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Plasma properties and atomic processes at medium and high pressures 

Association EURATOM-CEA sur la Fusion, Dbpartement de Physique du Plasma et de la Fusion ContrBlCe, 
Centre $Etudes Nuclhires, B.P. 6, 92260 Fontenay-aux-Roses, France 

Rbsumb. - Quand l'ktat du plasma s'kcarte de l'kquilibre thermodynamique local (E.T.L.), les relations d'kqui- 
libre ne sont plus valables. Les propriktks thermodynamiques doivent alors 6tre dkcrites sur la base de modkles 
dans lesquels les propriktks atomiques individuelles et les rkactions klkmentaires interviennent. Dans la premikre 
partie du texte on donne une description schimatique des plasmas soumis a une injection et des pertes d'knergie 
et qui subissent en plus des contraintes externes sous forme des conditions initiales et de limite. Les Cquations de 
bilan pour la densitk des particules, la quantitk de mouvement et l'knergie de systkmes ouverts sont rksumkes en 
incluant des reactions nucleaires. La seconde partie rksume les progrks qui ont kt6 faits dans la comprkhension des 
propriktks de quelques types de plasmas en dehors de 1'E.T.L. On traite, sur la base des Cquations de bilan, plus 
particulikrement la dkcharge luminescente sous ses diffkrentes formes, les plasmas d'ions nkgatifs (avec appli- 
cation a la physique des interrupteurs (SF,) des circuits klectriques), la mesure du coefficient collisionnel-radiatif 
de recombinaison klectrons-ions et les plasmas dans les machines du type Tokamak. 

Abstract. - When the state of a plasma deviates from local thermodynamic equilibrium (L.T.E.) the equilibrium 
relations cannot be applied. The thermodynamic properties must then be described on the basis of models in 
which the individual atomic properties and elementary reactions intervene. The first part of the paper gives a 
schematic description of a plasma suffering power input, power losses and external constraints in the form of 
initial and boundary conditions. The rate equations for particle density, momentum and energy of open systems 
are summarized, including nuclear reactions. The second part gives a review of the progress made in understanding 
the properties of special types of non-L.T.E. plasmas such as glow discharge plasmas, negative ion plasmas (with 
application to the physics of SF, circuit-breakers) and Tokamak plasmas on the basis of these rate equations. 

I.  Introduction. - We know that an ionised gas 
enclosed in a box with perfectly reflecting walls a t  
plasma temperature T can at all temperatures T and 
pressures p thermodynamically be described by the 
classical equilibrium relations for ideal gases (Maxwell- 
Boltzmann distribution, Planck's law, mass action 
law in form of the Waage-Guldberg and Saha-Eggert 
relations, ...). In such a closed system, energy and 
entropy are state functions, the entropy has a 
maximum value. 

Under real conditions, plasmas are never enclosed 
in a black-body box with the wall temperature equal 
t o  the plasma temperature T. They rather show more 
or less strong temperature and density gradients 
leading to particle, momentum, energy and entropy 
fluxes between different spatial regions. Photons 
have the largest mean free path and therefore trans- 
port momentum, energy and entropy over much 
larger distances than material particles. Very often 
the reabsorption in laboratory plasmas is so weak 
that most of the photon energy can freely escape. 
Thermodynamically speaking, under actual condi- 
tions plasmas represent open system which are 
generally far from complete thermodynamic equilibrium 
and which may even be far from local thermodynamic 
equilibrium (L.T.E.). Plasmas not obeying the clas- 
sical thermodynamic equilibrium relations are termed 
non-L.T.E. plasmas. 

From a general point of view, a realistic model for 
a non-L.T.E. plasma, which applies to  both laboratory 
and astrophysical situations, is shown in figure 1. In  
order to  maintain some spatial region S in an ionised 
state, energy must be fed into S. This energy may 
come from an external source (e.g. the electrical 
power supply G ,  a photon (hv,) or particle fp) flux) 
or.it may be produced by the plasma itself (chemical 
or nuclear reactions). I n  the most general case we 
have also to admit electric (6) and magnetic (B) fields. 
The stationary state in mechanical equilibrium is 
characterized by a dynamic equilibrium between all 
particle, momentum and energy fluxes. For  instance, 
the ambipolar diffusion-flux must be compensated 
by an equivalent neutral particle flux in opposite 
direction in order to  obtain a stationary density 
distribution. 

In the non-stationary state these quantities show a 
transient behavior. In  both cases boundary condi- 
tions have an important influence on the plasma 
state. The external electric components (R, L, G) 
which close the electric current loop are part of the 
electrical boundary conditions (which may be time- 
dependent) ; but under special (especially astrophy- 
sical) conditions they appear sometimes not t o  be 
well-separated from the plasma proper which is 
investigated. 

This paper reviews some aspects of the progress 
11 
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external world. Our starting point is the kinetic 
collision (Boltzmann) equation 

Fig. 1.  - Schematic representation of a plasma suffering power 

I and its various velocity moments. f,(r, w,t) is the 
, velocity distribution function of particles of species 

s = s(z, k, i) as a function of space point r, velocity w 
in the laboratory system and time t .  P = 1, 2, 3 repre- 
sents the three coordinate directions. m, is the par- 
ticle mass and Fs,p represents the (external) forces F 
exerted on s in the direction fl (e.g. due to electric or 
magnetic fields). s stands for electrons or z-times 
ionised chemical species k in quantum state 1 i ). 
The right-hand side of eq. (1) is the rate of change 
o f f ,  due to collision and radiation processes. Inte- 
gration o f f ,  over w yields the particle density of 
species s : 

input, power losses and constraints in the form of initial and boun- 
dary conditions. For further details see text. 

made during the last years in describing non-equili- 
brium effects in laboratory plasmas at medium and 
high pressures. The terms medium and high pressures 
should in the present context only be considered as 
an indication that practically at all pressures of 
interest atomic processes in the widest sense are 
necessary in order to describe the plasma properties 
under non-L.T.E. conditions. These processes are 
essential when one wants to understand how a system 
evolves towards equilibrium. Non-ideal plasmas will 
not be treated here. (Concerning the definition and 
general properties of non-ideal plasmas the reader 
is referred to [I-41.) Also wave phenomena such as 
ionisation and chemical waves will be excluded from 
our considerations. 

Instead of w we can consider f, as a function of 
the momentum ms w = p of a particle : f, = f,(r, p. r). 
The eq. (1) can then also be written as 

af, - + w,.V,f, + F,. V,f, = 
at C O ~ ~ .  

rad. 

In this form the k~netic collision equation is also 
applicable to photons (massless partdes) : the velocity 
and momentum of a photon of frequency v traveling 
in the direction of unit vector u are (c is the velocity 
of light, h is Planck's constant) : 

For photons, F, = F, is in nearly all cases negligible. 
Thus, eq. (3) reduces to 

(?fy(u) 
at 
- + cu.Vrfv(u) = [y] 

c o l l .  
(6) 

rad. 

which represents the time-dependent radiative trans- 
port equation. f,(u) dv is the number of photons with 
frequencies between v and v + dv traveling in the 
direction u. The specific intensity I,(u) and fv(u) are 
linked through the relation 

2. The basic equations. - Before discussing parti- 2 hv'~ 
I,(u) dv = - f,(u) dv . 

cular experimental situations and results it might be c2 (7) 

useful to summarize the basic equations by which 
plasmas can consistently be described. We shall Integrating eq. (1) or eq. (3) over w yields the rate 

adopt a more general point of view as is usually equation for the macrosco~ic quantity ns(r, t )  : 

done, in agreement with the introductory remark 
that plasmas represent open systems, i.e. that they at coll. 

(8) 
exchange particles, momentum and energy with the rad. 



PLASMA PROPERTIES AND ATOMIC PROCESSES AT MEDIUM AND HIGH PRESSURES C7-151 

where ( w, ) is the mean species velocity in the labo- 
ratory system. We introduce the mean mass velocity v ,  
of the plasma as a whole and the species peculiar (V,) 
and mean diffusion velocity (( V, )) by 

w s = v o + v s ;  ( w , ) = v , + ( v , > .  (9) 

In a coordinate system at rest with respect to the total 
plasma motion of velocity vo we thus have 

rad. 

n, ( V, ) can be expressed by the phenomenological 
relation (q, = e, z, is the species electric charge) 

where E0 and E are the dc and ac electric fields. Further 
tidc and oaC are the corresponding electrical conducti- 
vities, D, and 8, represent the particle diffusion and 
thermal diffusion coefficients respectively. In the 
most general case they represent tensors. Eq. (10) 
is the diffusion equation and will be discussed in 
connection with the glow discharge problem. The 
crucial point is to express the right-hand side and 
( V ,  ) as a function of the atomic and nuclear reaction 
processes. 

Summation over s of all eq. (10) yields the following 
rate equation for the total particle density n = 1 n, : 

at C O ~ ~ .  

rad. 

The right-hand side is not necessarily zero. For an 
isolated system one has 

rad. rad. rad. rad. 

(1 3) 

where the first term on the r-h-s accounts for the crea- 
tion and destruction of electrons due to collisional- 
radiative processes, the second one takes into account 
the collisional-radiative formation and destruction 
of molecules, and the last one nuclear transforma- 
tions (e.g. D + T + He + n, see eq. (86)). Only in 
completely dissociated and ionised gases will the 
first two terms be zero. 

The form of eq. (12) is sufficiently general to include 
open systems, i.e. where a plasma is submitted to a 
beam of particles or photons. Also nuclear reactions 
can be taken into account by the term on the right- 
hand side. 

The rate equation for the total mass density 
p = C n, m, is given by 

For an isolated system, the right-hand side is zero, 
since collisions alone cannot change the total density. 
Eq. (1 3) has then the form of a conservation equation. 
When the plasma is submitted to a stream of particles 
(e.g. neutral particle injection) or when nuclear 
reactions take place the right-hand side is different 
from zero (e.g. in reaction (86) one loses the neutron 
and mass which is transformed into kinetic energy). 

Multiplication of eq. (1) by m, w or m, ww and 
integration over w yields respectively the rate equa- 
tions for the momentum density and the pressure 
tensor P, = n, m, ( w, w, ) of species s. The equation 
for the momentum density is : 

= [ ; n s m s ( w s )  '1 coll. (15) 

rad. 

Summing over all species s and substituting w, by 
eq. (9) yields the rate equation for the momentum 
density for the whole plasma as a function of v,. 
Taking eq. (8) into account finally yields 

rad. 

(1 6) 
where P = ,x P, is the total pressure tensor. The 
right-hand side is generally zero, since collisions 
between plasma particles alone cannot change v,. 
Under special conditions however, it can be different 
from zero. This is for instance the case when a plasma 
is submitted to a spatially anisotropic beam of ener- 
getic particles or photons. (The observed rotation of a 
Tokamak plasma when it is submitted to tangential 
neutral particle injection belongs to such a case.) 
When the right-hand side of eq. (16) is put equal to 
zero, a corresponding contribution must formally 
be taken into account on the left-hand side. 

The rate equation for the pressure tensor is 

a - (n, m, < w, w, )) + Vr . (n, ms < ws ws WS )) - 
at 

- 2 n s F s ( w s )  = ~ n S m s ( ~ , ~ , )  l a  coll. 
rad. 

Dividing this equation by two and taking the trace 
yields the rate equation for the kinetic energy density 
(112) n, m, ( w: ). Eq. (17) does not contain the 
internal energy (excitation, dissociation, ionisation 
energies). The rate equation for the internal energy 
density of species s is 

tad. 

Efnt is the internal energy per particle of species s. 



Summing up the eqs. (1 7) and (18) over all s yields 
the rate equation for the energy density of the plasma 
as a whole. One can now express all collisional- 
radiative terms as a function of rate coefficients and 
particle densities. When one takes still into account 
the eqs. (9) and (12) one finally obtains the following 
rate equation for the thermal plus internal energy 
density 

where 
3 3 

Uth = - nh kTh + - n, kT, (total thermal 
2 2 

energy density) , 
Uint = C n, E,'"' (total internal energy density) , 

~ t o t d  = ~ t h  + ~ i n t  (total heat flux vector) , 
i2. = ohmic (electric) power input, 
! = power input by particle injection, 

N = nuclear power heating rate, 
R = radiative loss rate. 

fi. contains contributions from free-free (ff ), free- 
bound (f-b), bound-bound (b-b), dielectronic (di) 
and cyclotron (c) radiation : 

It should be mentioned that the raqiative tran!fe; 
eq. (6) intervenes in the calculation of R and that S Z ,  I 
and N contain contributions which are different for 
the electrons (e) and heavy particles (h). For instance, 
the 3.5 MeV a-particles created in a thermonuclear 
D-T plasma will preferentially heat the electrons. 
The ions will directly gain energy from the a-particles 
when most of their energy has been slown down 
already. Details of this slowing-down process are 
described by eq. (1) in form of the Fokker-Planck 
equation. 

The eqs. (19)-(20) will be discussed in connection 
with the energy loss of Tokamak plasmas. 

In order to describe a plasma completely one has 
still to add the ~axw'ell  equations, the charge neutra- 
lity condition and the initial and boundary conditions. 

In the following we will successively treat the glow 
discharge plasma in molecular and atomic gases, 
the so-called constriction phenomenon, the recombi- 
nation of SF, plasmas in electric circuit breakers and 
the problem of measuring collisional-radiative recom- 
bination coefficients in general, the dynamics of 
hydrogen, helium, oxygen and the problem of radia- 
tion losses in Tokamak plasmas. The latter ones 
must already now be considered as high-pressure plas- 
mas although their density is still relatively low. Fast 
transient phenomena as they are encountered in laser 
beam-plasma interaction will only be discussed in con- 
nection with the determination of rate coefficients 

from laser beam-induced fluorescence measurements 
of a stationary plasma. 

3. The glow discharge plasma. - The plasma of a 
glow discharge is very far from L.T.E. Although the 
macroscopic properties such as the dependence of the 
mean electron temperature T, and mean electron 
density n, on the gas pressure p, and the dependence 
of the electric field strength G on the electric current I 
are in principal well known, finer details of these 
dependences related to atomic and molecular pro- 
cesses have still to be discovered. Especially a number 
of atomic and molecular processes in these discharges 
and their influence on the thermodynamic properties 
and the space-dependent values of T,, n, and I are 
still not well understood. In particular, one has not 
yet a satisfactory explanation of the so-called cons- 
triction phenomenon. 

3.1 THE GLOW DISCHARGE ; BASIC CONSIDERATIONS. 

- To begin with, let us briefly recall the basic theore- 
tical assumptions and results for the positive column 
of a glow discharge (for the details see [5-81) in the 
frame of the Schottky theory : 
- the plasma is quasi-neutral, i.e. n, z n,, 

In+ - nel 9 n e ;  
- the electron temperature T, is constant across 

the discharge ; 
- the electron velocity distribution is maxwellian ; 
- the electron mobility is given by Langevin's 

equation ; 
- the ion-electron production rate is proportional 

to n, ; 
- the gas temperature is constant across the 

discharge and can be considered as a given quantity. 

Simple considerations about the particle and energy 
balance lead to relations for T,, the electron density 
n, and the electric strength E as a function of given 
external parameters such as gas pressure p ,  radius R 
of the discharge tube, the electric (or plasma) current I 
and the kind of gas employed. 

The balance equations for the electron and ion 
densities, n, and n + ,  are (see eq. (10)) : 

$ + v , . ( ~ , < v , ) ) = [ % ]  COIL (21a) 

rad. 

an+ - + R . ( n + ( V + ) ) = [ % ]  at COIL (21b) 

rad. 

where the right-hand sides represent the collisional- 
radiative source terms (sum of ionisation and recom- 
bination rates). ( V, ) and ( V +  ) are the mean 
diffusion velocities of electrons and ions respectively. 
For a cylindrical plasma column, a radial electric 
fields is build up due to the radially diffusing electrons 
and ions. This field causes the electron-ion pairs to 
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diffuse with the same radial ambipolar diffusion Further, D, can be expressed in terms of the indi- 
velocity. The diffusion flux is described by : vidual ion diffusion coefficient Di (see e.g. p. 143 of [8] 

or pp. 261-262 of [9]) 
[n, ( V, )I, = [n+ < V+ )I, = - Da Vrne 

/ T \  

where D, is the ambipolar diffusion coefficient. Fur- where To is the gas temperature (assumed to be equal 
ther, the right-hand sides of eqs. (214, (21b) are to the ion temperature T+). For Di we can now apply 
equal because of charge neutrality- One makes now the formula for the binary ion (+)-neutral (0) diffu- 
the assumption that the collisional-radiative source sion coefficient (see e.g. pp. .484-486, pp. 523-527 of 
term is proportional to ne : [lo], p. 345 of [I 11) as given by the transport theory : 

3 Di = - 1 [ I 2  (31) 
coll. 

rad. rad. 
16 (n+ + no) ( o ) + o  

where ( o )+, is some average effective momentum 
where = ( o l  ) is the ionisation for transfer cross-section and the reduced mass. Since 
electron-neutral atom (molecule) collisions. Owing n+ 4 no and m+ = mo (and thus p = m0/2) we 
to the eqs. (22)-(23), the eqs. (214, (216) can be have : replaced by one single equation : 

For a stationary cylindrical plasma column one 
obtains the equation : 

Since S is assumed to be independent of n, (which 
implicitely means that volume recombination is 
omitted), the solution of eq. (25) is for the fundamental 
mode 

where n,(O) is the density at the axis (r = 0). For 
r(no S/Da)'I2 = 2.405 the Bessel function is zero, 
Jo = 0, and for larger values of (no S/Da)'I2 one 
would get negative values. This would have no physi- 
cal meaning. Thus, by assuming that the electron 
density is practically zero at the wall at r = R, one 
imposes the boundary condition : 

and obtains the following radial density distribution : 

The boundary condition (27) leads to the similarity 
law for the electron temperature Te in the following 
way : S is only a function of Te and the kind of gas 
via the ionisation cross-section ; hence : 

1 
= - Fa(Te, To, kind of gas) (32) 

no 

where Fa depends only on T,, To and on the nature 
of the gas through the cross section ( o ) +, for ion- 
neutral collisions. Substituting in eq. (27) S and D, 
by the relations (29) and (32) respectively and express- 
ing no by the gas pressure p = no kTo yields the 
following similarity law for the electron temperature 
of the positive column of the glow discharge : 

R pZ = Fl(Te, To, kind of gas) (33) 

where F, is a function which still depends on the nature 
of the gas through the electronic ionisation and the 
ion-neutral momentum transfer cross-sections. Since 
one does generally not know what type of collisions 
(elastic ion-neutral, charge exchange, excitation trans- 
fer, . . . collisions) really contribute to ( a ) +, in 
which proportions, one often expresses D, in eq. (32) 
in terms of independently measured ion mobilities. 
An analytical expression for Te is obtained when a 
suitable energy dependence of 0,  is assumed. One 
generally takes the linear dependence 

where E, is the ionisation energy and a, a gas-depen- 
dent constant. 

In the same manner one can obtain similarity laws 
for the electric field strength G and the electron density 
n,(O) on the axis [5-81 : 

G - = F2(p. R, To, kind of gas) 
P 

(34) 

S = S(T,, kind of gas) . (29) R2 n,(O) = IF,@, R, To, kind of gas) (35) 
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where the functions F2 and F3 depend on the nature of 
the gas through elastic and inelastic cross-sections for 
collisions between electrons and neutrals and on 
the ion-neutral momentum transfer cross-sections. 

I have treated the Schottky theory of the collision- 
dominated glow discharge plasma in some length 
in order to show how many assumptions intervene 
in the derivation of the similarity laws and how they 
depend on the atomic cross-sections. It is evident 
that for instance the calculation of Te can be erro- 
neous in the case of gas mixtures containing consti- 
tuents of very different ionisation energies and very 
different cross-sections for ion-neutral collisions which 
contribute to the effective ( o ) + ,. A classical example 
is the helium discharge with small admixtures of neon. 
The latter increase the axial field strength compared 
to the pure helium discharge . .. [12]. - Dote and Ka- 
neda [13] observed by means of a double probe that 
also T,  increases. The effect is explained as being due 
to resonance excitation of neon by helium metastable 
atoms. This shows that still other atomic processes 
than those contained in the simple Schottky theory 
intervene and that the omittance of both stepwise 
excitation followed by ionisation and volume recom- 
bination may represent a severe limitation to the 
applicability of the theory. Also radiative emission 
and absorption processes have to be taken into 
account. The influence of the ensemble of all collision 
and radiation processes on the electron production rate 
can be expressed in terms of the collisional-radiative 
coefficients for ionisation S and recombination a 
which both depend on Te and ne in the simplest case. 
Replacing in eq. (23) the collisional-radiative source 
term by the expression 

[%I rad. C O N  = [%I CON, rad. 

leads to a non linear boundary-value problem which 
permits a formal analytic solution [14-161, see also [34]. 

In eqs. (24) (36), the function S - and thus F,, F2 
and F3 - depends strongly on the exact form of the 
velocit,y distribution function f (E) of the electrons 
which, in turn, depends in a complicated manner on all 
elastic, inelastic, superelastic and radiative processes. 
In order to avoid the calculation o f f  (E) one some- 
times replaces the Maxwell distribution by a Druyves- 
teyn distribution. The latter is obtained from the 
electron energy balance equation when one assumes 
that the energy which an electron gains in the electric 
field is only lost through elastic collisions. However, 
when inelastic collisions (excitation, ionisation) are 
added to the energy balance equation, the Druyves- 
teyn dependence f (E) cc E ' I 2  exp( - 0.55(E/z)~) 
changes into a modified Maxwell distribution 

(For the details see e.g. pp. 548-550 of [6].) For the 
same mean translational energy the two distributions 
give for the reaction coefficients values which can 
differ by several orders of magnitude. Under real 
conditions, f (E) has a complicated E - depen- 
dence which lies in general somewhere between a 
Ell2 exp( - (EIE)~) and E 'I2 exp(- EIE) depen- 
dence. The determination of the mean translational 
energy E (i.e. of kTe) of the electron gas by means of 
the similarity law can therefore only give an approxi- 
mate value, it is not a precise method. 

In most papers f (E) is now directly calculated 
from eq. (1). The energy dependence of such calculated 
distribution functions depends on the individual 
processes and their cross-sections. I t  should be 
mentioned that most of the published results are 
inconsistent from the thermodynamic point of view 
(although they often reproduce the experimental 
results quite well), since they do not account for 
superelastic collisions. It might be that inclusion 
of these processes in the model together with diffusion 
of excited species will bring experimental and theore- 
tical results in better agreement. It should be empha- 
sized that the superelastic collisions play a dominant 
role during the recombination phase and in situations 
where strong resonance absorption leads to high 
overpopulation of the first resonance levels. 

Due to the non thermal population of excited 
atomic (ionic) levels it is difficult to obtain reliable 
experimental Te-values from the Boltzmann ratio. In 
general they are too low. A better method is to deter- 
mine Te from a measurement of a number of spectral 
line intensities without using individual Boltzmann 
ratios. This method applied in [17-181 to a diffusion- 
dominated plasma column makes use of the solutions 
for the excited state populations of an appropriate 
collisional-radiative model and their comparison with 
spectroscopically determined population densities. 
It gives reliable values provided the atomic quantities 
(such as transition probabilities, cross-sections, line 
broadening parameters, . . .) are known. 

Already for the obviously simplest case, namely 
a glow discharge plasma in hydrogen gas, many of 
the relevant cross-sections for collisions between 
hydrogen atoms and hydrogen molecules are still 
unknown. Therefore a sophisticated model which 
makes use of the collisional-radiative model will not 
give more reliable values than the simple Schottky 
theory as long as all collision processes are not well 
understood. New results, which have led to a better 
understanding of the physical processes in a glow 
discharge plasma in molecular gases, were recently 
obtained by Dubreuil and Catherinot [19] who 
studied the reaction kinetics of excited hydrogen 
atoms and excited hydrogen molecules. Since their 
paper touches a general aspect common to all molecu- 
lar plasmas, it shall be discussed in some detail. 

3.2 THE GLOW DISCHARGE M HYDROGEN GAS. - 
Dubreuil and Catherinot [I91 studied the emission 
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of both the atomic and molecular species of hydrogen 
by means of laser-induced fluorescence. The discharge 
capillary had a diameter of 2 R = 4 mm, current and 
pressure were varied between the following values : 

For each value of I and p the mean electron density 
n, was determined from the frequency shift of the 
resonance frequency of a r.f. cavity containing the 
discharge capillary. The values are given in figure 2. 
Also are shown the mean T ,  values calculated from 
the similarity law (33) with two different assumptions : 
either pure H, or pure H gas. Due to the low degree 

Fig. 2. - Mean electron temperature T, as a function of pressurep 
for a glow discharge in pure H, or pure H gas, calculated from 
the similarity law. Also are shown the measured mean electron 
density n, as a function of plasma current I at different pressures p. 
R is 2 mm, after [19]. 

of dissociation the H, curve is the more probable one. 
One further sees that the similarity law (35) with 
n, cc I is approximately verified in the range of pres- 
sures employed. 

By pumping successively the n = 3, 4 and 5 states 
of atomic hydrogen by means of a short laser pulse 
(duration - 4 ns) at different values of I and p and 
then observing the intensity decay of H,, Hg and H, 
lines, the effective deexcitation frequencies v,, v, and 
v, could be determined. Results are shown in figure 3. 
v, (n = 1 ,  2, 3) increases with p. One would also 
expect an increase of vn with I, i.e. an increase with 
n,; however, the contrary is the case. The measure- 
ments can be described by the following linear depen- 
dence : 

A ,  represents the effective spontaneous deexcitation 
frequency of level with principal quantum number n : 

Torr 

Fig. 3. - Effective de-excitation frequency v, of the atomic hydro- 
gen levels n = 3, 4 and 5 as a function of pressure p at  different 
plasma currents I, after 1191. 

where Am, are the optical escape factors. Extrapola- 
tion of the measured curves to p = 0 yields A, - 
values consistent with the assumptions that the Lya 
and LyP lines are completely reabsorbed and that 
only 40 % of the Ly6 intensity escapes from the 
plasma; the other lines being optically thin. 

For v, we can write the following dependence 
(where three-body collisions are neglected due to the 
relatively low pressures) : 

where the rate coefficients ,On,., yn5., E~~~ refer to the 
following reactions : 
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Excitation (de-excitation) due to atomic collisions The rate equation for the exc~ted hydrogen atoms 
n > 1 is given by 

an,> 1 
or associative ionisation -= & I n  n 1  n, - v n >  I n n >  I . (48) a t  

H(n) + H(l) * H' + + AE ' (40b) For the stationary discharge (ajar = O), the number . Excitation tramfer due to atom-molecule colli- density of the excited hydrogen atoms must therefore 

sions be proportional to n: : 

H(n) + H2(n, 52, v, N) * H(nr) + 6~ & l n  nnz l  = 2- 
v 1  v n > 1  

n(H2) nS . (49) 

+ H2(n1', W ,  v", N") + A E .  (41) 
As long as the degree of dissociation remains low 

Electronic excitation (de-excitation) (< 5 %) the formation of atomic hydrogen will not 

H(n) + e a  H(nl) + e + AE affeet the H 2  concentration very much, whereas the 
(42) atom density can strongly vary with n.. 

where [ = (n, 52, v, N) represents the ensemble of 
quantum numbers which characterize an excited 
molecule. 

The fact that induced fluorescence is only observed 
from the pumped levels leads to the conclusion that 
the processes (40a) and (42) are unefficient under 
the chosen experimental conditions (this was also 
verified experimentally). Also the reaction (40b) 
could be neglected. Thus, the eq. (39) can be approxi- 
mated by 

where the reaction coefficient ync depends only on the 
relative translation energy between atoms and mole- 
cules, i.e. on the gas temperature To. 

The gas temperature To was measured with a 
thermo-couple (To -- 320 IS independent of p and 1). 
Owing to the very low degree of ionisation one has : 

At a given pressure p, a decrease of n,, must be 
compensated by a corresponding increase of n,. The 
decrease of vn with increasing I (see Fig. 3) is now 
compatible with the relation (43) under the assump- 
tion that an increase of I, i.e. an increase of n, (see 
Fig. 2) lowers the molecular density n,, due to increas- 
ed dissociation according to the reaction : 

H2(X 'L;) + e- 2 H(1) + H(1) + e -  + A E .  

(45) 

The atoms are mainly formed in the ground state 
n = 1. The rate equation for the reaction (45) is 

where v ,  represents a loss coefficient. A second colli- 
sion is necessary for excitation into the levels n > 1 : 

A measurement of the intensity of atomic and 
molecular lines as a function of n, at a given pressure 
confirmed that the intensity of the molecular lines 
varies at low degrees of dissociation linearly with n, 
whereas the one of the atomic lines increases with nz. 
It has thus been proved that the reaction (41) can 
explain the experimental features. 

The results of the figure 3 permit to determine 
C YRC- Putting x Ync = < ~ ( n )  < v ) where ( v ) 
I 
is the mean relative velocity between H and H2 
particles yields the mean effective cross-sections 
listed in table 1. 

Table 1. - Mean eflective cross-section < o(n) ),-,, 
for collisional de-excitation of excited hydrogen atoms 
by H, molecules after [19]. The values from [20] refer to 
a collision experiment in which H was excited by 
40 keV electronspassing through H2 gas. < a ) is in a2. 

The experimental values obtained from the glow 
discharge plasma are almost independent of n which 
is not the case for the collision experiment. It might 
be that the more abundant vibrationally-rotationally 
excited molecules in a discharge plasma are responsible 
for this discrepancy. 

Dubreuil and Catherinot [I91 also measured the 
decay of the fluorescence light of a number of mole- 
cular lines after pumping of the atomic states. The 
molecular fluorescence intensity is proportional to the 
atomic fluorescenc? intensity (see Fig. 4) in agreement 
with reaction (41). They could especially determine 
the reaction coefficients ync for molecules in the elec- 
tronic ground and in the excited metastable state 
H2(a 3 Z i ,  v' = 0, N' = 4) according to : 

H(n) + H2(X 'Z;, v = 0, N) -+ H(l) + 
+ H2(n',52',v', N') + AE (50a) 
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Ha pumped 

or via a two-step process with the metastable and 
pseudo-metastable levels as intermediate states : 

According to present knowledge the production rate 
of H +  ions via the two-step process 

is smaller by several orders of magnitude. At higher 
degrees of dissociation the process H + e- +H + + 2 e- 
may play a role (this is the process analogue to reac- 
tion (47) for the excitation of atomic levels). 

Dissociation : Obviously two different processes 
are responsible for dissociation; first, dissociation 
by electron impact : 

0 10 2 0 3 0 40 50 The electron rises the molecule to the first repulsive 
t [ n s ]  state ('C), followed by dissociation ; second, dissocia- 

tion due to collision of two vibrotational excited 
Fig. 4. - Fluorescence light of atomic and molecular lines after molecules, the excitation arising from electronic 
laser pumping of the atomic level n = 3 of hydrogen, after [19]. collisions [21-231 : 

-+ H2(X 'C;, v', N') + e- 

H(3) + H2(a 3C:, v = 0, N = 4) -+ H(2) + H2(X1Ci ,  v', N') + H,(X 'C,, v", N") -, 
(54b) 

+ H2(e 3C,,+, v' = 2, N' = 5) - 16 cm-' (50b) -t H(l) + H(1) + HZ. 

which are two special reactions of type (41). They also Formation of excited atoms is essentially due to 
determined cross-sections for rotational relaxation electronic collisions of the atom in the ground state : 
induced by collisions with atoms and molecules 
according to the reactions H(1) + e- -+ H(n) + e (55) 

H2(n, SZ, v, N) + H(n = 1) -, H2(n, 52, v, N') + after the molecule has been dissociated. 

+ H(n = 1) + AE (51a) 
Formation of'excitt.dmolecules : Two processes are 

possible, namely direct excitation by electron colli- 
H2(n, SZ, u, N) + H2(X 'z;) -+ H2(n, a ,  0, N') + sions : 

+ H2(X '2;) + A E .  (51b) H2(X 'C:) + e -+ H t  (564 

It was found that the transitions with a change of 
AN = + 1 in the rotational quantum number were 
much more efficient than those with AN > 1 indicat- 
ing that 52 is not further a good quantum number for 
the electronic states involved. (The usual selection 
rule for homonuclear molecules treated in the frame 
of the Born-Oppenheimer method is AN,= ) 2.) 

The experimental work of Dubreuil and Catherinot 
together with theoretical calculations by Capitelli 
et al. [21], Cacciatore et al. [22] and Capezzuto et 
al. [23] has led to a better comprehension of the micro- 
scopic processes which determine the properties of the 
hydrogen glow discharge ; together with older known 
work the situation may be summarized as follows : 

Formation of ion-electronpairs : The Hz molecules 
deliver the bulk of the positive ions and electrons by 
direct ionisation from the electronic ground level 

and excitation transfer due to molecule-atom colli- 
sions : 

H2(X '2;) + H(n) -+ H2(n, 52', v', J') + H(1). 

(56b) 

Destruction oj excited atoms and molecules is 
mainly via radiative transitions and due to collisions 
with atoms and molecules in the ground state : 
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Destruction of ions (HZ+, H f )  is mainly due to 
diffusion to the walls (ambipolar diffusion) followed 
by recombination on the walls. This process is only 
dominant in a limited range o fp  (-- 10- ' to 10 torr), 
or R (-- 1 mm to 100 mm) and o f 1  (- to 1 A). 

The measurements showed further that the elec- 
trons contribute little to the transfer of energy between 
excited states (collisional excitation, de-excitation 
negligible). 

3 .3  THE GLOW DISCHARGE IN NITROGEN GAS. - 
An experimental study of Polak et al. [24] led to the 
result that the molecular ionisation rates for all 
regimes of a glow discharge in Nz gas (I = 5 to 
75 mA ; R = 1.6 cm, p = 0.6 to 6.3 torr) must lie 
above the values computed under the assumption of 
direct ionisation by electron impact (see Fig. 5). 

3 5 7 9 11 

f / n  [ N 21 [loq6 V.  crn ] 

Fig. 5. - Rate coefficient ( a, u ) = S for volume ionisation in 
a glow discharge in pure N2 gas as a function of &In. Curves 1 
to 5 deduced from measurements : 1) i = 9.5 mA/cm2 ; 
2) i = 3.8 mA/cm2 ; 3) i = 1.25 mA/cm2 ; 4) i = 0.63 mA/cm2 ; 
5) from swarm experiments ; 6) calculation for direct ionisation 
after reaction [40a] with To = 8 000 K ;  7) the same with vibra- 
tional temperature T, = 300 K. After [24]. Experimental error 
bars are f 100 %. 

Impurities could not be made responsible for the large 
discrepancies between theoretical and experimental 
values. From these and other observations the authors 
conclude that the ionisation mechanism under glow 
discharge conditions occurs via the following pro- 
cesses : 

Direct ionisation (Xis the electronic ground state) 

Stepwise electronic ionisation (Z  is an excited 
electronic state) 

Elecltronic escitution followed by ionisation due 
to molecule-molecule collisions : 

where Ez, E,., Ex,, and Eio, denote the excitation and 
ionisation energies respectively. Further the following 
transformations seem to be likely : 

The destruction oj the ions is mainly due to ambi- 
polar diffusion followed by recombination on the 
walls : 

It has experimentally been observed that the N; 
concentration decreases with increasing current. This 
effect is interpreted as being due to a decrease of 
the Nz density, because of an increase of dissociation 
with increasing electron density (because n, is propor- 
tional to I )  (see eq. (35)). According to the reactions 
(5%)-(59d) the production rate of N f  should be 
proportional to n i 2  n:. This dependence has experi- 
mentally not yet been demonstrated. 

In this context the theoretical work of Winkler 
and Pfau [26-271 on the glow discharge in N2 gas 
should be mentioned. They calculated electron velo- 
city distribution functions, collision frequencies, 
energy loss rates, direct ionisation frequencies 
and other quantities related to atomic processes. 
Capitelli and Dilonardo [25] (see also [22]) calculated 
the non-equilibrium excitation and dissociation of 
nitrogen molecules in electrical discharges. 

The findings of Polak et al. [24] lead to the question 
if cluster ions could not play a role in glow discharge 
plasmas of other molecular gases ? 

It should finally be mentioned that Engelke [28] 
considered dissociating collisions in the frame of the 
Schottky theory. 

3.4 THE GLOW DISCHARGE IN ATOMIC GASES ; THE 

CONSTRICTION PHENOMENON. - According to the 
different values of p and I, a glow discharge appears 
visually as either a diffuse-homogeneous, a diffuse- 
striated, a constricted striated or a constricted- 
homogeneous plasma column. Figure 6 shows the 
existence regions of those types of discharges for neon. 
Similar curves for the other rare gases may be found 
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Fig. 6. - Existence diagram of the different column states in the 
case of a discharge in neon gas ; p = filling pressure ; I = discharge 
(plasma) current; R = tube radius ; after [29, 361. 

DIFFUSE- CONSTRICTED- 
HOMOGENEOUS 

in [29]. When one goes for instance from low to 
higher values of I (for given values ofpR) a diffuse- 
homogeneous discharge suddenly constricts. This 
constriction is accompagnied by a sharp decrease of 
the electric field strength G as shown in figure 7. 
If I changes from the higher to the lower values, 
the discharge returns to the diffuse state at a value 
of I slightly different from the one which was obtained 
for the opposite direction. One has a kind of hysteresis 
which increases with decreasing pressure. This cons- 
triction phenomenon has been known for a long 
time, however, even systematic theoretical studies 
have not yet led to a satisfactory description of this 
effect. It is interesting to see what a progress has 
been achieved during the last years by including 
various atomic and molecular processes in the theore- 
tical model. 

measured 
X X X  

40 

Fig. 7. - Measured electric field strength as a function of current I 
for a discharge in neon. R = 32 cm, 200 torr, o 100 torr, 
x 50 torr, - calculations, --- constricted discharge measured. 

After [36]. 

In the following we refer first to the work of Wojac- 
zek who studied in a series of papers the constriction 

by making different theoretical assumptions. In [30] 
the following assumptions were made : 

1. The ionisation coefficient is equal to a modified 
Maxwell coeficient (see also eq. (23)) and has the form 

where S, refers to a Maxwell distribution. b and K 
are constants, B is - l/ne. 

2. Superelastic collisions are neglected. 
3. All ion-electron pairs diffuse to the walls due to 

ambipolar diffusion. They recombine on the walls. 
4. Electron temperature T, independent of r. 
5. Gas temperature To independent of r. 
6. Neutral gas density constant across r. 
.7. Volume recombination is neglected. 

The radial distribution of n, is then described by 
the equation : 

The solutions show a strong constriction with increas- 
ing values of Co(r = 0) = KB,, where B, is the value 
of B on the axis. The relative distribution ne(r)/ne(0) 
is shown in figure 8. The curve B represents the Bessel 
function. Similar curves have been obtained by 
Albrecht et al. [31]. 

Fig. 8. - Relative radial distribution of the electron density n,(r) 
calculated from eq. (63), for different values of the constant C,  
on the axis. The curve B represents the Bessel function which is 
obtained when b/B exp(- KB) = 1. After [30]. 

In a subsequent paper Wojaczek [32] assumes 
instead of the condition 5 above, that the gas tempe- 
rature depends on r via heat conduction. All other 
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assumptions remain unchanged. Now ne(r) and To(r) 
are determined by the following equations : 

where .K is the.therma1 heat conduction and d = iE 
is the source term (heating of the neutral gas by 
electron collisions). Compared to the solutions of 
eq. (63), the radial dependence of To practically does 
not change the results in the range of interest. 

A comparison with measurements for argon shows 
that the experimentally observed constriction is 
usually stronger than predicted by the model. 

In a next paper [33] he assumed that also T, depends 
on r. The solution of the corresponding differential 
equations leads to the conclusion that the radial 
dependence of Te is of little consequence for the 
constricted discharge. 

In a last paper [34] the calculations are based on 
the same assumptions 1 to 6 as in the first paper [30], 
however, instead of the condition 7 volume recombi- 
nation is now included in the model (assumed to be 
independent of r). Instead of eq. (63) the following 
differential equation has to be solved : 

The results lead with recombination to a stronger 
constriction of the n,(r) distribution than without 
recombination, but the theoretical model gives still 
too wide n, - distributions compared to the expe- 
riments. Also the theoretically calculated electric 
field strength E does not agree with the measured ones. 
Taking recombination into account leads to an 
increase of E instead of a lowering as it is observed for 
the constricted column (see. Fig. 7). 

A much more sophisticated collisional-radiative 
model for a glow discharge in neon and in argon 
has been set up and solved by Smits and Prins [35-361. 
The following assumptions were made : 

1. The molecular ion density (for instance n(Ne:)) 
is much greater than the atomic ion density (for 
instance n(Ne+)). The latter can therefore be 
neglected; the quasi-neutrality condition gives 
n, = n(Ne:). 

2. Direct ionisation is negligible with respect to 
stepwise ionisation. This stepwise ionisation, i.e. the 
ultimate formation of Ne: ions, proceeds via asso- 
ciative ionisation Ne* + 2 Ne + Ne: + Ne + e- 
(see Fig. 9 and ref. [37]). 

3. The diffusion of the charged particles is governed 
by amhipolar diffusion. 

4. Diffusion of excited particles is neglected. 
5. Radiative transfer is taken into account by 

means of Holstein's radiative escape factor. 
6. The radial dependence of the gas temperature 

is taken into account by solving the corresponding 
heat transfer equation for the neutral gas. 

7. Volume recombination is taken into account 
in the form of dissociation recombination. For neon 
the following recombination coefficient has been 
chosen (see p. 2232 of [37]) 

a = 2'5 lo-* [ 1 - exp ( ~ ~ O ) ]  - cm3 s-l (67) 
(kTe) 

where kTo is in eV. 
8. Superelastic collisions have been neglected. 

The various reaction channels which have been 
taken into account are shown in figure 9 for neon. 
The associative ionisation process 

is only effective for particles belonging to the groups 111 
and IV. The axial field strength (axially constant) 
and the velocity distribution function for the electrons 
have been calculated including elastic electron-elec- 
tron, elastic electron-atom, and inelastic electron- 
atom collisions. The electron-electron collisions ensure 

18.6 eV Group 
2p Levels Group E Ne* 

e - 
16.GeV w"3p0 Wall 

35 3q 

Nef + e--~e: 

hv (Holstem) Ne +Ne 

0 eV - 
, e - i i ! 2 N e k  

Ne ground state's0 

Fig. 9. - Atomic and molecular processes which -have been 
taken into account in the collisional-radiative model of a glow 
discharge in neon gas, after [35, 361. 

that f (E) tends to a Maxwellian at high electron 
densities (but never reaching it). The inelastic and 
elastic electron-atom collisions lead to a depopulation 
of the tail off (E) compared to a Maxwell distribution. 
Figure 10 shows a calculated distribution function. 

The main results of the model calculations compared 
to measurements are : 

a) For the diffuse discharge, the calculated radial 
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E [ e V l  
Fig. 10. - Calculated velocity distribution function f(E) for 
electrons moving in a neon glow discharge plasma under the 
influence of an applied electric fig at different electron densities. 
The mean translational energy is E = 3 eV, the neutral gas density 
corresponds to a pressure of p = 100 torr. After [36]. 

distributions of n, and of the excited states agree 
relatively well with the measurements. This is not 
the case for the constricted discharge. 

b) For the diffuse discharge the calculated electric 
fieiii strength G also agrees with the measurements (see 
the examples given in figures 7 and 11). However, 
the sudden decrease of G for the constricted discharge 
could not be reproduced. 

The authors have changed several parameters and 
found that G decreases more rapidly with current I 
when a is increased. Figure 11 shows an example 
where a was increased by a factor of three. A much 
better transition from the (( diffuse D to the (( con- 
stricted )> G-values could be obtained by increasing in 
the Boltzmann equation, which served for calculating 
j ' (E)  - the Coulomb terms by a factor of six. 
A nearly sudden transition from one regime to the 
,other could be obtained by chosing a two-temperature 
model. Instead of using the calculated distribution 
function the authors chose a Maxwellian distribution 
with a bulk temperature To on which another Maxwell 
distribution - corresponding to an electron density- 
dependent tail temperature T, - was superposed. The 
following ratio between T, and To was assumed : 

Chosing C ,  = 2.66, C, = 6.5 x lo-' the constric- 
tion phenomenon occurs at I - 120 mA as is observed 
experimentally (see Fig. 11). 

NEON; p=100 Torr 
R= 32 mm 

consistent - 

. - 

I oooo Measurements I 

Fig. 1 1. - Influence of volume recombination a and of temperature 
model on the constriction phenomenon. -.-.- with u given 
by eq. (67) and consistently calculated velocity distribution func- 
tion f (E) ; - the same but with three times larger value for a ;  
--- two-temperature model for the electrons; 0000 measured 
values. After [36]. 

From a theoretical point of view this method is 
unsatisfactory. However, the fact that constriction 
can be obtained when a group of energetic electrons 
is included in the model has led the authors to propose 
another mechanism which might be responsible for 
constriction : the formation of energetic electrons 
caused by an ionisation instability in the form of a 
striations generating process. 

It should be mentioned, however, that the tail of 
f (E) can also be populated by superelastic collisions 
which have been neglected in the model. For instance 
for neon the rate of electronic deexcitation can become 
important due to the metastability of the first excited 
3s-levels and the quasi-metastability of the 3p-levels 
(as a result of strong resonance reabsorption). If one 
includes in the model diffusion of this group of levels 
it might be that a kind of spatial excitation-deexci- 
tation relaxation is build up which could be capable 
in producing a group of hot electrons in the tail of the 
velocity distribution function and which is obviously 
needed in order to explain the observed features. 
The assumption of diffusion of excited states would 
also be in agreement with the experimental fact 
that the observed line emission shows a larger radial 
profile than do the model calculations provided the 
radiating levels are sufficiently coupled to the meta- 
stable and quasi-metastable levels through collisional 
processes. 

4. Negative ion plasmas. - 4.1 GENERAL CONSI- 

DERATIONS. - Until now, we have only considered 
positive ion-electron plasmas. However, under appro- 
priate conditions, one can produce plasmas containing 
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a relatively large amount of negative ions. For some 
gases, especially those containing halogens, a quasi- 
negative ion plasma can be produced, the electron 
density being negligible. Negative ions containing 
plasmas are not only of fundamental interest, they 
play a great role in astrophysics and are of great 
importance in electric circuit breakers. They may 
become important in the production of energetic 
neutral beams for plasma heating (neutral beam 
injection in Tokamak plasmas). Also the diffusion 
and wave properties of negative ion plasmas are 
of interest, since electron induced ambipolar fields 
no longer dominate the diffusion characteristics, 
and the shielding of low-frequency fields by electrons 
become increasingly unefficient with higher densities 
of negative ions. For a pure electronegative gas the 
similarity laws are different from the ones given 
above for pure electron-positive ion plasmas. 

Negative ions can be produced in many different 
ways. In molecule-free plasmas, there exists only 
one single mechanism, that is the attachment of free 
electrons to neutral atoms with positive electron 
affinity. The energy liberated in this process is emitted 
in form of a photon hv which produces the electron 
affinity continuum. The absorption of continuous 
radiation by negative ions causes photo-detachment 
of the bound electron. Thus, 

A + e- *'A- + hv. (69) 
In astrophysical objects, these two reactions are 

of considerable interest when A represents a hydrogen, 
an oxygen, or a nitrogen atom. The continuum 
opacity of the Sun's atmosphere originates from H- 
absorption, the 0- and N- ions play a role in the 
sunlit ionosphere. 

The electron affinity (or attachment) continua are 
currently observed in emission from low current 
arcs at atmospheric pressure and in shock-tube 
experiments provided the optical depth does not 
exceed the value one to two (for higher optical depths, 
the arc emits as a black-body). For further details, 
the reader is referred to the recent papers [39-441. 

The physics of the negative ions is not yet well 
understood. There should exist a whole series of 
excited levels with energies close to those for the 
excited H-atom [45]. Until now, the experimental 
search for these states has led to negative results [46]. 
An exception is the experimental confirmation of 
the 1 s 2p 'P shape resonance of H- at il = 1 130 [46- 
481 predicted by Macek and Burke [49], see also [50]. 

Recent measurements of the detachment cross- 
sections for the reaction e- + H- + H + 2 e- have 
led to the conclusion that the observed order of 
magnitude (o 5 4.1 0- cm2) was insufficient for 
the process to be important in astrophysics. It seems 
to be more likely that the destruction of H- in cold 
stellar atmospheres is primarily due to associative 
detachment [51, 521 : 

New calculations of the cross-section for reac- 
tions (70) which are capable to populate rotational- 
vibrational states have been published by Bieniek 
and Dalgarno [53]. 

There are also experimental indications from labora- 
tory experiments that there might exist reaction 
channels for the formation of H- which have still 
to be identified. 

4.2 FORMATION OF H- IN A LOW-PRESSURE PLASMA. 
- Doucet and collaborators 1541 produced a hydrogen 
plasma in a kind of cylindrical multipole and measured 
the negative ion density by means of an electro- 
static probe (plasma volume - 50 1, filling pressure - torr). It was found that the H-  density 
continuously increased with pressure, and attained 
values of - 3. lo9 ~ m - ~ ,  that is 30 % of the positive 
ion density. The measured values are graphically 
shown in figure 12. The figure also shows values 
calculated from the steady-state equation including 
the following processes with v = 0 in eqs. (71a, b) : 

e Di~~ociative electron attachment 

Polar dissociation 

Fig. 12. - Negative ion density n ( H - )  as a function of positive 
ion density n+, after [54]. The electron temperature is taken as 
curve parameter. H +  ions are assumed to be negligible, thus 
n+ = n(H:). 
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Dissociative recombination 

e- + H: -t H- + H +  

e- + H i  -, H- + H z .  

Collisional electron detachment 

e - + H - + e - + H + e - .  
Mutual neutralisation 

H- + H : - + H Z + H .  
and 

Diffusion 

ties of the SF, plasma. Industry builds current 

(73a) breakers which are capable to interrupt currents of the 
order of 75 kA per breaker unit and which can with- 

(73b) stand voltages of the order of 70 to 100 kV. Connected 
in series, circuit-breakers are applied for voltages of 
the order of 500 kV. For further details, the reader is 

(74) referred to [60-691. 
The physical properties of the recombining SF, 

plasma with and without an applied electric field 
(75) are not yet well understood. Both experiments and 

theoretical considerations have led to the conclusion 
that the essential reason for electrical breakdown or 

From figure 12 one sees that the measured values 
are 100 times higher than the calculated ones at  the 
highest plasma density. At the present, there is no 
satisfactory explanation for this large discrepancy. 
Photodetachment measurements allowed to deter- 
mine the H- density as a function of n,. For a plasma 
with the following parameters n(H,) x 2.  1014 ~ r n - ~ ,  
n, = 1.7. lo9 to 1.1. 101° ~ m - ~ ,  kT, w 0.1 ... 0.4 eV, 
a dependence n(H-) cc nz was found [55-561. At 
maximum density, a ratio of n(H-)In, w 0.35 was 
observed. It is assumed that one (or both) of the 
reactions (71a), (71b) are responsable for the H- 
production. Also the process (73b) cannot completely 
be excluded. The reactions in H- and D- containing 
plasmas have been reviewed in [57]. 

4.3 ELECTRIC CIRCUIT-BREAKERS ; RECOMBINATION 

OF SF, PLASMAS. -High-power electric circuit breakers 
are used to interrupt high currents under medium- 
or high-voltage conditions. Such switchgears contain 
sulphur hexafluoride (SF,) gas because of its out- 
standing dielectric properties under high-voltage and 
high-temperature conditions. A circuit-breaker con- 
sists of one or two axially movable electrodes in a 
SF, containing vessel. The vessel consists of two 
electrode chambers connected by a channel (nozzle). 
During breaker operation a high pressure difference 
is maintained between the chambers. 

In the normal position, the electrodes are in contact 
and the current can flow through. When the current 
is to be interrupted, the electrodes are separated. 
An arc is established which burns through the nozzle. 
The arc is submitted to a strong gasblast of SF, 
which cools the ionised gas. When the current goes 
through zero, the plasma has a temperature of approxi- 
mately lo4 K, the gas is fully dissociated and partially 
ionised, the thermodynamic state is close to L.T.E. 
The main constituents are F, S, S+ and electrons 158- 
593. Close to and at current zero, a strong ion-electron 
recombination begins accompanied by the formation 
of negative F- ions. Also molecules are formed. 
When the high-voltage reappears in the next half 
period, the electrons must have disappeared in order 
to avoid re-arcing. The current interruption was 
successful when the gas has withstood the full voltage. 
The rapid formation of negative ions by electron 
attachment is essential for the extinguishing capabili- 

re-arcing of a hot SF as is the presence of negative 
g13 ions of the order of 10 cm-3 at a temperature of 

about 2 500 K. The dielectric properties depend on 
the reaction rate for electron detachment followed 
by electron avalanches under the influence of the 
applied electric field and the rate for electron attach- 
ment. The temporal evolution of the plasma compo- 
sition during recombination is still unknown to a 
large extent. 

It should in principle be possible to calculate the 
temporal evolution of the plasma composition from 
a system of coupled equations for the particle densities, 
momenta and energies. At constant plasma tempe- 
rature, the physical situation can be described as 
follows : recombination will first lead to a decrease of 
total pressure with a rate according to (see eqs. (8) 

($1 T =?(%) T = k T x [ $ ]  s coll. rad. (76) 

Thus, a pressure difference is built-up which leads 
to a general diffusion and mass flow of the plasma 
(eqs. (14) (16)) in order to re-establish the pressure. 
This mass motion' is accompanied by a transport 
of energy (eq. (19)). In order to make the problem 
mathematically tractable many simplifying assump- 
tions have to be made. Also the many reaction 
cross-sections must be known, which is not the case 
at present. 

The physical situation becomes much simpler when 
a homogeneous recombining plasma volume at 
constant pressure is considered, which might be 
submitted to a simultaneous temperature variation. 
A simplified rate equation for the species s can then 
be obtained in the following way : the species s 
contributes to the pressure drop with a rate 

T n  s coll (77) 
rad 

hence (2) T = " " k T ~ [ $ ]  P 
coll. 

(78) 
rad. 

A temperature change at p = constant leads in 
addition to the following rate for ns 

BT 
( $ ) p  = - 5 (-) 

T a t ;  
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Thus, for the species s the following rate equation is 
obtained 

coll. coll. 
rad. rad. 

A coupled system of rate equations of type (80) 
has been applied by Brand and Kopainsky [70] in 
the frame of a simplified reaction model that takes 
the following chemical species into account : 

F, F,, S, S,, SF, S+, S;, F -  and electrons. 

Figure 13 shows the results of the model 
calculations. The initial condition is T = lo4 K at 
t = 0, with the particle densities given by their equili- 
brium values at p = 1 atm. During the first 50 ps, 
there is a strong electron-S+ ion recombination, the 
F- density remains approximately constant. At 
50 ps begins a drastical change of the neutral particle 
densities. For t > 100 ys, the ion density stabilizes 

5. Collisional-radiative recombination. - The eqs. 
eqs. (21a), (21b) permit to define two different colli- 
sional-radiative recombination (a) and ionisation 
coefficients (S) for the electrons and the ions : 

For negative ions, a third equation has to be added. 
In negative ions-free plasmas, 

and eq. (22) hold. 
The recombination coefficient a can be determined 

experimentally by measuring ne(r, t) of a recombining 
plasma at sufficiently low temperature (in order to 
avoid perturbation by the term ne no S). 

For constant volume, a is given by 

at a value of approximately 1013 ~ m - ~ . .  The most 
abundant ions are S: and F-, the electron density 

1 an 
a = --[$- DaV2ne 

is negligible for t > 100 ps. The formation of F- n+ ne 
and S: ion pairs leads to a longlived negative ion The decrease of the electron density is accompanied 
plasma which determines the electrical properties of by a decrease of total pressure with a rate 
the gas and, thus, a possible dielectric failure when 
the voltage reappears at the electrodes. (g), = kT S [$]co,l. + nk(;)" (83) 

rad. 

The last term accounts for a change of temperature 
during the recombination phase. 

When the plasma recombines at constant pressure 
we can as a first approximation apply eq. (80) to 
which the ambipolar diffusion term should still be 
added. Putting in eq. (80) n, = n, we obtain 

[ansl~tlcol~. = ~~ne/atlc,ll. = - ne n+ a . 
rad. rad. 

1olL 

Further, C [dn,/dt]coll. is given by eq. (13). It thus 
s rad. 

follows 

loT2 
0 100 200 .300 LOO 500 D,V2ne - 

t [ k s l  

-- - 
P 

rad. 

The third term - which is generally positive - 
5-10 accounts for the formation of neutral molecules during 

the recombination phase. In the denominator, the 
ratio of electron pressure to total pressure can in 
almost all cases be neglected. During recombination, 

0 100 200 300 400 500 T practically equals the gas temperature. When 
t [ k S l  measurements of ne(r, t) and T(t) are based on methods 

Fig. 13. - Temporal evolution of plasma composition (particle in which the length of the plasma column intervenes, 
densities n, of chemical species k) and temperature T of a recombin- ~ ~ r r e c t i o n ~  have eventually to be IIlade in order to 
ing SF, plasma at a pressure of 1 atm, after [70]. account for the contraction of the plasma column. 
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Substituting in eqs. (82) and (84) n, by n- yields 
the corresponding expressions for the recombination 
coefficient of a negative ion plasma in (which electrons 
are absent). 

From figure 13 we can extract the order of magni- 
tude of the recombination coefficient. One finds 
a w cm3 s-' for the first 50 ps, and 

for times t > 100 ps. These values differ by several 
orders of magnitude from those measured for the cold 
SF, gas [71] which contains mainly SF:, SF; and 
SF; ions and probably also cluster ions of the form 
SF, (SF,),. 

6. Atomic processes in high-temperature plasmas. - 
Until now, we have dealt with relatively cool plasmas 
containing both atomic and molecular (neutral and 
ionised) species. We will now consider high-tempera- 
ture plasmas. We shall limit the discussion to a 
selected number of atomic (ionic) processes encoun- 
tered in so-called thermonuclear fusion plasmas. 
In the following, the word hydrogen is employed for 
either of the isotopes hydrogen, deuterium and tri- 
tium. The examples chosen apply in the first place to 
Tokamak plasmas. 

6.1 THE DYNAMICS OF HYDROGEN ATOMS. - Apart 
from laser-fusion experiments, all fusion plasmas are 
submitted to strong magnetic fields in order to 
confine the plasma and to separate it from material 
walls. However, only charged particles are influenced 
by a magnetic field, neutrals can cross it without 
being affected. Owing to ion-electron recombination, 
the neutral particle density is not zero, but even under 
thermonuclear conditions can some neutral hydrogen 
atoms be present in the hot plasma core. One has 

n(HO) w 10 ,... lo8 cm-3 . 

This follows directly from the solution of the ionisa- 
tion-recombination balance for hydrogen and agrees 
approximately with measured values. Therefore, ener- 
getic ions H+(Df,  T') can undergo charge exchange 
collisions with neutral atoms HO(DO, To) according 
to the reaction 

in which the energetic ions H+ are transformed 
into energetic neutral particles  which can now cross 
the magnetic barrier. ~ h e t h T r  these neutrals can 
directly reach the walls or not depends on the proba- 
bility of re-ionisation, since a re-ionised particle will 
again be captured by the magnetic field. The ionisation 
probability depends on the ionisation cross-sections. 
In figure 14, all relevant ionisation cross-sections are 
compared with those for charge exchange. One sees 
that for kinetic energies E < 60 keV (that is for the 
whole region of thermo-nuclear interest), the charge 
exchange cross-sections are larger than the ionisation 

Fig. 14. - Cross-sections o for charge exchange and ionisation 
of neutral hydrogen atoms (or their isotopes) in the ground state. 

cross-sections. It follows from this that energetic 
neutral atoms can reach the walls where they cause 
sputtering of wall material [73, 741. This represents a 
source of impurities. 

Recent calculations [75] for the future Princeton 
Tokamak TFTR (now under construction) have led 
to the result that, due to charge exchange reactions, the 
flux of charge exchange neutrals will correspond to a 
total energy loss rate of 1 MW, that the mean kinetic 
energy of a neutral atom impinging on the wall will be 
1.9 keV, and that sputtering of the stainless steel 
walls will result in a flux of 1.5.101' iron atoms/m2 s. 
In one second, one will build-up a mean iron impurity 
concentration of approximately one percent. This can 
prevent thermonuclear ignition. 

This example shows how important are technical 
solutions which minimize sputtering and avoid pene- 
tration of impurities into the plasmas. Possible solu- 
tions to this problem are the formation of cold- 
plasma blankets [76], mechanical divertors (scrape- 
off limiters) [77l or magnetic divertors [78] in connec- 
tion with the development of materials having low 
sputtering yields. 

6.2 THE DYNAMICS OF HELIUM. - The ideal fusion 
plasma should only contain D +  and Tf  ions and elec- 
trons at temperatures of the order of lo8 K G 10 key. 
In the absence of thermonuclear reactions, the only 
radiation processes would be electron-ion bremsstrah- 
lung and cyclotron radiation. Both processes represent 
energy losses which must be compensated by some 
heating mechanism in order to avoid cooling of the 
plasma. In a continuously operated magnetically 
confined D - T fusion plasma (Tokamak plasma), 

12 
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this heating mechanism will be provided by the ther- 
monuclear reaction itself : 

'D + 3T + 4He (3.5 MeV) + ln (14.1 MeV) . (86) 

The He-ions (a particles) produced in the reaction are 
captured by the confining magnetic field. At 
B = 4 tesla their Larmor radius is 7 cm. The energetic 
a particles make collisions with the colder ion-electron 
gas and heat it up (so-called a-particle heating). This 
heating mechanism also compensates energy losses 
due to diffusion (charge exchange, heat conduc- 
tion, . . .). 

The production of helium nuclei increases the ion 
charge state of the plasma and, thus, the bremsstrah- 
lung losses. The plasma must therefore continuously 
increase its temperature in order to compensate the 
increasing radiation losses. The compensation is 
possible, since the power of the fusion reaction (86) 
increases exponentially with T whereas the rate of the 
bremsstrahlung losses increases only proportionally 
to T1I2 (for the details, see e.g. [79-801.) The fusion 
reaction (86) leads to a kind of self-contamination. 
In order to avoid this effect and to keep the energy 
losses and temperature low, a rapid exhaust of the 
helium is desirable. The helium leaving the reactor is 
then replaced by new fuel. In a continuously operated 
reactor, the helium can only leave the hot reaction 
zone by diffusion. Both Coulomb- and atom-ion 
collisions can play a role. 

The physical situation is shown in figure 15. Helium 
is assumed to be the only impurity element. He2+ 

2+ 
Df + T+ - He + n 

CHARGE EXCHANGE WrlH w,H~,H~ 
RECOMBINATION Hg+b NEGLIGIBLE 

TO WALLS 
CHARGE EXCHANGE WITH HO, H; 
DIELECTRONIC AND RADIATIVE 
RECOMBINATION FOR 

~8 kTe ( 1 KeV IMPORTANT 

I INTERACTION WlTH WALLS I 

Fig. 15. - Radial distribution of helium in a hypothetical D-T 
fusion reactor, and possible elementary reactions which may have 
an influence on the exhaust of helium. 

will be produced in the plasma core. The exact radial 
distribution of He2+, He+ and He0 will depend on 
various collective processes but also on individual 
atomic reactions. Let us consider first the He2+ ions. 

The He2+ ions can be transformed in He+ and He0 
by different reactions. In a future reactors collisions 
with the neutral Do and To atoms may become impor- 
tant. The density of the neutrals is not zero, but varies 
from approximately lo8 cm-3 at the axis to 101° cm-3 
at the plasma boundary. Figure 16 shows the cross- 
sections for the non-symmetrical charge exchange 
between He2+ and HO. The reaction 

has an accidental resonance leading to an especially 
large cross-section. 

E Lev I 
Fig. 16. - Charge exchange cross-sections for collisions between 
HeZ + ions and neutral hydrogen atoms (which can be considered as 
representative for the isotopes D and T), after [82-841. . 

In a fusion plasma, there will be a relatively large 
number of excited Do and To atoms (compared to 
those in the ground state). Owing to the extremely 
large charge exchange cross-sections for the excited 
levels, the excited# particles can play a role in the 
transport of the helium ions. The change from He2+ 
to Hef leads to an increase of the Larmor radius and, 
thus, contributes to the diffusion flux. The Het ions 
are still captured by the magnetic field. 

The dynamics of the He' ions will now depend on 
whether back-ionisation into He2+ or further trans- 
formation into He0 through charge exchange or 
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recombination occurs. Back-ionisation into He2+ 
will mainly occur through electron collisions. Figure 17 
shows the relevant ionisation cross-sections. 

Fig. 17. - Cross-sections for ionisation of Hef into He2 +, 
after [37], [83-851. 

Also are shown the cross-sections for ionisation 
by proton impact. There do not exist any studies in 
which the relevant atomic collision processes have 
been taken into account. For further details concern- 
ing the exhaust problem, the reader is referred to [81]. 

6 . 3  THE DYNAMICS OF OXYGEN. - Special atten- 
tion must be paid to oxygen which is' found with 

adsorbed 0 - atoms 

here 
exsh~ 
w8iR h 

lof, 

charge 
ange 
I H0 

-1 
Forward  
diffusion 

\-- 
HOT PLASMA COLD PLASMA W L L  
k T > 10 eV BOUNDARY LAYER 

k T = 3..... 10 eV 
Fig. 18. - Diffusion of oxygen through a cold plasma boundary 
layer. 

relatively high concentration (0.5 % to 5 %) in nearly 
all Tokamak plasmas. The physical situation is 
schematically shown in figure 18. Neutral oxygen 
atoms diffuse from the walls into the plasma-wall 
boundary layer where they are ionised. An ionised 
oxygen atom is captured by the magnetic field. 
Further ionisation will lead to 02+ ions, etc. The ions 
will essentially diffuse due to Coulomb collisions and 
eventual collective effects. However, it is also possible 
that the ions undergo charge exchange collisions with 
neutral hydrogen atoms according to the reaction 

0+ + H0 +oO + H + .  - - (88) 
Thus, the neutral oxygen atom can again diffuse 
across the magnetic field. Figure 19 shows the relevant 
cross-sections intervening in the ionisation and charge 
exchange processes [82, 861. One clearly sees that 
charge exchange can play a dominant role. A recent 
study [87] has shown that, due to the high charge 
exchange cross-section, up to 30% of the oxygen 
atoms leaving the walls are reflected back to the walls. 
In this study, only the following three reactions were 
taken into account : 

It might be that also other chemical reactions such as : 

E Lev] 
Fig. 19. - Cross-sections a for oxygen, after 182, 851. 
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are of importance in the immediate vicinity of the 
walls. Corresponding studies are missing in the litte- 
rature. 

6.4 RADIATION LOSSES. - High Z-impurities- even 
in very small concentrations - in thermonuclear 
fusion plasmas can lead to high radiation losses. 
This can have severe consequences for the global 
energy balance in future thermonuclear reactors. 
The same problem is met in present-day fusion 
research machines of the Tokamak type. 

Figure 20 shows how the different physical pro- 
cesses contribute to the power loss of the Tokamak 
TFR-400 [90]. The mean radius of the torus is 
R = 98 cm, the outer plasma radius is r = 20 cm, r 
being the distance from the center of the plasma. 
The figure shows the power which is deposited in a 
plasma volume defined by the value of r and the power 
which is lost through the surface surrounding the 
plasma at r. In the case of figure 20a, the plasma is 
only heated by the electric current circulating in the 
plasma (ohmic heating). The power density is h, 
see eq. (19). In the case of figure 20b, the plasma is 
additionally heated by energetic neutral particle 
beam with power density I. In the first case, the total 
power input is 570 kW, in the second case 870 kW. 
One sees that approximately 50 % of the total energy 
are lost in form of radiation. The latter contributes 
especially in the outer zones to the energy loss. 

In a pure completely ionised hydrogen (D - T) 
plasma the only radiation loss originates from free- 
free bremsstrahlung radiation and cyclotron radia- 
tion. But already small admixtures of heavy species 
increase the radiation loss considerably : as long as 
the atomes are not completely stripped, electronic 
excitation will cause intense bound-bound radiation ; 
also electron-ion recombination will partly be res- 
ponsible for this enhanced radiation loss (free-bound 
and dielectronic recombination radiation), see eq. (20). 
The contribution of the free-free radiation of not 
completely stripped atoms is small. However, for 
completely ionised particles the power density of the 

POWER TOKAMAK - T F R 400 
IkWl  I WITH NEUTRAL PARTICLE j 1 

POWER 
I k W I  

800 

600 600 

400 400 

200 m 

'0 5 10 15 20 '0 5 10 15 20 

RADIUS r icml RADIUS r (cm) 

b 

Fig. 20. - Power input into the french Tokamak TFR-400 as a 
function of radius, and contribution of the various processes to the 
power loss, after [90]. a) only ohmic heating, b) ohmic heating 
plus neutral particle injection heating. 

bremsstrahlung caused by impurities can dominate 
the radiation loss of a plasma completely. 

The radiation losses caused by impurities in Toka- 
maks are generally calculated in the frame of the 
corona model, because of the very high electron 
temperatures and relatively low electron densities. 
Figure 21 gives an example for molybdenum which 
has been used in Tokamaks as current-limiting 
diaphragme. The individuel contributions to the total 
power loss have been typified in eq. (20). Similar cal- 
culations have been carried out in different labora- 
tories for many other impurity species and the data 
are available in the literature. In more sophisticated 
model calculations also spatial relaxation effects due 
to diffusion are taken into account [92]. The application 
of the corona model - with superposed diffusion 
fluxes of the ground state ions - gives satisfactory 
results for the global radiative loss rates. However, 
the application of this model to the calculation of the 
intensity of special spectral lines may in some cases 
lead to erroneous results, due to strong collisional 
coupling between various levels compared to radia- 
tive coupling by spontaneous de-excitation. If such 
spectral lines are used for diagnostic purposes, their 
intensities should be calculated in the frame of a more 
general collisional-radiative model in which all impor- 
tant reactions are taken into account. Especially 
charge exchange reactions into excited levels should 
be taken into account. For further details see e.g. 
the review [88]. 

1$O - 1 1 1 I I I ,  I 

[wm31 MOLYBDENUM 

Fig. 21. - Radiation loss rate for molybdenum. Rln, n,, is the 
power density radiated per electron and per molybdenum particle, 
after [91]. The individual contribution have been defined in eq. (20). 

7. Summary and conclusion. - In order to under- 
stand the physical (and also the chemical) properties of 
non-L.T.E. plasmas one has to study in detail the 
coupled system of collisional-radiative equations for 
the particle densities, momenta and energies. Owing 
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to the complexity of the problem in general, and due to 
the sometimes scarce knowledge of the reaction 
processes in particular, many simplifying assumptions 
have often to be made. In this paper, three different 
types of non L.T.E. plasmas have been treated : glow 
discharge, negative ion and Tokamak plasmas. The 
discussion has been restricted to stationary and quasi- 
stationary states and to laser-induced fluorescence. 
In selected examples it has been shown how the 
application of the rate equations permits to interprete 
and to calculate special plasma properties on the 
one hand, and how the rate equations allow to extract 
information about special, dominant collision pro- 

cesses and to determine their rate coefficients on the 
other hand. In principle, quite similar problems are 
encountered in all other types of non-L.T.E. plasmas, 
fast transient plasmas included with the additional 
difficulty, however, that the time-dependent coupling 
may require the treatment of a (much) larger number 
of coupled rate equations compared to the stationary 
and quasi-stationary states. - The processes which 
are taken into account in the rate equations should 
satisfy the condition of micro-reversibility. When 
this condition is not fulfilled, the rate equations lead 
to inconsistent results from the thermodynamic point 
of view. 
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