0.2 T with Ljet = 700 mm. 

Note that this last condition is different from the standard condition in two 

parameters of the CAS. It can beseen from figs. 7.13, that the presence of a magnetic 
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field changes the behavior of the electrons in the expansion region tota.lly. In 

combination with a current in the jet section, the electron temperature is always 

above 10000 K for the first 300 mm, which means, together with the valnes of ne and 

no, that the plasma is ionizing. Due to the ionization the shock front in the ion 

partiele density has disappeared. The neutral partiele density is below the detection 

limit in the region between z = 50 to 200 mm. In the expansion the decrease in the 

neutral density is larger than that observed in the standard condition, indicating a 
substantial ionization which rea.ches valnes of a~ 0.8. If only a magnetic field is 

present, the electrons in the expansion are confined, leading to a smaller decrease in 

the electron density. In this case the jump in the ion density, i.e. the ion Mach 

number is smaller. In the situation of a magnetic field the forces acting on the ion gas 

are very different from the forces acting on the neutral particles. If only a magnetic 

field is present, the electron temperature is still relatively low (5000 K). This means 

that ionization can still be neglected for this condition. This is reflected in the neutral 

partiele density, which is similar to the value for the standard condition. This means 

that the magnet ie field does not influence the expansion of the neutral part i des. The 
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influence of a current ljet in the jet section is a small increase in electron density and 

a corresponding decrease in the neutral partiele density. Since recombination can still 

be neglected the increase of the electron density is probably caused by slightly 

different density profiles at the exit of the cascaded are. The effect of a current 

density in the jet section on the electron temperature is an increase of the electron 

temperature with approximately 1000 K (see fig. 7.14, the enlarged version of fig. 

7.13c). Again the electron temperature jump occurs ahead of the jump in electron 

density. Interesting is the fact that, if a current is present in the jet section, the 

relative electron temperature jump, is approximately equal to the jump for the 

standard condition. This is again an indication for the presence of a current density in 

the free expanding situation. 

7.2.2 Results of the light emission measurements for two other conditions 

In fig. 7.15 population factor bp as a function of the ionization energy lp are 

compared with the results of the standard condition for two other conditions at z = 20 

mm (standard condition except Ijet = 45 A and B = 0.2 T). It appears that in the 

situation for which a magnetic field is present, i.e., higher electron densities and 

temperatures, the bp valnes for the lower excited states are larger than in the case of 

the standard condition. For the higher excited states, the population factors bp 
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approach the value 1 for all the conditions, as should be. 

7.3 The expansion and the subsonic relaxation region 

7.3.1 The neutral partiele and electron densities in the expansion 

In figs. 7.16 the measured behavior of n0 as a function of zin the expansion is 

depicted together with the relation derived by Ashkenas et al. [23] Eq. (4.38). This 

relation of Ref. [23] is valid for zf D » 1. As can be seen the agreement between the 
measured data and Eq. (4.38) is good until the shock occurs. In Eq. (4.38), there are 

three unknown parameters : Zref which is a sealing length and which can be freely 

chosen (here Zref = 1 mm is chosen), the position of the virtual souree z0,0, and the 

density in the reservoir no,res· In table 7.2 the parameters are given together with 
their accuracy for the different conditions of the CAS. The parameters are determined 

by adjusting the relation ( 4.38) to the measured data. The estimated accuracy in the 

parameters is also given in table 7.2. The conditions with an applied magnetic field 

are not considered in this subsection. As can be concluded from table 7.2 all the 

parameters are approximately the same, except those for which the conditions in the 

cascaded are are different (leas= 60 A and Q = 75 sccfs). For leas= 60 A, the 
neutral partiele density is approximately 1.5 times lower than in the standard 
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Figure 7.16 Continued. b} The comparison between the relation derived 
( ) by Ref. {29] and the measured neutral partiele density 

for different conditions: o Ijet = 45 A, A leas = 60 A, a Q = 75 

sccjs. 

Table 7.2 The parameters no,res and Zo,o for Zref = 1 mm for the different 
conditions as indicated by the parameter which is different from the 
standard condition of the CAS 

no,res (m"3) zo,o (mm) 

standard (3.0 :1: 0.3) 1021 1.5:1: 0.5 

Pback = 13.3 (3.0 :1: 0.3) 1023 1.5:1: 0.5 

Pback = 133 Pa (3.0 :1: 0.3) 1023 1.5:1: 0.5 

.ljet = 45 A (3.0 :1: 0.3) 1023 1.5:1: 0.5 

leas= 60 A (2.0 :1: 0.3) 1023 3.5 :1: 0.5 

Q= 75 scc/s {3.0 :1: 0.3) 1023 2.5:1:0.5 



144 The expanding plasma jet: Experiments and Model 

condition. Note that the determined values for no,res refer to the densities in the 

reservoir where the velocity is zero, which means that the neutral partiele density at 

the exit of the ca.scaded are is lower than no,res due to the velocity of the neutral 

particles. Depending on the heating of the gas in the cascaded are the neutral partiele 

density at the exit of the cascaded will be a factor of two to three lower than no.res· 

The obtained neutral partiele densities at the exit of the cascaded are are in that case 

approximately equal to that obtained by Refs. [1],[2]. 
If the ions expand in a similar manner as the neutral partieles, relation Eq. 

(4.38) should also hold for the ions. In figs. 7.17 the ion density in the expansion is 

depicted tagether with Eq. (4.38). In table 7.3 the corresponding parameters zi.o and 

1tï.,res are given. If the same factor to determine ni at the exit of the cascaded are is 
taken as in the situation of the neutral partiele density, the values are similar to the 

ion densities as inea.sured by Refs [2],[24] and those ealeulated by Ref. [1]. As can be 

seen from table 7.3, the ion density is larger for a larger flow and eurrent in the 
caseaded are. Furthermore, the ion density increases about a factor two if a current is 

present in the jet section. This indieates that the current density in the jet section is 

partly earried by a higher electron density. Also, all the positions of the virtual 

sourees of the ion density are loeated at z1,0 ~ 1.5 mm. As can be seen the ioniza.tion 

degree is higherif a current is present in the jet section, and if the eurrent or flow in 
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Figure 7.17 Continued. b} The comparison between the relation derived 
( ) by Ref {29} and the measured ion density for different 

conditions: o Ij et = 45 A, t:. leas = 60 A, a Q = 75 sccjs. 

Table 7.9 The parameters ne,o and Ze,o for Zref = 1 mm for the different 
conditions as indicated by the parameter which is different from the 
standard condition ofthe CAS 

ne.res (m-3) Ze,o (mm) 

standard (1.3 :1:: 0.3) 1022 1.5 :1:: 0.5 

Pback::::: 13.3 (1.3 :1:: 0.3) 1022 1.5: 0.5 

Pback ::::: 133 Pa {1.3 :1:: 0.3) 1022 1.5:1:: 0.5 

ljet::::: 45 A (2.5 :1:: 0.3) 1022 0:1::0.5 

leas::::: 60 A (2.1 :1: 0.3) 1022 1.5 :1: 0.5 

Q 75 scc/s (1.5 :1: 0.3) 1Q22 1.5:1: 0.5 
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the cascaded are are higher. 

Ashkenas et al. (23] give for the ratio z0,0/ D = 0.08. The present result zo,o/ D 

::: 0.38. The reason for this difference is unclear but could be related to the fact that 

the "reservoir" is a cascaded are where the heating of the plasma occurs. For the 

different background pressures, the positions z0,0 and z1,0 are all equal which means 

that the ionization degree is approximately constant in the expansion. Since the 

model of Ref. [23] is valid for both the ions and the neutral particles, it means that 

they expand adiabatically in a good approximation. Furthermore, it means that 

recombination is small. In Refs. [3],[5],[13] the results for the ion density in an 

expanding plasma were compared with the model of Ref. [23] and a good agreement 

was found. In the next subsection the recombination rate Krec,a will be evaluated 

using the results for the bp factors and the measurements of ne and Te in the subsonic 

relaxation region. 

7.3.2 Krec,a and Erec,3 for the expanding plasma in argon 

As was discussed in chapter 4 the correct value of the recombination rate and 

energy are very important for the evaluation of the plasma parameters in the 

expansion. If a too large value of Krec,a or Erec,a is considered in the model 

calculations, this willlead toa higher electron temperature and toa larger decrease of 

the electron density. Therefore in this subsection the line intensity and the 

Thomson-Rayleigh measurements a~~ used to estimate the recombina.tion rate. 

Furthermore, in this subsection, the recombination energy is estimated by considering 

the collisional and radiative processes. 

Measurements of Krec,a are only known for relatively high electron 

temperatures, i.e., Te > 4000 K [25], and mostly deal withother elements than argon. 

It is known that the dependenee on the temperature of Krec, 3 for argon cannot be 

extrapola.ted from the beha.vior of higher electron temperatures. Since for most of the 

mea.surements Te < 3000 K, it is clear that the results from the literature are not 

directly applicable to the present situation. 

The determination of the recombination ra te from the measured bp factors for 

different conditions is straightforward [26]. The deexcitation flow Jpq in the excita.tion 

space from a certain upper level p to a lower level q is equal to 

(7.1) 
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where Kpq is the deexcitation rate from level p to q and 1Jk the density per statistica! 

weight for the state k. Since bq < bp, Jpq is positive, i.e., the plasma is recombining. 

The recombination flow J is calculated by summing all the states with the same 

energy. For the levels conesponding to the 5p-+ 4P transition the total number of 

levels is assumed to be equal to 6 x 32 = 196. If direct recombination to the ground 

state and deexcitation to the 4s states can be neglected the tot al deexcitation flow J is 

equal to, 

(7.2) 

Since ne and 7]~aha follow from the measurements, Krec,3 can be determined from Eq. 

(7.1) if Kpq is known. The recombination rate is determined by calculating the 

deexcitation flow from 5p-+ 4P· As is well known the deexcitation rate Kpq depends 

weakly on the electron temperature. Therefore, the deexcitation rate for 5p -+ 4P is 

approximated by the averaged value of 10·12 m3s·3 for the temperature range 1000 < 
Te < 4000 K [27]. The results for J and Krec,a determined from the bp factor on the 

axis for the measured conditions are shown in table 7.4. The accuracies for the values 

depicted in table 7.4 are assumed to be accurate within a factor of 4. 

In fig. 7.18 the values of table 7.4 are compared with the results of Binnov et 

al. [28] and Biberman et al. [25], Bateset al. [29] and Benoy et al. [30] (see chapter 4). 

Although the accuracy is not high, it is evident that the values following from the bp 

Table 1.4 The recombination flow J and the recombination rate Krec,a determined 
from the bp factorand the Thomson-Rayleigh measurements 

Te (K) ne (m-3) J (m·•s-1) Krec,a (m3S"1) 

1600 4 1019 2 1023 3.8 w-as 
2000 2 1019 1.3 1022 9.5 10-07 

2400 1.3 1019 5 1021 2.3 10-26 

2600 6 lQ19 8 1021 5.8 10-38 

3000 4 1Q19 3.2 1022 5.0 10-37 

4000 1.5 1020 3 1Q23 8.9 10-38 
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- - - and Ref. {30 J ......... · are also indicated. 

measurements are systematically lower than those given by Refs. [25],[28]. The results 

of Refs. [29] and [30] are closer to the present values of Krec.a· In both models the 
plasma is totally optically thick for the resonant ra.dia.tion to the ground state. 

Note that it is in principle possible to determine the recombination rate from 

the electron or ion mass bala.nce. However, recombina.tion of electrans has a little 

effect on the mass ba.lance. Therefore an alternative determination using the ma.ss 

balance is less accurate than on basis of the electron energy equation which is done 

here. 

If current generation and electron heat conduction are neglected in the 

subsonic rela.xation region, the electron temperature is kept high by recombination 

processes. In fig. 7.19 the valnes of ne as a function of Te are shown for the measured 

conditions except the condition with bath an applied magnetic field and a current in 

the jet section. Note that the figure has a double logarithmic scale. A relation between 

ne and Te of the type 
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Figure 7.19 The relation between ne and Te in the subsonic relaxation region 
for different conditions: • standard, • Ijet = 45 A, • Bz = 0.2 T, 

• Pback = 13.3 Pa, ,. Pback = 133 Pa, o leas = 60 A, f1 Q = 75 

sccjs, ---- least mean square fit of the standard condition. 

ne = Co i;. (7.3} 

where the constants C0 and x are different for every condition, holds approximately 

for the measurements shown. For the standard condition the constants are equal to 
x= 1.87 and C0 = 1013 m·3K-1.8 7• Using this relation and observing that in the 

relaxation zone Bne/ 8z is approximately constant, the recombination rate can be 

easily estimated for the standard condition. Neglecting all heat sourees except the 

heat souree conesponding to the three partiele recombination, the electron energy 

balance Eq. (4.26} is rewritten with the help ofthe mass balance Eq. (4.19} to 

(7.4) 

Substituting Eq. (7.3) in Eq. (7.4}, assuming that the recombination rate is only a 

function of the temperature the following relation can be derived for the standard 
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condition 

(7.5) 

For the standard condition C1 = 10-42 m-3s-1K-4.6. Note that if the exponent X in Eq. 

(7.3) is equal to !, the right hand side of Eq. (7.4) is equal to zero: in that case Krec,s 
cannot be determined and must be small. Therefore the aeeuraey of Eq. (7.5) is not 

large (a factor 4 to 10). However, the temperature dependenee in case of the standard 

conditions (cf. fig. 7.18) is for Erec,s) !~Te approximately equal to the temperature 

dependenee generally found for low temperatures [25],[28],[30]. 

So the assumption that the three partiele reeombination is the main heat 

souree leadstoa relation between the rate Krec,l• the recombination energy Erec,s and 

the velocity of the electrens we· IC it is possible to determine the values of these 

parameters an estimate can be given for Krec,s· Behind the shock the velocity of the 

electrens is approximately equal to the heavy partiele velocity. The correct value of 

the recombination energy Erec,s should follow from a collisional-radiative model for 

the Ar I system. Here the recombination energy is estimated by camparing the 

collisional deexcitation with the radiative deexcitation. 

First the effective 4s level is considered [27] situated at Ep = 11.58 eV and 

consisting of the four 4s levels. According to Rosado [27] the effective transition 

probability (i.e. averagedover the four 4s levels) for 4seff is equal to 108 s·1• For ne ~ 
1020 m·3 it can be shown that the escape factor for the 4seff to the ground state 

transition is equal to 10-2, i.e., the radiative transitions to the ground state are 

optically thick. The deexcitation by electron collision for the same transition is equal 

to 1020 x 2 10-16 = 2 104 m·3s·1. Comparing the radiative deexcitation with the 

collisional deexcitation, it is easily seen that the deexcitation by radiative processes is 

still dominant for the 4seff levels even though there is substantial reabsorption. This 

reasoning remains valid for electron densities up to 1021 m·3. This means that the 

recombination energy is not equal to the ionization energy I10n but is smaller by at 

least 11.58 eV, because this recombination energy is lost by radiation. A similar 

analysis for the 4peff "" 4seff transition shows that these transitions are dominated by 

radiative transitions if ne < 1020 m·3. This mea.ns tha.t the recombination energy is 

again lowered by approximately 1.6 eV. The resulting estimate of the recombination 

energy is a.pproximately Erec, 3 = 2.6 eV or 0.16 x hon- Levels higher than 4P are 

dominated by collisional deexcitation since the deexcitation rates increase for higher 

levels. This is also confirmed by the line intensity measurements, see fig. 7.20. As can 
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be seen a ~ood agreement between the bp factors and the theoretica! prediction by 

Eiberman et al. [25] is found. This model by Eiberman et al. [25] is valid for the cold 

part of the Ar I levels, i.e., lp> t\Te and refers in this case to a dependenee of 

1/p"' p·3• Herepis the principle quantum number [26]. 

Since all the recombination flow passes the ,fs levels, the ,fs state density can 

be estimated from the effective radiative loss rate for this level. As already mentioned 

this deexcitation rate is approximately 106 s·1 for ne = 1020 m·3. Thus for Te= 3000 

K and ne = 1020 m·3 the recombination rateis equal to 2 1024 m·3s·t. This leads to a. 
4s excited state density of 2 1018 m ·3 which corresponds to an underpopulation of 

b4s !:1 7 10-4 (the Saba density is for these Te and ne valnes equal to 2.5 10 2o m·3). 

The excited state density is in agreement with Kimura. [12] who measured the 4s state 

density in an expanding plasma jet by an absorption experiment. 

Using the value of 2.6 eV for the recombination energy, the recombination 

rate can be calculated, if the velocity of the electrons is estimated. For We = 300 ms·1 

and if the ~t\Te is neglected in Eq. (7.5), the recombination rateis equal to 

(7.6) 
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Equation (7.6) is also depicted in fig. 7.18. As can beseen the agreement between the 

value of Krec, 3 determined using the bp factors and those obtained from the ne and Te 
dependenee in the subsonic rela.xation region for the standa.rd condition is good. Both 

values predict that the recombination in argon plasmas is about a factor of six smaller 

than the result of Rinnov et al. (28] and Eiberman et al. [25]. The difference with the 

model of Benoy et al. [30] is approximately a factor of two, which, considering the 

accuracy of the result (7.6) and the result based on the bp factors (see fig. 7.19a), is 

satisfactory. 

To conclude this subsection, the experimentally estimated recombination rate 

is about a factor of six smaller than for the helium case [28]. Furthermore, the 

estimated recombination energy is about six times smaller than the ionization energy. 

Therefore the recombination energy in the electron energy balance is about a factor of 

36 smaller than in the case of a helium plasma. 

7.3.3 The electron temperature jump 

In fig. 7.21 Te/Teo is shown as a function of (Z-ZJ:e,shock)/2Le in a double 

loga.rithmic plot. Here Teo is the electron temperature at the beginning of the electron 

jump, Zfe.shock the position of the electron temperature jump ari.d Le the thickness of 

the electron temperature therma.l layer (see fig. 4.7). As can be seen the electron 

temperature in the jump varies approximately as a power of Le, indicated by the 

straight line, i.e., Te "' L~, where 11 ~ 2/7. In sectien 4.3.3 a relation was given if the 

electron jump is ruled by the electron heat conduction [31] 

(4.76) 

Note that Eq. ( 4. 76) for the position where the electron temperature starts to increase 

and is derived under the assumption that the product newel in front of the tempera

ture jump is approximately constant. Therefore Eq. ( 4. 76) has to be modified for the 

present situation. Since the slope 8Te/ 8z in the electron temperature jump is constant 

for almost all measurements, both sides can be divided by Te. In this way the follow

ing relation for the electron temperature slope is derived 

(7.7) 
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The normalized electron temperature as a function of the 
normalized thickness of the electron thermallayer. • standard1 A 

ljet = 45 A1 • Pback = 19.9 Pa1 • Pback = 199 Pa1 ,. leas= 60 A1 

o Q = 75 sccjs, - --- line corresponding to lJT eflJz "' Të512• 

If the relation for !te is taken from Braginskü [32] or Spitzer [33] Ke "' ~12 , i.e., lJTe/ oz 
"' Të312. Although the accuracy of fig. 7.21 is not large and a large scatter in the 

valnes is visible, the temperature dependenee in Eq. (7.7) for "'e N Tgl2 is different 
from what is seen in fig. 7.21, i.e., 8Tef8z"' Të51'1. This leads to the condusion that 
heat conduction can not be the only cause for the electron temperature jump and in a 
correct analysis the Ohmic dissipation, caused by a velocity difference between the 
electrons and heavy particles, shonld be included. 

Christiansen [5] found in a similar treatment of the electron temperature 
jump as in the previous paragraph, that indeed the electron temperature behavior 
could be ex:plained by Eq. (4.76) using the Braginskii [32] value for the heat 

conductivity. However, the shock front in Ref. [5] is not generated by an expansion 
but by a stagnation point Langmuir probe. Therefore current generation can be 

excluded in Ref. [5]. 

The large difference of the present situation with the calculations indica.ting 

the large influence of the electron heat conduction [33],[34],[35],[36] is that they all 
refer to shock waves in a plasma without a preceding expansion. Therefore the 
calculations can exclude current generation as a possible mechanism for the electron 
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temperature jump, wherea.s in the present situation it has to be included. In section 
7.5 it will be demonstra.ted that the position of the electron temperature jump is 

determined by the Ohmic dissipation due to current generation. 

7.3.4 The posiüon of the shock front 

In fig. 7.22 the background pressure Pback is depicted as a function of the 
ratio zMI D for the neutral shock front for the conditions which only differ in 
background pressure with the sta.ndard condition. Also the result of Young [22] (see 

section 4.3.1 Eq. ( 4.66)) is indicated given by a straight line. From the result of Ref. 

[22], it is possible to determine the stagnation pressure at the exit of the cascaded are, 

whlch yields Pstag::: 35000 Pa. Since the ionization degree is small (~ 6 %) the stag
nation pressure determined is the stagnation pressure of the neutral particles. The 
relative error made is of the order of the ionization degree. If it is assumed that the 

sonic condition is present at the exit of the cascaded are the relation between the 

stagnation pressure and the static pressure p is given by Pstag = Po + Po"f9t To = 
(1+l)nokbT0• This means that with 1 = 5/3 the stagnation pressure is approxima.tely 
a factor of three larger than the static pressure. The static pressure determined by 
Ref. [2] is approximately 104 Pa at the exit of the casca.ded are leading to a good 
agreement wîth the result determined from fig. 7.22. If it is assumed that the density 

Figure 1.22 
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The position of the neutral partiele shock front. The result of 

Young {22} is indicated by a straight line. 
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at the exit of the cascaded are is approximately a factor of two to three lower than 

the determined reservoir value of no,res::; 3 1023 m·3 (cf. table 7.2) the determined 

heavy partiele temperature at the exit of the cascaded are is 6500 - 9500 K. This is in 

agreement with the measured neutral partiele temperature a.s seen in fig. 7.15 

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

The same shock position is observed for different settings of the cascaded are 

for the neutral partiele density (see figs. 7.12). This means that for these conditions 

the stagnation pressure at the exit of the cascaded are are approximately the same as 

for the standard condition. A similar reasoning holds for the condition of the CAS 

with a current in the jet section. 

Since the thickness of the neutral partiele and ion shock fronts are not equal 

the positions of the shock fronts are different since they start at the same position (an 

exception is probably the lewest background pressure ). This confirms that at the 

beginning of the shock transition the neutral particles and ions are still coupled. 

7.4 The neutral partiele a.nd ion shock front 

In figs. 7.23 the normalized shock fronts are given for the conditions in which 

the plasma expands freely. The Mott-Smith relation [37], Eq. (4.70), is used to 

normalize the neutral partiele and ion shock fronts, each with their own shock 

strengths, respectively, S0 and Si> and shock thicknesses, respectively, L1 and L0• The 

shock strength for the neutral particles is given by (see Eq. (4.70)) 

(7.8) 

where M 0,1 is the neutral partiele Mach number ahead of the shock front. For the ion 

shock a similar relation holds, if the neutral partiele Mach number is replaced with 

the ion-electron Mach number Jt 1• Since the results of Mott-Smith [37] are only 

valid for adiabatic shock transitions, only the conditions for which the plasma 

expands freely are considered in fig. 7.23. Although the accuracy of the measured 

neutral densities for fig. 7.23a is limited, a elear correspondence with the Mott-Smith 

[37] solution is seen. For the ion shock front, fig. 7.23b, the agreement with the result, 

Eq. (4.70), of Mott-Smith is even better. Here it should be remembered that the ion 

density has a small oversboot at the end of the ion shock front. Therefore the data at 
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the right in fig. 7.23b have a larger uncertainty. In table 7.5 the parameters L0 and Li 

and the Mach nurnbers M0,1 and .JC 1 determined from the fit of Eq. ( 4. 70) are given 

for the different conditions of the CAS. An estimate of the error is also given. 

As can be concluded from table 7.5, the Mach number M0,1 is always larger 

than the Mach number ..44. This is in agreement with fig. 4.8a, where it was shown 

that the presence of electrens decreases the ion density jump. 

Another important condusion from table 7.5 is that, compared with the 

standard condition, the neutral partiele Mach number is larger for lower background 

pressure and a higher flow and lower for a higher current in the cascaded are. For the 

ion shock front the situation is similar, except for the low and high background 

pressures. 

The Mach number .JC 1 decreases as the background pressure decreases, which 

is opposite to the behavior of the neutral particles. The electron temperature 

appearing in .JC 1 becomes smaller for smaller background pressures which should lead 

to a larger .JC 1. Therefore there are only two possibilities which lead to a larger Mach 

number. The first one is that the velocity of the ions for lower background pressure 

decreases more during the expansion than for higher background pressures. This is 

related to the structure of the electric field in the expansion. For example, a 

deceleration of the ions in the neighborhood of the shock front is caused by a positive 

Table 7.5 

standard 

The parameters M0, 11 L0, .JC 1 and Li determined from the shock front 
structure of the neutral particles and the ions for the different 
conditions as indicated by the parameter which is different from the 

standard condition ofthe CAS. The Mach number for Pback = 133 Pa 
is undefined but larger than 10 

Mo,l L0 (mm) ,j{l Li (mrn) 

4.5 :1: 0.3 33:1: 2 2.9:1: 0.3 12:1: 1 

Pback = 13.3 Pa 10 :!: 2.0 40:1:3 1.4:!: 0.1 14 :1: 1 

Pback = 133 Pa 3.6:!: 0.3 9:1: 0.5 > 10 5:!: 0.5 

leas= 60 A 3.8 :1: 0.3 30:1: 2 2 :1: 0.3 11 :1: 1 

Q = 4500 ml/min 8.0 :1: 1.0 32:1: 2 2.8:!: 0.3 13:!: 1 
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space charge behind the shock front (see section 7.5). A second reason could be a 

higher temperature of the ions. 

Another important result following from table 7.5 is the fact tha.t the ion 

shock front thickness is alwa.ys smaller tha.n tha.t of the neutral pa.rticles. In principle, 

it is possible to obta.in the tempera.tures of the ions and neutral particles ahea.d of the 

shock front from the results in table 7.5 and figs. 4.5 and 4.6 (for the ions the electron 

temperature is also needed). In this thesis work another approach is followed. 

If the pressure bebind the shock front is equal to the background pressure, the 

veloeities a.nd temperatures in front of the shock and bebind the shock can be 

determined as fellows. From the results of table 7.5, together with the jump relations 

for the temperature (Eq. (4.67) for the neutral particles and Eq. (4.77) for the ions), 

the ratio of the temperature ahead and behind the shock front is easily determined. 

From the background pressure, together with the valnes of the ion and neutral 

partiele densities and the electron temperature behind the shock front (which is 

approximately equal to the electron temperature ahead of the shock front), the heavy 

partiele temperature is determined. The results for the ions a.nd neutral particles are 

given in table 7.6 and 7.7. 
In the calculation of the temperatures and veloeities it is a.ssumed that the 

Table 7.6 

standard 

The neutral partiele temperature and velocity ahead and behind the 
shock front determined from the jump relation Eq. {4.61} for the 
different conditions as indicated by the parameter which is different 
from the standard condition of the CAS. It is assumed that the pressure 
behind the shock front equals the background pressure and that T0,2 = 

Tr,2· 

T0,2 (K) w0,2 (m/s) To,t (K) w0,1 (m/s) 

3700 550 510 1900 

Pback = 13.3 Pa 6000 670 190 2800 

Pback 133 Pa 3600 550 730 1800 

leas= 60 A 6900 750 1300 2500 

Q = 4500 ml/min 4400 550 210 2100 
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Table 7.1 

standard 

The ion temperature and velocity ahead and behind the shock front 
determined from the jump relation Eq. (4. 77} for the different 
conditions as indicated by .the parameter which is different from the 
standard condition of the CAS. It is assumed that the pressure behind 
the shock front equals the background pressure and that T0•2 = T1,2• 

Furthermore, the value of the electron temperature behind the ion is 

used. 

Ti.2 (K) w1.2 (m/s) Ti,l (K) wi,t (mfs) 

3700 940 1230 3370 

Pback = 13.3 Pa 6000 1140 5000 2340 

Pback = 133 Pa 3600 2900 (11600) (130) 

leas= 60 A 6900 1080 3060 3700 

Q = 4500 mi/min 4400 930 1490 3240 

shock front is normalto the direction of the flow. The parameters in table 7.6 and 7. 7 

are not corrected for the shock front curvature [38], since these corrections are much 

smaller than the errors in the determined parameters (:1: 10- 30 %). From table 7.6 

and 7.7 it can be concluded that the ions and neutral particles just ahead of the shock 

hebave dif:ferently, which is reflected in a different velocity and temperature for the 

ions compared with the neutral particles. Furthermore, the veloeities and 

temperatures are higher ahead of the shock front. This is in agreement with the lower 

jump of the ion density. The velocity and temperature of the ions for the high 

background pressure ahead of the ion shock front are unphysical and related to the 

indeterminacy of the Mach number .J( 1 (see table 7.5). 

The values of the neutral partiele temperature for the standard condition of 

the CAS are in agreement with the measurements, cf. fig. 7.15, considering the 

averaged values of the temperature over the detection volume. The values of the 

determîned neutral partiele velocity are similar to the results of Poissant et al. [6] and 

Kroesen et al. [21]. 



160 The expanding plasma jet: Ex:periments and Model 

7.5 Results of the model calcula.tions 

Two computer codes were written to determine the plasma parameters. The 

results from the computer code, which calculates the current density j and the electric 

field E in the expanding plasma on the basis of the measured profiles, are discussed in 

section 7.5.1. The other computer code uses the calculated j and E todetermine their 

influence on the plasma parameters in the ~ expansion region. This is discussed in 

section 7.5.2. The basic features of the calculations of the electric properties and the 

plasma. parameters are demonstrated on the basis of calculations for the standard 

condition. 

7.5.1 The calcula.tion of the current density in the expanding plasma. 

Gielen et aL (39],[40] determined the generated current density, electric and 

magnetic field from an assumed electron density and temperature profile for three 

types of expanding plasmas: the unipolar are, the cathode spot and the laser produced 

plasma. The unipolar are is comparable to the present situation of the plasma 

expanding from a cascaded are, since the generated density is pressure induced and 

the self generated magnetic field is small. In the present analysis the self generated 

magnetic field is therefore neglected. 

In this thesis the electron density and temperature fields are not assumed but 

taken from a. fit of the axial profiles of the electron density and temperature for the 

standard condition (fig. 7.1) However, the radial profiles for na and Te are not 

measured at all axial positions. Therefore it is assumed that the radial dependenee can 

be approximated by Gaussian profiles. For the standard condition the width of these 

profiles is estimated from the measurements of the radial profiles of na and Te. The 

assumption that the radial profiles can be represented by Gaussians is for the 

standard condition not totally justified, especially in the supersonic expansion region. 

However, since the current density is pressure induced and since the axial component 

of the gradients are larger than the radial component, it is assumed that the influence 

of the shape of the radial profiles on the final magnitude of the current density on the 

axis is small. 

A complication compared to work of Refs. [39],[40] is the fact that the 

electron temperature is not constant in the expansion so that an extra contribution to 

the charge separation due to the dependenee of the resistivity on the electron tempe-

rature should be taken into account. This extra charge separation p~1 is given by 
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(7.8) 

It can be shown [41] that strictly spoken the algorithm developed by Refs. [39],[40] in 

this situation does not lead to a salution of the considered problem. However, if the 

charge separation due to the non-isothermal character of the problem is small 
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Continued. c) The electric potential .Paxis (top) and d) the 
different terms in the electron momenturn balance expressed in 
an equivalent electric field {bottom), -Ez, ----
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compared to the other charge separation terms, i.e., if 

P~IfPel < 1, (7.9) 

where Pel is the charge separation given by Eq. ( 4.64) with 11 constant, the algorithm 



Results and Discussion 163 

of Refs. [39],[40] will still lead to a salution of the problem. In the numerical 

calculations the charge separation Pel was determined by assuming that 11 is constant. 

After the calculation of the electric properties, the condition Eq. (7.9} was checked 

and was always found to be satisfied. 

The results for the parameters on the axis are shown in figs. 7.24 for the first 

100 mm. In fig. 7.24a the current density Jz is given as a function of z. The current 

density close to the exit of the cascadedareis large (-5 10s Am-2). As a function of z 
the current density decreases rapidly to valnes of order of -2 103 Am·2 at z = 20 mm. 

Between the electron temperature jump (z = 20 mm) and the density shock front (z = 
40 mm), the current density increases slowly to -3 103 Am·2• The current density 

changes sign in the neighborhood of the shock front. Bebind the shock front the 

current density becomes small for large z. The total current leaving the cascaded are 

at the exit is equal to approximately 20 A. Tbis current, of course, has to end up 

somewhere. As in the situation of the unipolar are, most of the current going into the 

vessel returns within 40 mm back to the anode plate of the cascaded are. The return 

of the current is due to the negative charge density ahead of the shock front. In fig. 

7.24b the velocity difference Wez.....Wiz between the electrans and ions is shown as a 

function of z. As can be concluded the velocity difference is always positive ahead of 

the shock front, which means that the electrans move faster than the ions, as 

expected. The velocity difference between the electrans and ions is maximum at the 

exit of the cascaded are. A second maximum is found between the electron 

temperature jump and the density shock fronts. Bebind the shock front the electrous 

move slower than the ions. This is explained by the shape of the potential ~axis in the 

expanding plasma which is shown in fig. 7.24c. The typical double layer structure in 

the neighborhood of the shock front is clearly seen. The first increase of the potential 

is a consequence of the acceleration of the electrans due to the pressure force and the 

second increase is a consequence of the shock front. The presence of the electrons 

results in a more positive potential bebind the shock front, leading to the smaller 

compression of the ions in the shock front (fig. 7.8a). After the shock front the 

potential becomes constant, i.e., the electric field vanishes. In fig. 7.24d the different 

terms in the electron momenturn balance, expressed as an equivalent electric field, are 

compared with each other. As can beseen the pressure term -Vpefene is the current 

driving force, i.e., the pressure term is always larger than the electric field and larger 

than the temperature term in the electron momenturn balance. In the neighborhood of 

the shock, the electric field is of the order of the preesure force and approximately 

equal to 25 V fm. This is a much smaller electric field than calculated by Greenberg et 
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al. [42] who calculated an electric field of 106 V/min the shock front. The reason for 

this discrepancy, as was mentioned in chapter 4, is the fact that Greenberg et al. [42] 

did not consider a shock front braadend by viscosity. This leads to much smaller 

shock front thickness than in reality and is related to this much larger electtic fields. 

To conclude this subsection, a significant velocity difference is found between 

the electron and the ions, and, this is an important fact in relation to the preheating 
of the electrons, changes sign in the neighborhood of the ion shock front. Furthermore, 
the double layer shape of the electric potential is found, in agreement with the results 

of section 4.3.3, where it was stated that the presence of electron leads to a smaller 

compression of ions. In the next subsection the calculated current density and electric 

field are used to determine the influence on the plasma parameters in the expansion. 

7.5.2 The ca.lcula.tion of the plasma parameters in the expanding plasma 

In this subsection the results of the model calculations using Eqs. 

(4.51)-{4.58) are discussed. Note that the calculation is not totally self-consistent 

since measurements are used to determine the current density and electric field. 

To start the Runga-Kutta. integration the values of the plasma parameters 

have to be known at the exit of the cascaded are. These values can either be taken 

from calculations of the parameters in the cascaded are or deduced from 

measurements. The begin conditions are related to each other by the sonic condition. 

A problem is that Eqs. (4.51)-{4.55) are singular for Mp = 1 if j= 0. To avoid this 
singular behavior usually the Mach number is chosen slightly higher than 1 at the 

sonic orifice [5],[43]. If U 0 the problem is similar. Another manner is to start the 

calculation at a position different from the sonic orifice. Here the last metbod is used. 

As discussed in chapter 4, the expansion of the heavy particles is almast 

identical to the adiabatic expansion of a gas. For the densities this was confirmed in 

section 7.3.1. Therefore the begin values of the neutral partiele and electron density, 

the heavy partiele temperature and velocity at z = 2 mm are determined from the 

adiabatic calculation. The values for the densities are checked by camparing them to 

an extrapolation of the measured densities by the Thomson-Rayleigh measurements. 

For the electron temperature, as in sectien 7.5.1, the value obtained from an 

extrapolation of the maasurement of Te to z = 2 mm is used. Then the plasma 

parameters are calculated starting from z = 2 mm. The start of the shock transition 

for the neutral particles and ions for the standard condition is at approximately 

z = 40 mm. As discussed in section 4.5 a Mott-Smith solution was assumed after this 
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position by which the electron energy balance was solved. However, the Mach 

numbers M0, 1 and .At 1 in front of the shock are determined from the calculation. The 
thickness of the ·ion and neutral partiele shock is determined from these Mach 

numbers and the mea.n free path using a fit of fig. 4.5 and 4.6. Furthermore, the Mach 

numbers are used to determine the ion and neutral partiele density and the heavy 

partiele temperature in the shock fronts. The stability of the solution was checked by 

step dividing. 
In figs. 7.25 the results of the calculations for the electron and heavy partiele 

temperature, the electron and neutral partiele density and the heavy partiele velocity 

are shown for the first 100 mm in the supersonic expansion and compared with the 

measurements of the standard condition. To illustrate the influence of the current 
generation, the three partiele recombination and the electron heat conduction, four 

different situations are considered. 

The first calculation in fig. 7.25 corresponds to the estimated value of the 

recombination energy Erec,s = 0.15xlion• the experimentally determined Krec, 3 Eq. 
(7.6) and the determined current density and electric field of section 7.5.1. The second 

calculation is identical to the first calculation except that no current density or 

electric field is included. Compared with the first calculation the electron heat 

conduction is included in calculation three. The fourth calculation is identical to 

calculation three but instead of the experimentally determined Krec,S• Krec,s is taken 
from a fit of the results of Benoy et al. [30] (see fig. 7.18). 

As can beseen from figs. 7.25a~, the influence of the different conditions on 

the neutral partiele properties, i.e., the heavy partiele temperature and velocity and 

the neutral partiele density, is small. This means that the neutral particles expand in 

a good approximation adiabatically. The agreement with the measurement of the 

neutral density is good even in the shock region. However, the Mach number as 
determined from the calculation was about a factor of two larger than the calculated 

Mach number from the measured shock strength (table 7.5). The agreement with the 
measured heavy partiele temperature is not satisfactory. Beside the influence of the 

detection volume on the measurements of T0, especially the measurement in the 

beginning of the expansion, where the influence of the detection volume is small, 

indica.te a. substantial higher tempera.ture than calculated. This is probably related to 

the lower Mach number determined in the analysis of the shock front and a. rea.son 

should be found in the dyna.mics of the neutral-ion beha.vior in the beginning of the 
supersonic expansion. For instance, if the ions gain energy in the electric field of the 

electrons, it is possible that this energy is dissipated by the ions which in turn heat 
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The calculated plasma parameters a) the neutral density n0 

(top) and b} the heavy partiele temperature Th {bottom) 
1) ......... the calculation includes the determined current density 

from section 7.5.1, the experimentally determined Krec,s and 
Erec, 3 = 0.15xlion1 2)- - identical to 1 except no current 
density and electric field, 9) identical to 1 including 
the electron heat conduction and 4) --- identical to 9} 
except Krec,3 is taken from Benoy et al. {90 ]. 
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Continued. c} The heavy partiele velocity ~ (top}, d} the ion 

density ~ (::$ nJ {bottom). 

1} ......... the calculation includes the determined current density 

from section 7.5.1, the ~erimentally determined Krec,a and 

Erec.a = 0.15xlioDI 2) --- identical to 1 except no current 

density and electric field, 9} identical to 1 including 

the electron heat conduction and 4)--- identical to S} 

except Krec,3 is taken from Benoy et al. {90 ]. 
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Continued. e) The electron temperature Te· 
1) ········ · the cal ev.lation includes the determined current density 
from section 1.5.1, the experimentally determined Krec,a and 
Erec,a ""'0.15xlton1 2}--- identical to 1 except no current 
density and electric field, 3} identical to 1 including 
the electron heat conduction and 4) --- identical to 3} 
except Krec,a is taken from Benoy et al. {30 ]. 

the neutral pa.rticles. Note that a smaller Mach number does not influence the 

behavier of the densities if the condition Mp > 1 rema.ins fulfilled ( cf. Eq. 

(4.51)-(4.58)). The small discontinuity in both the heavy partiele temperature a.nd 
velocity is due to the implementation of the Mott-Smith solution for the shock front 

at z= 40 mm. 
The ion density in the expansion region is influenced in an indirect way. If the 

current density and recombination are absent the electron temperature decreases to a 

low value Te < 900 K, which leads to a significant recombination because of the 

strong Te dependenee of Krec,s (Eq. (7.6)). If on the other hand the electron 
temperature remains relatively high (Te > 1500 K) the influence of recombination is 

smal!. This is the reasen that a good agreement was found with the model of 

Ashkenas et al. (23] in section 7.3.1. As can be seen from fig. 7.25d the agreement 
with the measured electron density is good if the current density is included an if the 
recombination rateis taken from the experiments Eq. (7.6). 

As can be seen in fig. 7.25e the electron temperature depends very much on 
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the different conditions considered. From the compa.rison of the calculations it can be 

concluded that no electron temperature jump appears ahead of the density shock 

fronts if no current is present in the jet section. If the current density is included the 

electron temperature jump occurs at approximately the correct position. Furthermore, 

the presence of a current density and three partiele recombination heats the electron 

gas in the supersonic expansion region. If heat conduction is included the structure in 

the electron temperature is smoothed out. The position of the electron temperature 

jump, however, seems to be ruled by the current density. The influence of the electron 

heat conduction in the expansion is small. The agreement with the measurements of 

Te is good, if the Krec,a is taken from Benoy et al. [30]. In combination with the ion 

density calculation this means that probably the recombination energy is higher than 

the assumed 0.15x/ion· 

So to conclude this subsection, in contrast to the literature [33],[34],[35],[36], 
in the present situation an explanation for the electron temperature jump is based on 

the effect of the presence of a current density and an electric field in combination with 

the electron heat conduction. The influence of the three partiele recombination is, as 

can be seen from the comparison of the calculations, limited to an increase of the 

overalllevel of the electron temperature. The properties of the heavy particles, if the 

electron temperature remains above 1500 K, are almost unaffected and show great 

similarity with the adiabatic expansion. 
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8 General conclusions 

By extending the second law of thermodynamica to a situation of a two

temperature plasma, it has been shown that the generalized Saha equation 

depends on the electron temperature only. 

The result for the Saba equation of the two-temperature plasma based on 

thermodynamics is confirmed by the application of the nonequilibrium 

formalismof Zubarev in the limit of me/mb .... 0. Furthermore, the outcome of 

this calculation is used to determine a first order correction on the Saha 

equation for a simple plasma of Rydberg atoms and ions. This correction 

factor depends on the mass ratio of the electron and the heavy partiele, their 

difference in temperature and on the specific atomie structure. For argon 

plasmas the correction is small, for hydragen plasmas the correction can be 

significant (10 %) depending on the plasma conditions. 

A combined Thomson-Rayleigh scattering set up is constructed to measure 

the electron and neutral partiele density and the electron temperature with a 

high accuracy and with a large dynamic range. To improve the accuracy of 

tbe parameters, the apparatus profile and weak coherent effects are included 

in the analysis of the measured spectra. Furthermore, the stray light was 

suppressed to a level of 1 Pa argon at room temperature, lowering the 

detection limit to electron densities of 7 1017 m·3 and to neutral partiele 

densities of 11020 m·3• The resulting accuracies in ne, Te and n0 are, 

respectively, 1-4 %, 2-6% and 10-50% depending on the plasma 

conditions. 

With the Thomson-Rayleigh scattering set up local measurements of ne, Te 

and n0 are performed on a plasma expanding from a cascaded are. The 

measurements clearly show the structure of the expanding plasma: a strong 

supersonic expansion which ends in the formation of a stationary shock front. 

After the shock front the plasma expands further subsonically. 

The measurements are performed for different conditions compared to the 

defined standard condition. Typical valnes of the measured parameters for the 

standard condition: a neutral partiele density of 1102a m·3 at the exit of the 

cascaded are whicb decreases to 2 1020 m·3 just in front of the shock, a 
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constant ionization degree of a.pproximately 6 % and electron temperatures of 

the order of 3000 K. 

The expansion of the plasma in the region a.head of the shock front is 

independent of the background pressure whereas the shock front is closer to 

the exit of the cascaded are if the background pressure increases. 

If a magnetic field is applied the plasma changes drastica.lly. Because the 

electrans are confined, the electron density is an order of magnitude higher 

than in the standard condition. If, beside a magnetic field, a current is drawn 

in the jet section the characteristics of the plasma change from a recombining 

to an ionizing plasma. The shock front disappears completely, the ionization 

degree reaches valnes of 80% and the electron tempera.tures are in the 10000 

K range. If only a current is drawn in the jet section the properties of the 

plasma are simHar to that of the standard condition. 

The behavior of the ions and neutral particles in the supersonic expansion is 

near to adiabatic. The adiabatic behavior is confirmed by the model calcula

tions and by eeroparing the ion and neutral partiele density with the model of 

Ashkenas and Sherman. Furthermore, three partiele recombination has a 

minor effect on the ion and neutral partiele density in the expansion. 

The ions and the neutral particles behave independently in the shock front. 

The shock thickness of the ion shock front is systematically smaller than tha.t 

of the neutral particles which is related to the larger viscosity of the ions. 

In the description of the ion shock front the influence of the electron ha.s to be 

accounted for. This results in a smaller shock strengthof the ions since they 

deliver the energy for the compression of the electrons. 

For both the ion and the neutral partiele shock fronts a. good agreement is 

found with the adiaba.tic model of Mott-Smith. 

An interesting feature of the electron gas for the free expanding plasma is 

that the tempera.ture does not decrease as much as expected on the basis of 

an adia.batic expansion. This is expla.ined by Ohmic dissipation due to the 

presence of a. current density in the expa.nsion. Also the effect of three partiele 

recombina.tion on the electron tempera.ture in the expansion is, in contrast to 

the sma.ll influence of recombination on the densities, significant. 

Another observation is the fact that for most of the conditions the electron 

temperature increases a.head of the density shock fronts. In addition to the 

influence of the large electron heat conduction, this electron temperature 
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jump is explained by the current density present in the expansion, which by 

Ohmic dissipation, heats the electron gas in front of the shock. 

The position of the shock front in the neutral partiele temperature is 

coïncident with the shock front in the densities indicating that the thermal 

coupling between the electrans and heavy particles is weak. 

The locally resolved measurements of the excited state densities in combina

tion with the Thomson-Rayleigh measurements show that the higher excited 

states are in equilibrium with the continuum, even in the presence of large 

gradients and substantial flow velocities. The lower excited states are strongly 

underpopulated. From measurements at different positions and for different 

conditions it can be concluded that for higher electron temperatures and 

densities the underpopulation of the lower excited states becomes smaller. 

The two dimensional calculation of the electric properties of the expanding 

plasma show that the velocity difference between the ions and electrons, of 

the order of 500 -1000 ms·1, is never larger than at the exit of the cascaded 

are. Just in front of the ion shock the velocity difference increases leading to 

the electron temperature jump. It is shown in these calculations that the 

current density is pressure induced. 

With the results of the two dimensional calculations the plasma parameters 

are calculated in the one dimensional model. The outcome of these 

calculations show a good agreement with the measured values of the electron 
and neutral partiele density and the electron temperature. 
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Summary 

This thesis concerns the fundamental aspects of an argon plasma expanding 

from a cascaded are. This type of plasma is not only used for fundamental research 

but also for technologically orientated research on plasma deposition and plasma 

sources. The important characteristics of the plasma are a strong supersonic expan

sion in which the neutral partiele and ion densities decrease three orders of magni

tude, foliowed by a stationary shock front. After the shock front the plasma expands 
further subsonically. 

A part of this thesis is devoted to the discussion of a newly constructed com

bined Thomson-Rayleigh scattering set up. With this set up the electron density, the 

electron temperature and the neutral partiele density are measured locally in the 

plasma for different conditions. In the analysis of the measured spectra weak coherent 

effects and the measured apparatus profile are included. The inaccuracies are small, 

ranging from 1 to 4 % for the electron density and 2 to 6 % for the electron tempera

ture, depending on the plasma conditions. The inaccuracy of the neutral partiele 
density determination is larger and ranges from 10 to 50 %. The detection limits for 
the electron and neutral partiele density are 7 1011 m-3 and 11020 m-3 respectively. 

In the expansion the heavy particles, -the neutral particles and the ions-, are 

strongly coupled through the frequent neutral-ion interaction caused by the effective 

charge exchange process. It appears that the expansion of the heavy particles is close 

to adiabatic and that three partiele recombination has a small effect on the ion densi

ty. This is confirmed by camparing the measurements with the adiabatic model of 

Ashkenas and Sherman and with the model calculations. 

On the other hand, because the densities in the shock front are much lower 

than in the expansion, the behavior of the neutral particles in the shock front is indep

endent from that of the ions. This is reflected in the different density jump and the 
different shock thicknesses for the neutral particles and ions shock front. In fact, the 

neutral partiele shock front is identical to the shock front found in neutral gases and 

is accordingly characterized by the neutral partiele Mach number. It is experimentally 

confirmed that the shape of the shock front is of the Mott-Smith type. The motion of 

the ions in the shock front is influenced by the presence of the electrons. Since the 
electrans do not shock gas dynamically and since the electron density is equal to the 

ion density the electrous are compressed by the ions in the ion shock front. Stated 

differently: the ions have to deliver the energy to compress the electrans and as a 
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result the ion density ratio across the shock front is smaller. Also the shape of the iori 

shock front is of the Mott-Smith type, however, with a different Mach number which 

includes the electron temperature. 

In the supersortie expansion the behavior of the electrans is totally different 
from the that of the heavy particles. Because of the large pressure gradient in the 

expansion a current is generated which heats the electrans to temperatures above 

those of the heavy particles. Furthermore, although the three partiele recombination 

bas a small effect on the densities, the effect on the electron temperature is significant 

resulting in an additional heating of the electron gas. An interesting feature is the 

preheating of the electron gas in front of the shock, a phenomenon which is reported 

frequently in the literature. The usual explanation is that due to the large electron 

heat conduction thermal energy leaks back from the high temperature shock front to 

the low temperature region in front of the shock. In this thesis the explanation is 

given that it is the current generated in the expansion, which causes, besides electron 

heat conduction, the preheating of the electron gas through Ohmic dissipation. 

The generated current density is calculated by solving the electron momen

turn balance in combination with the Maxwell equations using measured electron 

density and electron temperature profiles. The result of this calculation shows clearly 

that the electron pressure in the expanding plasma is capable of driving current. 

Using the calculated current density and electric field in an one dimensional model 

the plasma parameters are determined. The agreement with the measurements is 

satisfactory. 

A light emission experiment is used to determine the excited state densities 

and the continuurn emission of the plasma. From the excited state density in combi

nation with the Thomson-Rayleigh scattering measurements the excitation equili

brium is determined. It appears that the higher excited states are always in equili

brium with the continuurn although the lower excited states are strongly under popu

lated. 
A side path in this thesis is the derivation of the Saba equation for a two

temperature plasma. The reason for this derivation was the dispute in the literature 

about the correct form of this equation. In this thesis it is shown, from the correct 

extension of the second law of thermodynamics and from the nonequilibrium forma

lismof Zubarev, that in the limit of me/mh -1 0 the generalized Saha equation depends 

on the electron temperature only. 



176 The expa.nding plasma. jet: Experiments a.nd Model 

Samenvatting 

Dit proefschrift behandelt de fundamentele aspecten va.n een argonplasma dat 

expandeert vanuit een cascadeboog. Dit type plasma wordt zowel voor fundamenteel 

als voor technologisch onderzoek gebruikt, waarbij in het laatste geval de mogelijke 

toepassing voor plasmadepositie en plasmabronnen het doel is. Het plasma wordt 

gekarakteriseerd door een sterk supersonische expansie, waarin de dichtheden afnemen 

met drie orden van grootte en welke eindigt in een stationaire schok. Na de schok 

expandeert het plasma verder subsonisch. 

Een gedeelte van dit proefschrift is gewijd aan de beschrijving van een nieuw 

geconstrueerde Thomson-Rayleigh verstrooiingsopstelling. Met behulp va.n deze 

opstelling zijn de electronendichtheid, electrenentemperatuur en de neutralendicht

heid voor verschillende instellingen van het plasma. plaatsopgelost bepaald. Bij de 

bepaling va.n de plasmaparameters zijn zwakke collectieve effecten en het gemeten 

apparaat profiel meegenomen in de analyse van de gemeten spectra. De onnauw

keurigheden zijn klein en liggen voor de electronendichtheid tussen 1 % en 4 % en 

voor de electrenentemperatuur tussen 2 % en 6 %, afhankelijk van de instelling van 

het plasma. De onnauwkeurigheid in de neutralendichtheid is groter en ligt tussen de 

10% en 50 %. De detectielimieten voor de electronendichtheid en de neutralendicht
heid zijn respectievelijk 7 1Q17 m·3 en 11020 m·3. 

In de expansie zijn de zware deeltjes, -de neutrale deeltjes en de ionen-, sterk 

gekoppeld door de efficiënte ladingsoverdracht. Verder blijkt dat de expansie van de 

zware deeltjes in het plasma slechts kleine verschillen vertoont met een adiabatische 

expansie van een neutraal gas. De drie-deeltjes-recombinatie heeft nauwelijks effect 

op de dichtheden in de expansie. Beide laatste bevindingen worden bevestigd door 

vergelijking va.n de metingen met het adiabatische model van Ashkenas en Sherman. 

In de schok echter is het gedrag van de neutrale deeltjes ontkoppeld van dat 

van de ionen omdat de dichtheden daar veellager zijn dan in de expansie. Dit blijkt 

uit het verschil in verhouding van de dichtheden voor en na de schok en uit het ver

schil in schokdikte tussen de neutrale deeltjesschok en de ionenschok In feite is de 

neutrale deeltjesschok in een plasma identiek aan de schok in een neutraal gas en 

wordt derhalve ook gekarakteriseerd door middel van het Machgetal voor neutrale 

deeltjes. Het is experimenteel geverifieerd dat de vorm va.n de neutrale deeltjesschok 

voldoet aan het adiabatische model van Mott-Smith. De beweging van de ionen in de 

schok, echter, wordt beïnvloed door de aanwezigheid van electronen. Vanwege het feit 
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dat de electronen geen gasdynamische schok ondergaan en omdat de electronendicht

heid gelijk is aan de ionendichtheid ondergaan de electtonen in de schok een compres

sie. Met andere woorden: de ionen leveren de energie om de electronen samen te 

drukken met als gevolg dat de verhouding van de ionendichtheid voor en na de schok 

kleiner is dan bij een zuivere gasdynamische schok. Ook voor het schokgedrag van de 

ionen is het model van Mott-Smith experimenteel geverifieerd: in het Machgetal 

dient nu echter de electrenentemperatuur meegenomen te worden. 

Het gedrag van de electronen in de supersonische expansie is totaal verschil

lend van dat van de zware deeltjes. Vanwege de grote drukgradiënt in de expansie 

wordt stroom gegenereerd zodat de electtonen worden verwarmd tot een temperatuur 

die hoger is dan de zware deeltjestemperatuur. Waar de drie-deeltjes-recombinatie 

geen effect heeft op de dichtheden in de expansie is de invloed ervan op de electronen

temperatuur significant en dit resulteert in een verdere verhoging. Een interessant 

verschijnsel is het feit dat de electtonentemperatuur stijgt vóórdat de dichtheden 

toenemen in de schok. Dit verschijnsel wordt gewoonlijk verklaard op basis van de 

grote warmtegeleiding van de electronen welke ervoor zorgt dat hoge thermische 

energie van het electtonengas in de schok terug lekt. In dit proefschrift wordt een 

alternatieve verklaring gegeven op basis van de stroomgeneratie in de expansie welke, 

naast de grote warmtegeleiding, zorgt voor een verhitting van het electtonengas vóór 

de schok. 

De gegenereerde stroomdichtheden in de expansie zijn berekend met behulp 

van de gemeten electtonentemperaturen en electronendichtheden door het oplossen 

van de electronen-impulsbalans in combinatie met de Maxwell vergelijkingen. De 

resultaten tonen duidelijk aan dat de drukterm in de impulsbalans de stroom gene

reert. Met behulp van de uitkomsten van deze berekening zijn de plasmaparameters 

bepaald door middel van een ééndimensionaal model. De resultaten van dit model 

vertonen zijn in goede overeenstemming met de metingen. 

Absolute lijnintensiteitsmetingen zijn gebruikt om de dichtheden van de 

aangeslagen toestanden van de argonatomen alsmede de continuümemissie van het 

plasma te bepalen. Door de resultaten van de Thomson-Rayleigh verstrooiingsopstel

ling te combineren met de metingen van de dichtheden van de aangeslagen toestanden 

is het heersende excitatie-evenwicht bepaald. Hieruit blijkt dat de hogere toestanden 

altijd in evenwicht zijn met het continuüm terwijl dat de lager gelegen toestanden · 
sterk onderbezet zijn. 

Een gedeelte van dit proefschrift dat enigszins buiten het geschetste kader 

valt betreft de afleiding van de Saha vergelijking voor een twee-temperaturen plasma. 
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De reden voor deze afleiding was de onenigheid die er in de literatuur bestond betref

fende de correcte vorm van deze vergelijking. In dit proefschrift wordt, door middel 

van een correcte generalisatie van de tweede hoofdwet van de thermodynamica en 

door middel van het niet-evenwichtsformalisme van Zubarev, aangetoond dat deSaha 

vergelijking voor een twee-temperaturen plasma voor me/mh --+ 0 alleen van de 

electrenentemperatuur afhangt. 
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1 

Ter verhoging van de nauwkeurigheid van de bepaling van de neutralendichtheid met 

een gekombineerde Thomson-Rayleigh verstrooiingsopstelling dienen collectieve 

effecten in de analyse van de gemeten spectra te worden meegenomen. 

Dit proefschrift. 

2 

Voor een correcte beschrijving van het electrenengas in een argonplasma dat 

expandeert vanuit een cascadeboog in een vat met lage druk is het essentieel de 

stroomgeneratie mee te nemen in de vergelijkingen. 

Dit proefschrift. 

3 

Het schokgedrag van de neutrale deeltjes in een plasma dat expandeert vanuit een 

cascadeboog is onafhankelijk van de ionen. 

Dit proefschrift. 

4 

De vrije expansie van een plasma met stroomgeneratie is niet noodzakelijkerwijs 

supersoon. 

Dit proefschrift. 

5 

Het veelvuldig gebruiken van de uitdrukking "thermische snelheid" voor snelheden 

anders dan J(3kt,T/m) leidt tot grote verwarring in de analyse van de metingen van 
een diagnostiek. 

Zie bijvoorbeeld J. Sheffield, "Plasma Scattering of Electromagnetic 
Radiation" (Academie Press, New York, 1975}. 



6 

In de vergelijking door Scheeline en Zoellner van lineaire Thomsonverstrooiing met 

niet-lineaire Thomsonverstrooiing worden irreeële waarden van de afmetingen van het 

detectievolume verondersteld. Hierdoor valt de vergelijking ten nadele uit van de 

lineaire Thomsonverstrooiing. 

A. Scheeline and M.J. Zoellner, Appl. Spectrosc. 38 245 {1984} 

7 

De veronderstelling dat, in voor resonantiestraling optisch dichte plasmas, de 

volledige recombinatie-energie ten goede komt aan het electrenengas in een drie

deeltjes-recombinatie is onjuist. 

Y.S. Chou en L. Talbot, AIAA J. 5 2166 {1961} 

R.O. Jenkins, AIAA J. 11983 {1971} 

8 

In een recombinerend plasma. biedt lokale RF excitatie in combinatie met actino

metrie de mogelijkheid om informatie over de bezetting van de grondtoestand te 

krijgen. 

9 

Met de komst van de snelle goedkope computer is een herziening van de taakstelling 

van een experimenteel fysicus noodzakelijk. 

10 

In de huidige voorstellen voor de herziening van de WAO wordt de kern van het 

probleem door de overheid niet besproken: de arbeidsomstandigheden. 

11 

Vanuit milieu oogpunt bezien zou het beter zijn de zegelacties bij benzinepompen aan 

te passen: meer zegels bij minder brandstof. 


