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SUMMARY 

In this work the onset of the development of the non-equilibrium 

conductivity in the entrance region of a noble gas MHD generator is 

investigated both theoretically and experimenta l ly. The relaxati on pro­

cess that leads to the non-equilibrium regime, depends mainly on the 

ionization rate. At low gas temperatures the ionization relaxation pro­

cess becomes the limiting factor for the operation of the generator . 

At low electron densities a dischar ge is influenced by deviations 

from the Maxwellian shape of the electron energy distribution . The non­

elastic collisions which cause the transitions from the ground state to 

the first e~cited state of cesium yield a loss of highly energetic elec­

trons . At low electron densities the therrnalization process due to elec­

tron electron collisions is not efficient enough to neutralize this loss 

so that the tail of the electron distribution is depleted. As a consequence 

the ionization rate, resulting from collisions of Cs atoms ~1ith the mare 

energetic electrons, decreases. Hence tne electron density does not 

build up as fast as predicted by thear-ies in which a Maxwellian distri ­

bution is assumed . 

First a self consistent model of a stationary discharge in an Ar-Cs 

mixture at atmospheric pressure is set up. It predicts deviations from 

the Maxwellian electron distribution far electron densities below 

10
18 

7 10
19 

m-
3 

in cases where radiation can escape . 

In chapter III deviations from the Maxwellian shape of the electron 

distribution ere included in a model to calculate the time dependence of 

the electron density and of the populations of excited states following 

a change in electron energy. An i ncrease of the characteristic time for 

ionization relaxation is predicted by this theory . 

In a discharge expet'iment two c_onditions are investigated: a sta­

tionary arc discharge and its afterglow. I n the stationary situation 
. . 20 20 -3 va.lues of the electron density from 4 x ·10 down to 1 x 10 m have 

been obtained , During the stationary discharge L.T.E. has been observed . 

Lower e lectron densities have been measured during the afterglow. The 

values of n
8 

and Te rea l ized here , agree with those present in the entrance 
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region of the MHO generator . During the afterglow, conditions far devi­

ations from the Maxwellian electron energy distribution are realized. 

An experimental investigation on the transition from low to high 

current in the MHD generator, is described in chapter IV. The conditions 

during the onset of the non-equilibrium regime correspono to the oondi-

tions at the transition 

For a low inlet value of 

distribution is expected 

from the non-Maxwellian to the Maxwellian regime . 
< 18 -3 

ne(~ 5 x 10 m l a non-Maxwellian electron 

so that the non-equilibrium regime becomes diffi-

cult to be built up . As a result the relaxation length becomes longer. 

for a magnetic induction of 3 T and an inlet value of "e lower than 

5 x 10
18 m-3 relaxation lengths larger than 50 cm are obtained . When 

the inlet value of n is 5 x 10
18 m- 3 the relaxation length is 15 cm. 

e 
Higher inlet values of ne result in shorter relaxation lengths. 
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NOMENCLATURE 

a 

a' 

a 
0 

... 
B 

c 

0 a 

e 
... 

transmission of the discharge tube 

f itting coefficient for the momentum transfer cross 
section of argon 

radius of the first Bohr orbit for hydrogen 

Einstein coefficient for spontaneous emission for the 
j to i transiton 

Einstein coefficient for spontaneous emission corrected 
for the radiation trap~ing 

rate integral for two body recombination to the ith state 

rate integral for two body recombination corrected for 
the radiation trapping 

fitting coefficient for the excitation cross section 
from i to j 

magnetic induction 

velocity of light Cc 2 .998 x 108 m/secl 

van der Waals constant 

correction factor for the critical electron density 

plasma dimension 

ambipolar diffusion coefficient 

d.iffusion coefficient of the ground state atoms of 
cesium 

Cs +-
diffusion coefficient of ions 

electron charge (e = 1.602 x ·10-19 Cl 

E electric field 

fb(t:
8

), ft (EJ bulk and tail electron energy distribution function 

gi Qegeneracy of t he ith state 

h Plank's constant (h = 6.626 x 10-34 J sec) 



I 

~. 
0 

-+ 
J 

m 
e 

n 
e 

Pcs 

2 

ligllt intensity of the tungsten ribbon lamo measured 
with and without the discharge tube an the axis of 
the optical system 

electrical current 

pre-ionization current 

minimum current 

Boltzmann's constant(~= 1 .381 x 10-23 J 'K) 

assorpt ion coeffici ent at the line center 

rate integral for excitation for the j to i transiton 

rate integral for deexcitation for the j ta i transi­
t on 

rate integral for ionization from the ith state 

rate integral for three body recombination to the i th 
state 

current density 

critical current density for the transition from Max­
~el lian to non-Maxwellian regime 

pre-ionization current density 

mi nimVm current density 

relaxation length 

electron mass (m = 9 . 11 x 10-31 Kgl 
e 

mass of the particl e i 

mass of the Ar atom (m,Ar 6 . 63 x 10-20 Kp,l 

mass of the Cs atom (mes 2.21 x 10- 25 Kg) 

argon number density 

cesium number density 

e l ectron density 

population density of the ith s tate 

normalized electron density 

normal ized popu l ati on density of the jth state 

par tial pres sur e of cesium 



pg 

ps 

pbt c . ptb 
c 

Pel 
b pt 

p el' el 

b pt 
PE' E 

b 
p ij . P~. 

l..J 

PNe! 

p 
p 

pth 

r 

R 

Rl 

s 

T 
e 

T g 

T p 

TS 

Tt 

T w 

u g 

v 

v e 

v 
5 

v 

VB 

gas pressure 

stagnation pressure 

energy transfer due to the electron electron collisions 
from the bulk electrons to the tail electrons and from 
the tail electrons to the bulk electrons 

electrical power output 

loss of energy due to elastic collision .of the bulk 
and the tail electrons 

gain of energy due to the electric field .of the bulk 
and the tail electrons 

energy transfer due ta the non elastic collisions ta 
the bulk and the tail electrons 

total electron energy loss due to non-elastic collisions 

pre-ionizatio~ power 

thermal po~ier input 

discharge raduis 

Rydberg's constant (R 13. 5 eV) 

load resistance 

seed ratio 

electron temperature 

gas temperature 

population temperature 

stagnation temperature 

tail electron temperature 

wall temperature 

gas velocity 

velocity of the emitting part of the plasma 

electron velocity 

streak velocity 

voltage 

battery voltage 
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Chapter I 

I NTRODUCTION 

I . 1 !'3ACKGROUND 

When a charged particle moves through a magnetic field it experiences 

a Lorentz force directed perpendi::ularly to the velocity of tt1e particle 

and to the magnetic field. The conversion of thermodynamical energy into 

electrical en£rgy is based on this phenomenon . In conventional turbo­

generators the electrical power is produced by the rotation of a solid 

conductor between the poles of a magnet . The rotational energy is 

supplied by a turbine driven by a high speed flow of gas or steam. The 

energy required to produce the high speed flow is obtained from the 

combustion of a fossil fuel or by a nuclear reactor . The MHD (magneto­

hydrodvnaf'l1icl generator produces electrical energy by enthalpy extrac­

tion from a conducting fluid which moves through a magnetic f1eld . In 

this device the rotor is e l iminated and the energy of t he plasma flow 

is directly converted into electrical energy . The conversion can start 

at the temperature of the heat source. The Carnot efficiency of a ther­

modynamica l system can be increased by increasing the ratio between in­

let and outlet temperature. The high inlet temperature used in MHD 

generators gives the possibility to produce electrical power at high 

efficiencies . The potential offered by the combined MHD steam cycle 

has been demonstrated by studies [Energy Conversion Alternative Studies) 

showing conversion efficiencies approaching 50% with a cost of electri­

city lower than that of competitive systems ( ·1} . 

A first type referred as open cycle MHD, employs the combustion 

products directly as work.ing medium. The oxydized fossil fuel, usually 

seeded with potassium and heated to about 2800 K. results in a plasma 

of sufficiently high conductivity . At present the work along this line, 

has reached the stage of engineering development and the stage of design, 

construction and oper ati on of large scale facilities. 
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Tn the United States the development program consists af a two 

step approach to commercialization . Phase I is mainly based on investi­

gations carried out in the Component Development and Integration Facility 

(COIF) , a 100 M'vlt facility in f ull operation in the state Montana. for 

phase II an Engineering Test Facility lETf) of 200 MWe is proposed to 

be built. 

The USSR National Program pursues the construction (to be completed 

in 1985) of a commercial MHD combined cycl e power plant in nyazan to be 

followed by the construction of similar plants in the metropolitan areas. 

The design of the U 500 Ryazan Power Station (250 MWe MHO topping, 250 

MWe steam bottorning cycle) is based on the results of the U 25 facility 

which, connected to the net of Moscow , has generated 20 . ~ MWe. 

The closed cycle system CCCMHO) utilizes a seeded noble gas as t he 

working medium. The heat is obtained from fossil fuel combustion . CCMHD 

allows to obtain a plasma by non-equilibrium ionization at a relatively 

low temperature (2000 ~) .This eliminates the severe material problernes 

present in the open cycle MHO . Besides a fossil fuel combustor the noble 

gas MHD system can be coupled to a solar heater (21 or to a thermonuclear 

reactor t3 l . 

During the late sixties electrical power generation in CCMHD gene­

ratol"s has been demonstrated by blow-down experiments (4) with test times 

of about 10 sec. Electrical outputs up to 8 kWe were obtained in these 

experiments . In shock tunnel MHO experiments with noble gases (test time 

"' 5 msecl power densities over 100 MWe/m3 and enthalpy extractions of 

over 20% have been achieved . At an inlet stagnation temperature of 2000 K 

and a magnetic induction of 3 T. an enthalpy extraction of over 10% has 

been detected (5). Stimulated by these results the ~iork on CCMHD was fo­

cussed on a system which utilizes a fossil fuel neat source (6 J. A 5 MWt 

blow-down f acility coupled to a propane fired heat exchanger, nas been 

constructed at the Eindhoven University of Technology . Ou ring ·the first 

seriBs of runs the electric power of the generator was 270 kWe . Later 

the electrical output has been increased to 360 kWe (7). 

The study of the present work is devoted to. the processes occurring 

in plasmas for CCMHO generators at the low current density regime in 

the entrance re~ion of the generator. A high enthalpy extraction depends 

on the level of non-equilibrium conductivity which can be attained in 

a noble gas plasma wi th a temperature of 2000 K. The required level of 

conductivity has to be built up in a sufficiently short distance behind 
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the entrance of the generator. The non-equilibrium ionization caused by 

the Jou le heating of the electrons produces the charge carriers. Hence 

it permits the transition from the low current regime present at the 

inlet of the generator , to the high current regime substained by the 

non-equilibrium conductivity . As a consequence the possibility of 

bui l ding up the non -equilibrium regime is strongly dependent on the 

phenomena that affect the plasma during the ionization When the current 

i s still low. 

I-2 RELATED WORKS 

One nor two dimensional numerical calculations (8) can explain 

the long relaxation region observed in linear generators ( see Veefkind 

et al . in Ref . 5). The two dimensional calculations, carried out at 

low stagnation temperature, predict relaxation lengths of a few centi­

meters up to the channel height whereas relaxation regions wi th lengths 

up to the generator l ength a r e observed at low temperatures or low mag­

netic inducti ons . The calculations assume a Maxwellian electron energy 

distribution. 

The experimental data of KerrebrocK and Hof fman (9) on an alkali 

seeded noble gas discharge show a transition from low to high current 

densities where a peak i n the required electric field occurs (Fi g . I -1) . 

The anomalous behaviour is attributed by the authors to a non-Maxwellian 

electron energy distributi on . They argue t hat the high energy tail is 

depleated owing to collisional ionizations faster than it can be re­

plenished by thermalization . The thermalization time is long because 

of the low electron electron collision frequencies at these low elec­

tron densities. The depleti on of the high energy tail of the el ectron 

distribution causes a slower building up of the current density . 

The electron energy distribution in a low current discharge in 

cesium vapour, determined by means of a Langmuir-probe, has been 

measured by Postma (10). The measu r ements, carried out at a gas densi­

ty of about io
21 m- 3 and electron densities in the range 10

16 
+ 1017 m-3 

show that the distribution function decreases steeply above 1 . 4 eV. 

That is in agreement witn the theoretical prediction based on the so­

l ution of the Boltzmann equation. 
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F?:gure I - 1 . 

Experimental. electric field vs cur>r>ent density characteristics 

for [our different seeding fractions but all at about 1500 K gas 

iempei•aiure us1:ng an argon gas seeded with potassium at 1 atm total 

pressur>e ( fr>om Re j'. 9). 

Ca l culations which attempt to solve the kinetic equation for the 

Free electrons ar e presented in Ref . 11 . lhey indicate substantial 

dev ia tions from a Maxwellian electron distribution when the non-e lastic 

terms a re ta~en into account in the ca l culat i on5 . lhe solution of the 

Boltzmann equation for the free electrons . coup l ed to the rate equations 

for t he popu l ations of the excited states df cesium , i s given by Dugan . 

It yields a decreased i onization degree in comparison with that obtai ned 

witil Max\11ellian models for electron densi ties lower than 1019 m-3 . 

However these ca lculations suffer from numerical problems . Shaw pre­

sents in Re~ . 12 a self consistent solution of the free electron Boltz­

mann equation coupled to the rate equations yielding numerical results 

fo r hydrogen plasmas . 

Up to now no work i nc ludes the effect of a o on-Maxwellian electron 

distribut i on on the ionization relaxation process in plasmas for noble 

gas MHD generators . 
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I-3 AIM OF THE PRESENT WORK 

The aim of the present study is to get a better understanding of 

the processes which govern the discharge at the entrance of a noble gas 

MHO generator. At l ow electron densities t he discharge seems to be 

affected by a non-Maxwellian electron distribution. The main questions 

to which this work is devoted are: 

1 . Is the electron distribution in the entrance region of the generator 

non-Maxwellian? 

2. Can the non-Maxwellian electron distribution be the cause of the 

observed long ionization relaxation at low stagnation t emperatures? 

1n Chap . II a self-consistent model of a stationary discharge in 

an Ar-Cs mixture at atmospheric pressure, is set up. It includes the 

possibi lity of deviations from a Maxwellian electron energy distribu ­

tion. The model allows to calculate at what discharge parameters de­

viations from the Maxwellian electron distribution ~Jill become impor­

tant. In Chap. III the relaxation of the plasma to a new equilibrium 

situation following a sudden change in the e l ectron thermal energy is 

calculated by a model which can take radiation and a non -Maxwellian 

distribution into account . In Chap. IV an Ar-Cs discharge experiment is 

described with plasma parameters similar to those present in the entrance 

region of t:he generator . A stationary arc di scharge for current densities 

of 2 . 5 x 104 + 4 x 104 Am- 2 is investieated to cover electron densities 

between 1 x 1020 and 4 x 10 20 m- S Lover electron densities are obtained 

in the afterglow of the discharge . In order ta see if the plasma during 

the afterglow is affected by deviations from tt1e Maxwellian electron 

energy distribution, terms of the energy balance equation of the higl y 

energetic electrons. o\ltained from the experiment, are compared. The 

ionization relaxation process in a noble gas MHD generator is experi­

mentally studied and described in Chap. V·. In this chapter the relaxa­

tion ionization region with and without pre-ionization is investigated. 

Current voltage characteristics are obtained by varying t.he applied vol­

tage or the external load . The results are confronted with the theoreti­

cal results of the non-Maxwellian model developed in Chap . II . Conclusions 

of this work are drawn in Chap . VI. 
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Chapter II 

MODEL OF THE STATIONARY DISCHARGE 

II-1 INTRODUCT ION 

In this c hapter a self consistent model for l ow current discharges 

will bs set up . The model includes the pos$ibility of deviations from 

the Maxwellian electron energy distribution function due to the exci ­

tations to the first excited level of the cesium atoms. For this 

purpose the two electron gr.oup modal of Vriens (1,2} is used. In this 

model the electrons are divided into two energy groups, one for the 

electrons with energies smaller than the tn~eshold energy of excita­

tion to the first excited state of cesium, the other for the elec-

trons with higher energies . Two different Maxwellian functions are 

assumed ta describe the electron distribution in the two groups . That 

allows to replace the integro-diff erential Boltzmann equation for 

the electron energy by two algebraic equations. They represent the 

energy balance equations f or the low energetic electrons and for the 

high energetic electrons. This method has been already applied to low 

pressure discharges CnJ . The comparison of the results with Boltzmann 

calculations gives a good agreewent (3) . In argon cesium plasmas at 

atmospheric pressure deviations from the Maxwellian distribution func­

tion due to non-elastic collisions play an important role at the elec­

tron densities investigated. In Fig . II-1 this effect is estimated. 

In the figure t he energy transfer term from low to high energetic 

electrons, due to electr on electron collisions. P~t . and the energy loss 
t term due to excitations to the first resonance level, P
12

, are plotted 

as a function of the electron density. When the electron electron 

collision energy terms are the dominating terms in the energy ba l ace 

of the high energetic e l ectrons, the electron distribution is described 

by a Maxwellian function. For P~2 of the same order as P~t the tail of 

the electron dist~ibution may become depleted. In the discharge under 

investigation Pt and Pbt a re of the same order for n ~ 1016 m- 3 . 
12 C e 
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Ener•gy jlow from the bulk electr>ons to the tail electl'ons due 

to Coulomb interact-ions, "1:t, and energy Zoss P~2 by excita­

tions to the 6P level of cesium Pi2 , against the electron densi­

ty fol' nC<: := 1022 m - 3. 

A three level model for the Cs atom is described in Sec . II-2 . 

It includes electron collision transitions , radiative transitions a nd 

the effects of diffusion. The two electron group model is described 

in Sec . II-3 . Oased upon it , the rate coefficients for e l ectron induced 

transi tions wil J be dealt with . In Sec . II-4 the effects of resonance 

radiation trapping and radiative recombination w~ll be considered . 

further in Sec . II-5 a method to take into account the effects of am­

bipolar diffusion is described. A set of solut i ons for the plasma pa­

rameters of interest in MHO generators and a discussion of the typica l 

results are given in Sec . lI-B . 
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II-2 THE Cs ATOM MODEL 

In the model the argon cesium discharge is considered axially uni ­

form. The noble gas is assumed to act only as a buffer gas . The cesiurn 

atom is described by a three level model (fig . II-2) consisting of the 

ground state 6S, (state 1) , the double degenerated BP state (state 21 . , 
and the singly ionized state (state 3). The energy differences between 

the three levels are:c12 = 1 .432 eV, &
23 

• 2 . 462 eV. and c
13 

= 3 .894 ev . 

The statistical weights are g1 • 2, g
2 

• 6 , and g3 = 1, Electron 

induced transitions, radiative transiti ons and diffusi on processes 

are ta~en into account . The transitions due to electron atom collisions 

consist of ·1) excitations fr-om the ground to the exciter..! level and the 

reverse processes . 2 ) ionizations from t he ground state and the excited 

level . and 3) three bol'Jy recombina tions to the grounc state and to the 

ex cited leve 1. 

ions 1 electron ~ 
(€ :3. 894eV l 

13 

6 P lever 
1€ :1.4J2eV l 

1.2 

6S 
112 

level 

{ ground sute) 

Figure II-2 . 

I 

I 
) 

' 

~ 
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{ 

I 

I I 

( ) 

• 
I 

lr 

The three teveZ model of the Cs atom where the wavy arrows indi­

cate. radiative transitions ariil the straight arro1Js indicate eZec­

tron induced transitions . 

The radiative transitions are 1) r adiative decay of the excited atoms, 

2) absorption of radiati on by ground state atoms and 3) radiative re­

combinations to the excited and the ground level . For the radiations 

of the last kino the plasma is assumed to be optically thin. The 

assumption of quasi-neutr ality i s made (i.e . the e lectron densit y is 

16 



assumed equal to the ion density) and the diffusion processes are 

assumed to be ambipolar: the charged particles diffuse to the plasma 

boundery where they recombine. After recombination the resulting neu­

t ral particles return to the plasma . 

The rate equations for the ground state density n1 • the excited 

state density n
2

, and the electron density n
8 

read: 

C II-1) 

CII-2 ) 

( II-3l 

where r;/ stands for the Lap lace operator and ri. for the part1'al time 
l 

derivative of ni. Des is the diffusion coefficient of the ground state 

atoms and Oa the ambipolar diffusion coefficien t . 

K .. is the rate integral for the t ransition from the i-th to the j-th 
l.J 

state due to electron col lisions . KRi and AAi are the three body and 

the radiative recombination coefficients respectively. a
21

A
21 

is the 

radiative deexcitation coefficient f r om level 2 where A
21 

is the 

Einstein coefficient and s21 accounts for reabsorption. 

II-3 ELECTRON ENERGY MODEL 

II-3-1- Basic relations 

The two electron group model of Vriens (1) is used to describe the 

energy distribution of the electrons. A subdivision of the electrons in­

to two groups, bulk electrons and tail electrons, is made. The elec­

trons with energies below the excitation energy threshold of the first 

excited level L 12, belong to the first group, the electrons with 
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energies Ee ~ E12 be long to the seeond group. Two r1axwellian distribu­

tion functions are assumed to describe tne two electron energy groups : 
b t 

f [E l for the bulk electrons with a temperature Te ' and f (E J for e e 
the tail electr-0ns with a temperature Tt 

fb(E J 
.; 

2 t ~ r '!T(kT e )3 , 

e 
exp (- k~: ) ( II-4 J 

ft(E ) 
e 2 \."~> I' exp (-~ ) kTt 

c n-51 

where r.e is the energy of the electron , k is the Boltzmann oonstan~ . 

The elecfron distribution function has to fulfil the normalization 

condition . The expressions given i n eqs . II- 4 and II-5 do fulfil this 

conditi on in a good appr oximation as discussed in Appendix A. 

Separate energy conser vation equations can be written for either 

group of electrons. In the stationary case they read for tail and 

bulk electrons respectively : 

p~ + 
t t t + pbt pt t t 

+ p~3 ptb [II-BJ p21 + p31 + p32 c el + p12 + p13 + c ' 

p~ + 
b b b ptb Pb b ·• Pb b • pbt (II-7 l p12 + p13 + p23 + c el + p21 31 + p32 c . 

where the terms on the left hand side and right hand side of eq . II-6 

and eq . II-7 stand for the local energy gain and l oss r espectively . 

The subscripts E , 21 , 31 , 32 , el , 12 , 13, 23 , C denote : electric field , 

deexcitation from level 2 to 1 , re.combinati on to level 1 and to level 

2 , e l astic collision with the heavy pa.rticl es , exc i tation to level 2, 

ionization frOfll level 1 and 2, electron electron Coulomb i nteraction . 

The superscript t (b) refers to the tail (bul k) electrons . The terms 
bt tb 

PC and PC , represent a flow of energy from the bulk to the tail and 

from the tail to the bulk due to e l ectron electron i nteraction . 

The contributions of the bulk and of the tai l electrons to the 

average of the quantity A over the elec tron distribution , are indica­

ted as : 



£12 

<A>b f Afb (e. )de; (II- 8 ) e e 
0 

' A>t f t Af ( E ldE (II-91 e e 
£12 

The terms in eq. II-S and eq . II - 7 will oe now defined . The elect r ic 

field and elastic collision terms in the tail are: 

En n. 
i e 1 

< VO. (e; -E )>t.. 
e 1 e g 

[Il-10) 

(Il - 11 ) 

b b PE and Pel result from replacing the subscript t by b . In sq. Il-1 C 

end eq. II-11 E is the electric field. e and m the electron charge 
' e 

and mass , and v (2£ Im )1 the electron velocity; n . and m
1 

are the 
e e e 1 

density and the mass of the atomic species i which constitutes the plasma. 

o . its momentum transfer cross section for elastic collisions and E 
1 E 

is the gas energy . The formulas given in eq . 11-10 and eq . II-11 ar e the 

standard expressions for the Joule heating and the elastic collision 

loss term (4) wher e the integration avera8e in the whole region of the 

electron ener gy is replaced by the integrations in the tail and in the 

bUlK region . In eq . II- 11 the energy of the neavy particles is neglected 

when P~ 1 is consider ed for the tail electrons . 

The excitation a~d ionization terms are : 

n n.{<- v o.jE .. >t + e J e l 1J 

(E12"1\j) 

j veoij (t:e-e;ij Ht (t:eldte} 

£12 (II-12) 



( II-1 31 

where i < j ; i . j ~ 1,2,3 . 

Here o .. denotes the inelastic electron collision cross section for 
lJ 

the ~ransition + j . The first term in the r ight hand side of eq . 

J I -12 accounts for the exci~ation energy difference between ~he levels 

i and j , the second term accounts for the fact that an energy E - E .. 
e J.J 

is transferred from the tail to the bulk during an excitation or a~ 

ionization . This energy is transferred to the bulk eleclrons as r,1ven 

by eq . II-13 . 

Simi larly for superelastic collisions: 

P~. 
Jl 

n n . <v o , . £ > b 
e J e Jl e 

lE- 'l4) 

( IT-15) 

tb The Coulomb tel"ms ai-e derived by Vriens in Ref . 5 . The ter;n PC 

is obtained as the summation of two expressions . Tne f lrst one accounts 

for t•e almost continuous s l owing down of all the tail electrons due 

to the collisions with the hulk electr ons (small energy transfer) and 

is related to the stopping power a~eraged over the electron energy 

distribution ft(& ) . The second term represents the abrupt energy 
e 

loss c12 when a tail electron is reduced below &
12

. For the case of 

interest in t his investigation P~b is given by the following expression : 

ln /\ exp (-.~'!2 ) 
kT ' 

t 

(II - 16) 

1~here 

( II-17l 

2 I 

w = (n e Im & )~ is t he plasma frequency,~ = n/2~ where his Planck's 
p e e o 

constant, and E
0 

is the permittivity of ~ree space . In equilibrium 
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CT
9 

= \l. the flow of energy f'rom the tau to the bu lk is balanced by 

an equal flow of energy from the bulk to t he tail due to the electron 

e l ectron co ll ision , then P~t is equal to the expression given by the 

eq . II-16 where Tt is replaced by Te . The same experession of P~t is 

assumed also to be valid for Te 1 Tt. 

II- 3- 2 Rate integrals 

Excitations and ionizations depend on the tail electron energy . 

Hence assumi ng i c j, i, j = 1 , ?, 3 , it follows : 

t = < v (] . > 
e iJ 

(!1-'18 l 

The excitation and ionization cross sections for the Cs atom are 

known from several experiments (Refs . 6 and 7 r espectively! . 

The followir\g analytic expression fit for experimental values is 

used: 

0 • for c < e .. e iJ· 

III -19) 

Here the b .. coefficients, obtained by the fit . are: 
lJ -18 2 -19 2 10-19 2 b12 = 1 . 6 x 10 m . b13 1 . 2 x 10 m . and b

23 
~ 5 . 8 x m . 

When the rate integrals (eq. II-181 are calculated with the cross 

sections of eq . II-19. it follows : 

C II-20 l 

In equilibri um (Tt =Tel the principle of detailed balancing yields : 

K21 K12 ( ~: )* / (II -21 l 

KRi 
( n. )* 

Ki3 n12 for i 1. 2 . C II-221 

e 
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whe:re 

(II-23) 

gi 
- exp fe.

3
/kT J 

g3 1 e 
(II-24) 

The deexcitation and the recombination rates given by eq . II-21 and 

II-22 respectively , are also used for the case where Tt I Te , replacing 

Tt by T in the express i on of K. . . That is in agreement ~1i th tile 
e lJ 

dependence of this type of nonelaslic collision on the bulk electron 

energy . 

II-3- 3 The taiZ baZance equation 

The energy balance of the tail electrons is given by eq . II-6 . 

The 
tb bt are given in Sec . II-3-1. Coulomb terms PC and PC 

t t further simplification is made in the terms PE and Pel · A 

In the plasma cpnsidered electron collisions with Ar atoms are do­

minant over other electron col li sions involved in P~ and r!
1 

for 

electron energies higher than E
12

. This is not t he case for smaller 

e:e . That follows from the comparison of the electron momentum cross 

sections for argon end cesium as it can be seen in Refs . 10 and 11 . For 

the energy range e:
12 

~Ee 2 3 eV, the momentum transfer cross section of 

argon (10) can be represented by 

a'i: 
e 

where the fitting constant is a 

and eq. n-11 it fol lows that 

22 

3a'n Ar 

fII-251 

-2 2 7.428 x 10 m /J , Then from eq . II-10 

(II-26J 



{II-27) 

For the nonelastic collision terms in the tail ene rgy balance the 

following approximated expressions can be used instead of the exact 

integ ra ls given by eqs . II-12 and II-14; 

(II-28 l 

(II-29) 

where the Kij and Kji are given in Sec . II- 3-2. 

II- 3- 4. The bulk balance equation 

Adding eq. II -6 to eq . l I -7 yields 

(II-30) 

Here PNel is given by the nonelastic collision terms of eqs, II-6 and 

II-7 . From eqs. II-12 - IT-14 it follows 

3 

PNel I t 
"e0 :i, <ve0 ije:.ij > 

i. j:1 
j <j 

3 

I "e"/ve0ji~ij 
> b 

(Il-31) 
i.j=1 
:t<j 
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Henr.e 

3 

I ciJ. ( n11\j - nJ.JC.J. i 
Lj=1 
~<j 

l II-32 J 

Us ing for the Joule heating terms P; •· P~ and for the elastic collision 

lasse-s ternis Pb • Pt standard expressions, eq . II-30 becomes el el 

JE 31v1 n e e 

v. 
(T -T } l: 2. + p . Nel ' e g l '\ 

(II-33) 

He.re '\ i s the momentum transft::lr collision frequency between an elec­

tron and a heavy particle of the species i . and mi is the mass of the 

heavy particle . 

For Ohm's law: 

J oE , (11-34) 

where J is the current density and a the electrical conductivity: 

2 
n e 

o = _e __ 
m i:v. 

e1 l. 

(II-351 

The heavy narticle species contributing to the momentum transfer 

collisions are Ar neutrals , Cs neutrals, ~nd singly ionized Cs atoms. 

Hence for Ar a nd Cs atoms 

( JI-36) 

The following expressions of the momentum transfer cross section are 

introduced for electron collisions with cesium and al'gon respectively: 

0 cs ~II-371 

0 . 28 x '10 -
20 c:~a -0.54) m

2 (II-381 
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According to Ref. 9 , the electron ion momentum transfer c ross section 

is! 

where 

(J • ei (I!-391 

(II-40)' 

Using eq. II-35 for o , the influence of the non-Maxwellian elec­

tron distribution on the electrical conductivity is neglscted. The 

same approximation is used in the expressions of the Joule heating 

and of the elastic colli~ion losses . A discussion about this assumption 

will be given in Appendix B. 

II- 4 RADIATIVE TRANSITIONS 

II-d-1 Resonance radiation 

In the plasma under investigation the effective probability of 

radiative deexcitations to the ground state are considerably reduced 

by trapping of resonance radiation . Moreover , due to the splitting of 

the 6P level into the 6P
312 

and t he 6P
112 

levels. the radiative 

transport for the t wo different lines has to be considered . In or­

der to do that , the 6P112 and the 6P312 l evels are assumed to be 

strongly coupled by electr,on collisions. As the energy level se­

paration 6£ is much smaller than the average electron energy 

(6£ = 0 . 05 e\/l , the ratio of the number densities in both states is 

assumed to follow from their statistical weights. Hence : 

n2 C3/2) 

n? ( 112) .. 

( II-42) 

wher e t he subscripts 3/2 and 1/2 refer to the levels 6P312 and 6P112 
respectively . The statistical weights are: g

2
(3/2) = 4, g

2
C1/21 = 2. 
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Then it follows: 

(II - 431 

and 

The Einstein coefficient A21 • corresponding to the transition j ~ i, 

is calculated from the absorption oscillator strenght f .. and the 
Jl. 

radiation frequency vji 

( II-45 ) 

Here c is the velocity of light. Va l ues of the opti cal oscillator 

strengths fot cesium are available from several authors (12,13) . The 

semiempirical values of the oscillator strengths given by Fabry are 

used in this stu~y . 

By solving the equation of radiative transfer the radiation escape 

parameter Bji is calculated as: 

(II-46) 

where d is the characteristic dimension of the plasma ano k
0 

is the 

absorption coefficient at the center of the line . a is a coefficient 

Which depends on the radiating atom distribution . For the case of 

Lorentz broadenine and a nearly parabolic profile of the dennity of 

excited atoms . Holstein (14) gives : a~ 1.150 in an infinite slab 

of thickness d and a~ 1 . 115 in a cylinder of radius r: d . 

The spectral profiles of the resonance lines emitted hy the GP 

atoms are dominated by collisional line broadening mechanisms: van 

der Waals broadening (foreign perturber) and resonance broadening 

[like perturberl . At the plasma pressures investigated the influence 

of natural broadening. Doppler broadening and Star k broadening are 

negligible. A dispersion profile can be assumed to deSC\"ibe ;;he l ,ine 

profile. Hence the absorption coefficient at the center of the line is : 
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A a11ZindI'iaal peometry is assrm.mied. e21 for the transition 

6P312 ... 6S112 is given in Ng . II-3- A. e
21 

for- the t'f'ansition 

6P112 ... ss112 is given in Fig . Il- 3-8. In both figuns the 

pZ.asma parameters a:re : Te ~ 2500 K, T = 1000 Kand pn = ba.l". 
g " 
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where fiv is the half width of the spectral line . In the case under 

investigation the following relation hold~: 

rII-48] 

The cont ributions of the resonance broadening end of t1e van oer 

\..taa l s broarlening to the half widtn of the line, are given by :he 

expressions (15 ) : 

{II-49) 

[Il-5J1 

In eq . II- 49 Aji stands for the line wave length. In eq . II-50 c5 
starids for the vari der Waals const ant, as given by Mahan {16] . 

Calculated values of the radiation escape parameter for the 

transition 6P
312 

7 6S112 and for the transition 6P
112 

~ ss
112 

are 

given in Fig . II-3 . 

II-4- 2 Radiative ~ecombinations 

20 -3 
For low electrons densities Cn

8 
_::. 10 m l tlvo body recombina-

tions of the k.ind e + Cs+ -.. cs* + :-i.v become more important than three 

body recombinations. The plasma is transparent to recombination ra­

diation. The inverse process. photionization, is negli&ible. The 

rate integral for two body recombinations is given in terms of the 

corresponding cross section o~j by 

0 

By describl ng the radiative recombination cross section as 

28 

ohj 
T 
v 

e 

(II- 51 l 

(II-52) 



eq, II becomes 

(II-53} 

The value of the cross section for radiative recombination to the 

6P level of cesium is taken from Norcross and Stone (171: 
- - 14 4 2 aA

2 
= 2 .79 x 10 m /sec • The value of the cross section for radiative 

recombination to the ground state of cesium is calculated from photo­

ionization data (18): O"A
2 

= 1 .77 x 10 -
1 6 

m4/sec
2

. 

The effect of non-Maxwellian electron energy distribution with 

Tt 1 T
8 

is not considered by eq . II-51 as the recombinations are do­

minated by bulk electrons. 

II-5 INFLUENCE OF AMBIPOLAR DIFFUSION 

for small plasma dimensions and low electron densities , the 

ambipolar diffusion becomes an important loss of electrons from the 

body of the plasma. As the density of the charged particles decrease~ 

toward the boundary . diffusion of charged particles wil l be present. 

The charged particles will reG-ombine at the boundary and then return 

to the plasma as neutral particles. As the plasma boundary is at low 

temperature, the neutrals formed here by recombinat1on , are considered 

to be in the ground state. Hence in eq. II-2 toe diffusion of n2 
particles is neglected (19) . If the system i$ assumed to be in steady 

state , it is p = n ~ n = 0 i n eq. II-1 through eq . II-3. From the 
1 2 e 

particle balance it follow that 

(II-551 

For a characteristic dimension d the influence of ambipolar d i ffusion 

is approximated by: 

0 a 
(;/2}2 ne 

(IT-56) 

The following expression is used for the ambipolar d i ffus ion 

coefficients : 



ru-sn 

Where Di is the diffusion coefficient of the ions, Di is related to 

the ion mobility u
1 

by the Einstein relation : 

(II-57) 

The value of u
1 

for Cs ions in argon measured by Tyndal (20) is used. 

Further D. is assumed to be proportional to T 213 
1 g 

. -6 ( ~)2/3 (1-) D1 = 5.16 x 10 290 p 
g 

where pg is in bar and lg in K. 

IJ-6 RESULTS AND DISCUSSID~I 

2 
m 

sec 
(II - 56) 

Calculations based upon the model described above, are carried 

out for a stationary discharge. In eqs . II - 1 - TI- 3 the time and space 

derivatives are supposed to be equal to zero . The total number density 

ncs of the Cs atoms ls assumed constant. Hence 

(Il-59) 

The seed ratio is defined as s; nC
5

/nAr ' Then eqs . II- 1,2,6 , 33 , 34 

and 53 become a system of six algebrai~equations with seven unknowns 

Cn
1

, n
2

, n
8

, Te, Tt, E, J). Once one unknown is given . the system 

has a unique solution. In order to determine the coefficients of the 

equations an interactive method has been used . In this section the 

most important results will be pr esented and di scussed . 

The model describes tre electron energy distribution using two 

parameters: the bulk temperature 1
9 

and the tail temperature Tt. 

Fig . II-~ shows the behaviour of T
8 

as a function of rt . 
For decreasing Tt the bul k. temperature begins to deviate from Tt and 

reaches a minimum . For Tt below this criti cal value , tne discharge 

can be sel f -.sustained only for an increase of the bulk temperature . 

A lower bulk temperature can not balence the resonance radiation 
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As it can be seen in Tab. II-1, 1~hen Tt = Te' the Cou lomb e l ectron 

electron collision ter ms are much higher than the other terms in the 

electron energy balance which is reduced to t he condition for Max­

wellian electron distribution: 

Pbt 
c . 

With decreasing Tt' the number of ionization processes , 

Tt ' decreases . That i~ followed by a decrease of ne and 

·The excitation and ionization energy losses depend only 

(II-60) 

dependent on 
bt 2 

of Pc C~nel . 

linearly on 

ne and reduce with a smal l er rate. Among them the excitation term to the 

first excited level is dominant , and when P~2 ~ P~b the condit i on for 

a Maxwe llian distribution function fails. The electron energy in the 

tail is directly used for the excitation while the .electron energy in 

the bulk has to be transferred to the tail before being used to excite 

31 



T Tt 
pbt ptb pt pt t t pt pt 

R<:n2$21A21£12 n n2 p23 p13 e e c c 12 21 E el 

(1018m-3l (K) 
6 - 3 -1 

(10 W m sec ) 

143 27 . 3 2500 2500 4290 4288 194 '\93 3.6x10 -3 3 . 4x1D - 4 3 .4x10 -2 4 . 8x10 
-1 

1. 61 

23 . 5 -io . 6 220'1 2200 63 . 6 62.8 12 . 0 11.3 4.4x10 -5 4 . Sx10 -6 9 . 5x10 -4 3 . 2x10 -2 0 . 62 

9,22 6.71 2120 2100 8 . 09 7 . 60 3.20 2 . 72 5.7x10 
-6 

6.Sx10 -7 2 . 1x10 -4 8.8x10 -3 0.39 

3 .1 3 3 . 79 2110 2020 1. 07 0 . 80 0.82 o.ss 6 . 6x10 
-7 

9 . 8x10 
-8 

5 .3x10 -5 2 . 3x10 -3 0 . 22 

0 . 67 1 .1 2 2405 1940 0 .11 0 . 03 0 .1 2 0.04 2 . 2x10 -8 7 . 7x1.0 
-9 

1 . 4x10 -s 3 .4 x10 -4 0 . 07 

TabZe II- 1 . 

VaZues of the main tems of the discharge rnodeZ for: Tg = 1000 K, Pg = l bar, s =· 10- J and d = 1 c:m. 
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(A) Electron temperature as a function of the eZectron density, 

and (BJ electric field as a fu:nction of the cun•ent density for 
-3 Tg = 1000 K, Pg = 1 bar, B = 10 , d = 1 cm, and for: a - Saha 

equiZibriwn; b - MamueZUan distribution with resonance rad.iation 

losses; c - Non- Ma:rweZUan eZ.ectron distribution. 
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and ionize. The exciting collisions are then the cause of deviations 

from a Maxwellian distribution of the electrons. As criterion for non­

Maxwellian electron energy distribution due to excitations, the 

following expression can be used: 

(!I-61) 

In Fig. II-5 the electron temperature as a function of the elec­

tron density and the electric field as a function of the current den­

sity for the same plasma conditions of Fig . II-4 . are shown. 

In Fig . II-SA the behaviour of Te against ne given by the model, is 

compared to the results of a model where the electron distribution 

is assumed to be Maxwellian and where the energy losses are due to 

elastic collisions and to radiation, and to the results of a model 

where the Saha equilibrium is assumed. The two electron group model 

gives a minimum value of Te which corresponds to a critical electron 

dertsi ty nee whereas for the last two models considered, the relation 

ne - T
8 

is represented by a monotonic increasing function . Above nee · 

the two group moelel indicate!:> a nearly 11axwellian function: for 

n
9 
~ nee a strong deviation from a Maxwellian function arises . In 

Fig . II-5-B the behaviour of the electri c field E against the current 

density J is given for the same case . Following the Maxwellian and 

the Saha model one value of the current density corresponds to one value 

of the electric field. The two electron group model gives a minimum 

value of E below which the discharge can not be self-sustained . 
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t The excitat ion energy loss P12 is not balanced by the deexcita-
t tion energy gain P21 due to the radiation. As the r esonance radia-

t t; 
tion term grows, the difference P

12 
- P

21 
becomes larger . Then t~e 

excitation energy has to be supp lied in a l a rger amount by the tail 

e lectron energy and t he deviation from the Maxwellian equil10rium is 

enhanced. The r esonance radia t ion term depends on the escape parame­

ter . The dependence of the electr-0n dis t ribution on the escape para ­

Meter is shown in Fig. II-6 . In this case the escape parameter is 

suoposed constant and equal ror both r esonance lines . The resonance 

rad iation term then becomes : 

As can be seen in the figure, f or increasing s21 , the critical values 

of Tt (Fig . II-6-Al and n
8 

(Fig. II-6-BJ increase. 

As stated before, the non-Maxwellian electron distribution is 

caused by the e xcitations to the fi rst e xci ted level of the alkali 

35 
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Eiectl'on tempel'ature as a function of the electron density for 

sevei>aZ vaZ.ues of the seed fi>action assuming: T = 1000 K , g 
p ~ 1 bar and d = 1 cm. g 



atom . 1he excitation energy term P~2 depends on n
1

. Hence the esta­

blishment of the non-Maxwellian regime depends on the cesium density. 

In Fig . II-7 the behaviour of Te as a function of ne for different 

values of the seed fraction s = ncs'"Ar is shown. With increasing s , 

necincreases as can be expected . The corresponding value of Te de­

creases . In Fig. II - B the electric fie ld as a f unction of the current 

density is plotted for different values of s . 

e ...... 
> 

500 

PiguY'e II-8 . 

.5 

S: 10 
- 2 

1.0 • 2 1.5 
J ( 10~A /m ) 

Electric field as a function of the electron density for several 

values of the seed fraction assuming: T g = 1000 K, p g = 1 ba1' and 

d = 1 cm. 

The influence of the gas temperature and of the ~as pressure on 

the electron distribut i on is shown in Fig. II-9. Here Cd is defined 

as a ratio between the critical value of ths electron density for the 

actual T or p , and n of a reference situation . In both cases the 
g g BC 

reference situation is dafined by Tg = 1000 K and pg c 1 bar and by 
22 -3 

ncs • 10 m 
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A I Cor•rection factor of the critical eZect-ron density for gas 

tempeTature variations. BJ Corr•eation factor of the aritiaal 

electron density for> gas pressur>e 1>ariations. 

The influence of the ambipolar diffusion is calculated following 

the method described in Sec . II-6 . In Fig . II-10 the results of the 

model wh:i.ch includes the effects of ambipolar diffusion are compared 

to the results of the model where ambipolar diffusion is neglected. 

Due to di ffusion, chargen particles will be lost from the plasma 

without the relative gain of the recombination ' energy . A deviation 

from the Maxwellian distribution takes place for higher values of 

the electron density and of the current density. In the figure the 

curve bis terminated at n ~ 2 .6 x 10
18 m-3

. Here the calculations e 

38 



2400 
\ 

- \ 
""' \ .. 
~ \ 

\ 
\ 

2200 
\ 
\ 
\ / 

' / , _ _,,,,, a 

2000 

figw>e II-10. 
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stop due to numerical instabilities. In Fig. II-1 1 the influence of 

the ambipolar diffusion as a function of the radius r of the discharg~ 

is shown . c
6
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the give n r , and nec for the model which neglects the ambipolar diffu­

sion. Similarly Cd(J) is defined as the ratio between the actual value 

of the critical curr ent density J
0 

[current density corresponding to 

the minimal value of the electric f'ield) at the given r and Jc for the 

model which neglects the ambipolar dif'fusion . The calculations are 
- 3 made for s : 10 . T = 1000 K and p • 1 bar. 

g g 

II-7 CONCLUSlOMS 

For the stationary discharge investigated, deviations from the 

Maxwellian electron energy distribution take place for electron den­

sities below a cr-itical density which is generally bet1rieen 1016 and 

1019 particles per ouuic meter . Below this critical value of the elec­

tron density , the electron distribution has a strongly depleted tail. 

The non -elastic col lision losses for the exci tations to the 6P level 

of cesium. are the main cause of deviations from a Maxwellian distribu­

tion. The excitation l osses ar e not balanced either by oeexcitations 

due to resonance r adiations or by therma lization due to electron 

electron col lisions, therefore excitation energy has to be supplied by 

high energetic electrons. Hen~e the following can be stated : 

a . An increase of the radiation losses due to an increase of the 

escape parameter . will cause an increased critical e lectron densi­

ty for deviations from the Maxwellian distribution . 

b . An increase of the density of cesium will cause a larger excitation 

loss term and consequently a higher critical electron density. 

c . Arnbipolar diffusion is t he cause of a loss of electrons without 

gain of recombination energy. Therefore ambipolar diffusion is a 

cause of a higher critical electron density. 

d. For decreasing electron density below its critical value . the 

tail Qf the e l ectron distribution becomes more and mot'e rlepleted. 

In consequence of that , the discharge has to be sustai ned by an 

increasing electric field as the current density decreases . 
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Appendix A 

The normalization condition requires that 

D 
I f(E )dE 

e e 
1 • (II-A-1 ) 

where f(E J is the e lectr on distribution function . When f (E l is given e e 
by eqs . II-4 and lI-5 , eq. II-A-1 becomes 

E12 
s J fb (E e)dEe + f ft (E )dE 

0 
e e 

E,12 

( II - A-2) 

Here S is a correction factor equal to 

I n general S can be defined as follows : 

s ( II-A-3) 

In t he c ase investigated , the average kinetic energy of the electrons 

is su f f i cientl y small compared to c
12 

and the number of electrons in 

the tai1 is small too . Hence the factor S can be taken equal to 

with a good approximation. For example if T
8 

2500 K and Tt = 1900 K 

(see Tab. II-1) , eq . II-A-3 gives S s 1 . 0035. 
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Appendi>< B 

In the Chaprnan -Ensk.og approximation the electrical conductivity 

is e~pressed ~y : 

( :::: -B-1) 

D 

where f (€e) is a Maxwellian function with T as temperat~re . Hen~e the 

contribution to a of t he tail electrons is given byi 

t 
(J 

2 n e 
_e_ < 
3k.T t 

v 
e 

- -- ? 
l:n.o . 
i l )_ 

t ( ::::-2 -2) 

l.Jith the assumption ;naoe in Sec . II-3-3. the momentum transfer cr::iss 

section o~ argo~ is given by eq . II -25 ano the momentum transfer cross 

sect i on of cesium is neglected . 

£q . II -B-2 th~n becomes: 

t 
0 ( II-B-3) 

By eq . II-JS the con tri but ion to t he electrical conductivity oi 

the tail electrons 3s calculated as if the tail electron temperature 

were Te instead of Tt . ihen an overestimation of 

t 
- 0 (II -8-4) 

is made . In eq . II -B-4 ot and ot (Te} are given by eq . II-B-3 with Tt 

and T respectively . In Tab . II-2 the values of o calculated by eq. 
e t t 

II-35 , <r and ~<r are listed for the case of Tab . II-1. 

The same overestimation i s made when eq. II - 30 is replaced by 

eq . II-33 . The error introduced by the Joule heating term JE = oE2 
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n e 0 O't b.o t 

(1018m -3) [mho 
-1 

m J 

143 79 . 1 7 . 7x 40-1 4 . 4x10 
-4 

23 . S 21 , 4 6 . 2x10 
-2 

7 .8x10 
-4 

9 . 22 9 . 54 1 .8x10 
-2 -3 1 . 1~10 . 

3 . 13 3 . 61 5 . 1x10 
-3 

1 . 7x10 
-3 

0 . 67 0 . 64 7 .8x10 -4 2 . 2x10 -3 

Table II- 8'. 

Co"rparison of the electr>ical conductivity given by eq . II-31 and 

the contr>ibution of the tail eleetT'ons to the electr>ical con­

ductivity for> the pl-asma conditions of Tab . II- 1. 

is given by the eFror in a discussed above . The error introduced by 

the elastic collision term is expr essed by 

6Pt 
el 

pt 
el 

- pt 
el CT 

e 
l. (II-B-51 

where F't 
el and pt (T ) are given by eq . II-27 for T and T 

t t e 
respecti -

vely. 
e 

pt In Tab . II-3 the values of el and 6Pe l are compared to the 

n 
8 Pel 

pt 
el 

6Pt 
el 

(1018m-3) 3 -3 - 1 
( 10 W m sec l 

143 3537 480 0 . 35 

23 . 5 329 32 . 1 o.so 
9 . 22 109 8 . 81 0 . 68 

3 . 13 37.7 2.32 0.96 

0 . 67 11 . 7 0 . 34 1.40 

Table II- 3 . 

CorrrpaT'ison of the elastic collision loss teTm given by the 

T'ight hand side of eq . II- 29 and the contribution of the tail 

eZectr>ons to the elastic losses for> the plasma conditions of 

Tab. II-1 . 
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total elastic loss term Pel given by the first term of the right 

hand side of eq . II-33 , for the case of Tab . II-1. 
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Chapter III 

ION IZATION RELAXATION PROCESSES 

III- 1 INTRODUCTION 

In this chapter the effect of a non -Maxwellian electron energy dis­

tribution on the ionization process will be analyzed and applied to si­

tuations occurrina at the inlet of MHO genet·at ors . Because of the im­

portance of stepwise ioniza t ion processes (1), the three l eve l model of 

the previous chapter can no longer be used f or the Cs atom . Besi des the 

ionization process , also the recombination process will be discussed . 

This will be done on behalf of the inter pretation of the afterglow expe­

riments to be described in the ne~ t chapter. The theoretical model is 

devel oped with J.M. Wetz er (2'). It i ncludes radiati ve transitions . The 

influence of radiati on on the ionization and r ecombination of the plasma, 

will be discussed . The two electron group model is used to approximate 

the electron distribu t ion function . for the ca l culations of this chapter, 

an ionizing plasma (where exci t ation to the first excited stat e r epr esents 

the principal energy loss of the electrons) is represented by an electron 

distribution with a depleted tail (Tt <Te), A r~combining plasma (where 

deexcttation from the first excited state r epresents the principal energy 

gain of electrons. i s represented by an el.ectron distribution with an 

over populated tail (Tt > Te). Firs t the influence of radiati11e transiti ons 

is considered when assuming a Maxwellian e l ectron energy distribution . 

Than the eff ect of a deviation from the Maxwelli~n electrori energy dis­

tribution i s determined, including the radiative transitions . 

III- 2 THEORETICAL MODEL 

III- 2- 1 Basic assumptions 

In t he model adopted in this chapter only Cs atoms are supposed 

to be excited and to be ionized while the noble gas wil l act only as 
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a buffer gas, which implies that all Ar atoms are in the ground state . 

Further, it is assumed that t he time required for the electron energy 

distribution to relax to its final condition , is short compared to the 

ionization relaxation time . Consequently the final electron energy dis­

tribution is assumed to be established at t = 0 and maintained constant 

in time . The initial population of excited states and elec tron density 

are obtained from the stationary solution of the model for a given 

initial electron energy distribution (at t <OJ . When a Maxwellian 

ele~tron energy distribution is assumed and the radiative transit ions 

are neglected, the values of the population density and electron den­

sity given by the stationary solution of the model . are equal to the 

values given by the Saha relation. 

III-2-2 Atomic modeZ 

An atomic model of cesium having 10 bound states is used. Each 

state is characterized by i ts principal quantum number and orbital 

momentum [see Tab le 'I) . Energy levels higher than the 10th (70.£
1110 

i State Energy l eve l Degeneracy 

e:1i CeVJ gi 

1 65 0 .00 2 

2 5P 1 . 43 s 
3 SD 1.80 10 

4 75 2.30 2 

5 7P 2.71 6 

5 60 2.80 rn 
7 85 3 . 01 2 

8 ·'If 3.03 1ll 

9 BP 3 .19 6 

10 70 3.23 10 

11 ion 3 . 89 

TabZe III- 1. 

Atomic rnodeZ for cesiwn with ZeveZ energy e: li and degeneracy g . 
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3.23 eVJ are assumed to be in ins~antaneous Saha equilibrium with 

the electrons . 

The col lisional processes taken into account are inelastic elec­

tron atom collisions as excitation, deexcitation, ionization and three 

body recombination. Because of the l ack of experimental values of cross 

sections for e l ect r on induced e~citation or ionization from intermediate 

levels of the Cs atom, the formulae derived by Gryzinski (1965) on the 

basis of a se~i - classical model.are Used[3J. According to GryzinsKi's 

theory the cross section oi(e
8

,ll.£) far lass of energy larger than or 

equal to ll.c by one incoming el,ectron of energy £e colliding with a 

bound electron in the i - th level, is given by: 

where 

g[u , v ) u- 1 
·2 
u 

x ln [ 2 . 718 

(u~v)312 ( 1 _ 

t (u~1)1/2 Jl 

(III.11 

(lII.2) 

Here a 5.29 x 10-11m is the radius of the first Bohr orbit for 
0 

hydrogen , R : 13.6 eV is Rydberg ' s constant. Ci i s the number of 

equivalent electrons in the i-th l evel, u ~ ce/6£ and v : c1A/6£ where 

£iA is the ionization energy for the ith level. Excitation from level 

i to level j is obtained when the minimum energy loss is larger than 

the e xcitation energy &ij but smaller t han the excitation energy of 

the next level, c . . .
1

• Hence 
l , J + 

( II!.3 Ji 

Similarl y the cross section for ionization from level i is: 

(!II.4) 

The dominating radiative processes are 6P _..SS resonance r adiation 

and radiative recombination into the levels BP and 50 . Other radiative 

transitions are taken into account but appear to have a negligible 
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effect on populations and electron density . Oscillator strengths are 

taken from Fabry ( 4 J , cross sections for raoiative recombination from 

Norcross and Stone (5). 

III- 2-3 Rate integ~ais 

The rate integrals for excitation, deexcitat1on, ionization and re­

combination are calculated for collisions with electrons having an 

energy distribution as defined in Sec . II-3~ 1 . The excitation rate 

integral K.ij is defined in terms of the excitation cross section o ij 

by: 

J 
t:ij 

f ( e: Jo . , ( £ ) V ( E ) de: , 
e lJ e e e e 

(III-51 

where f[e: ) is the electron distribution function and v the electron e e 
velocity . Using the excitation cross section from the previous section, 

eq . II1-5 gives : 

K. Ce: . . J - K_[e:. ·+1 J, 
l l , J l 1,J 

f fle: )cr(e: ,£ . Jv Ce: ldt • 
e e iJ e e e 

(UI·6) 

(III - 7) 

When the distribution function is given by eqs. II - 3 and II-4 . two 

cases are distinguishable for the calculation of K
1 

[e:ij), 

Case a: ~ij < e:12 , then 

.. 
+ f 

50 

t12 

f b 
f (t Jcri(e: .t . . 1v re: )de:. 

e e lJ e a e 

t 
f (e: )er.(£ , £ . . )v Ce: )de: . 

e 1 e lJ e e e 

+ 

CIII-8) 



Case b: r.
12 

< r. ..• then 
- l'.J 

J 
t 

f ( r. Ja . ( t: , e . j J v ( r J de • e l e i e e e 

The ionization rate integral is 

(III-9) 

(III- 1C) 

and K
1 

(cD.) is expressed by eqs. IIT-8 and III-9 1~here eij is replaced 

by '-D.. 

The deexcitation and recombination rates are derived from detailed 

balancing as 

and 

1~here 

and 

(n.)* Kji"Kijn~' 
J 

(IIT - 12 ) 

(Ill-13) 

g. exp (e:.,/KT ) . 
l 1" e 

[IIT- 14) 

Furthermore in eqs. III-11 and III-12 . K . . and K., are calculated for 
J.J 1 ... 

a Maxwellian distribution function at the bUlk temperature T (i.e . 
e 

in eqs. I1I-B and III -9 ft(e J is replaced by fb(t JJ . The effect of 
e e 

the non -Maxwellian distribution is neglected for the deexcitation and 

the recombination collisions as these processes are dominated by the 

bu l~ electrons . In fact their Sflergy threshold is zero and the thermal 

ener gy of the electrons is sufficiently small compared to r
12

• 

In a similar way as described for excitation and ionization pro-
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cesses, the rate integral for radiative recombination to level i . AAJ 

is calculated from 

f f(s lo,. (E }v (e }dE: . 
e ~1 e e e e 

0 

TII-2-4 Time dependent continuity equations 

(III-15 J 

In general the continuity equation far atoms in state i can be 

written as 

fII!-161 

In our model diffusive effects are not taken into account . Then the 

r.ightlland side of eq . III- 16 reduces to col lisional and radiative 

terms : 

ani (an.) 
~: ~ coll . rad . 

Where charge neutrality is assumed . 

nJ.KJ.
1
. - n

1
. I 

j r i 
K •. -l J 

( III -1 71 

A~ 1 is the net rate integral for radiative recombinat i on and Afj is 

the net emission coefficient that takes into account the corresponding 

absorpti0n processes . Using the radiation escape factors 8Ai and eij' 

A~. and A: . are defined as follows 
A .l lJ 

A~j 

AHeH. 

Aijaij' 

(III- 18) 

(III-19) 

The plasma is considered optically thin to recombination radiation 

thus e~ 1 = 1. 
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Usingiiolsteins theory (6) ~21 is calculated for the plasma considered, 

yielding values in the order of 0 . 01 [see Chap . II) . All other radia­

tive transitions appear to have a negligible effect even in case of 

complete radiation escape (~=1). 

The assumption of Saha equilibrium for levels higher than 70 is 

realised by 9djusting KiX and KRi' According to nef. 7, these rate 

integrals should then be replaced by K\). and KRi as follows: 

(III-20) 

(III - 21 l 

wher9 n is the number of levels taken into account. The converging 

character of the summation leads to a value for K~). wl1.ic:h is in good 

agreement with the rate integral K1, obtained wher using t 
1

(:3 .33 eVJ 
11 e,n+. 

as effective ionization energy. It should be noted hnwRu~r that this 

effective ionization energy is used only fat evaluating Kix· and that 

for all other processes involving the ionization energy the real value 

is used. 

The resulting set of stiff differential equations is numerically 

solved with a Curtiss-Hirschfelder method (8) , while n is simulta­
e 

neously calculated from 

n 
8 

III-3 RESULTS ANO DISCUSSION 

III-3-1 Conditions 

(III-22 ) 

The development of the electron temperature is simulated by a 

step function at t • o . Moreover, when the influence of a non-Maxwellian 

distribution is considered , the electron distribution is assumed to 

have a discontinuity at energy E
12

. The behaviour in time of the 

electron energy distribution is given by two step functio ns of the 

bullt. and tail temperature as fol101.is: 



T e 

T 
e 

T eo 

T eoo 

Tto for t < o 

Ttoo for t > O 

(III-23.a ) 

CIII-23 . bl 

The initial conditions are given by eq . III -23 . a . The values of Teo 

,and of Tto determine the stationary solution of the model from which 

the electron density ne(o l and the population density ni(ol ar e derived . 

The rate integra ls in the time dependent equations (eq. III-17). are 

calculated from the values of Te .. and Tt
00 

given by the f i nal conditions 

(eq. III-23 . bl . 

The electron density and the excited state densities are calculated 

for three different sets of conditions: 

1J Radiation is neglected . 

The electron distribution function i s f'laxwellian . 

- Initial conditions (t<o) : T 
e 

- Final conditions (t>o): Te 

21 Radiation is taken into account. 

The electron distribution f unction is Maxwellian . 

- Initial conditions : T e 
- Fi nal conditions T 

e 

T 
eo 

T eoo 
3) Radiation is taKen into account . 

The e lectron distribution function is non -Maxwellian. 

With regard to the electron distribution three different possibili­

ties are considered : 

a) Initial condi tions: T T . Tt = T . 
e eo to 

Final conditions T e \ T eao 
b) Initial conditions: T 

e \ T eo 
F:inal conditions T e T 

e"' . \ Tt,,.. · 
c) Initial conditions; T 

e T eo 1t Tto' 
Final conditions t T 

8 
T e..,' Tt Ttcu· 

When a non-Maxwellian electron distributi on fu nction is considered, 

the ionizing plasma case is distinguished from the recombining plasma 

case . For ionizing plasmas Tt is assumed to be smaller t han Te due to the 

excitation losses (see Chap. II) . For recombining plasma Tt is assumed 

to be larger than Te as the deexcitations and the recombinat ions, as 

Far as not ba lanced by the excitations and the ionizations, cause extra 
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population of the tail of the electron distribution function. 

The results of the calculations are plotted for normalized values 
~ ~ 

of the electron density ne and of the population density n
1 

defined as 

nK(tJ - nK(ol 

"K (..,) - nK [ 0 ) , 
(III - 24) 

where K • e, 1. 2 ... , n and nK( .... ) stands for the stationary solution 

of the model at T e 

ITI-~-2 Infiuence of radiation and di stribution function 

.5 

--- easel 

----- case 2 

Figure III-1-A. 

Development in time of reduce4 densities in case of a Ma:rwe7-Uan 

distribution function , nCs = 7. 2xJ021 m - .3 . Ionizing p7-asma, 

T = Tt = 2100 X, T = Tt = 2300 X. Case l . No radiation eo o e.., .., 
included. Case 2. Radiation included. 
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In Fig . III-1-A a comparison is presented of the results of the 

model where radiation is neglected (case 1), with the results of the 

model which takes radiation i nto account [case 2) . A temperature step 

~ram Te~ • 2100 K to Te"' = 2300 I< is taken . When radiation is neglected 

n2 and n3 reach Quickly their final values . The development becomes 

slower for the higher energy levels . The electron density develops in 

the same way as the populations of the high levels (~e ( t) ~ ~i (tJ, 

i = B. 9, 10) . 

"' In case resonance radiation is included a slower increase of n2 Ctl 

due to a continous loss of particles from level 2. is observed. As a 

consequence the characteristic relaxation times for all levels become 

longer . In Fig . III - 1-B a comparaison of the same models for a re-
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PigtU'e III-1-B. 
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--- cilse1 

- -- - casa·2 
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10 

time 

Development in time of reduced densities in case of a Ma:::wellian 

distribution function, nCs = 7. 2xzo21 m-3 . Recombining plasma, 

Teo= Tto = 2300 1(, Teo = Tt.., = 2100 K. Case 1. No radiation 
included. Case 2. Radiation included. 



combining plasma with Teo = 2300 K and Tew a 2100 K is given . Non­

normalized results of the model that includes radiation , yield a lar­

ger difference between the initial and the final values of the elec ­

tron and population densities. As a consequence the whol e relaxation 

process is retarded in comp<irison !4ith the results given by the model 
'\. 

which neglects radiation . The development of n2 Ctl only remains appre-

ciably fast due to resonance radiation. 

In Fig . III-2-A a comparison of the results of tne model i nclu­

ding radiation with and without deviations from a Maxwel lian distribution 

1.0 

- --case2 

-----case 3.c 

.5 

Figure III-2-A . 

Development in time of r•educed densities , radiation included, 

with Ma.:i:wellian (case 2) and non- Maxwellian (case 3c) distribu-
21 - 3 tion f-unation, nCs = ?. 2x10 m . Ioni zing plasma . 

Case 2: T = T = 2100 K T = T = 2300 K. eo to J ew too 
Case 3o: Teo = 2100 K, Tto = 2000 K, Tem = 2300 K, Tt

00 
= 2200 K. 
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is shown (case 2 and 3 respectivel y). For case 2: Teo= Tto = 2 100 K. 

Te .. = Tt .. " 2300 K. For case 3 : Teo 2100 K, \o = 2000 K., Te.., = 2300 K 

and Tt .. = 2200 K. When an e lectron energy distribution with a depleated 

tail is considered, the difference between i nitial and final densi ties 

increases and the values of t he rate integrals for excitation between 

levels wit h a large energy gap decrease . As a result , the relaxation 

process is retarded . The decreased values of K
12 

and K
13 

cause a further 
'I,; 'I,; 

depressed time development of n
2

(t) and n3 (tl which gets closer to the 

development of the other population densities and of the electron den­

sity. A comparison between results of the t wo models of case 2 and 
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---cau 2 

-----case 3.c 

Figure III-2- B. 

Development in time of reduced dens-lties, radiation i ncLuded, 

wit h Maxwellian (case 2) and non-M~iJeZlian. (case 3c) distribu­

tion 

Case 

Case 

f unction n = 7 2 1021 - J , Cs • x m . Recombining plasma. 
2 : T = T = 2300 K T = T = 2100 K. eo to ' e.. t~ 

3c:·"T = 2300 K T = 2400 K T = 2100 K, Tt .. = 2200 K. 
eo 1 to ' e"" 



case 3 for a recombining plasma are presented in Fig. III-2-8. For the 

first one : T = Tt = 2300 K, T = Tt : 2100 K. For the second one : eo o eoo 03 

1 = 2300 K, Tt = 2400 K, T = 2100 K, T+, = 2200 K. In the non- Max-
eo o e<» "' """" "' wel l ian case Tt > Te. As a consequence n

2
, n3 and then n

2 
develop faster . 

The time dependences of the electron densi. ty for the cases of 

figs . III- ~ and III-2 and for the three different possibilities in 

which the non-Maxwellian case is divided (see case 3 at the beginning of 

this section) are p l otted in Fig . III-3. The ionizing case i s shown 

.5 

Figuve III- 3- A. 

-4 
10 

Development in time of reduced electron 
21 -J 

10 m . Case 1, no 'f'adiation included. 

IO:-J 
ti me ( sec ) 

density, ncs = 7. 2" 

Cases 2 and .J, radiation 

incLuded. Ionizing ptasma, T = 2100 K, T = eo e"" 
2300 K. 

Case 1 and 2: Tt = Te . 

Case 3a: Tto = 2000 K 

" 3b: Tto = 2100 X 

11 3c : T to = 2000 J<. 

Tt,,. = 2300 J<. 

T = 2200 K too 
T = 2200 K too 
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in Fig. III- 3- A. The recombining case is shown in Fig. lII-3-B . 

Comparing the resulting ne(tJ for a non -Maxwellian initial condition 

a nd for a non-Maxwellian final cond i tion. it can be noted that the 

Figure III-3-B. 

DeveZopment in time of :reduced electl'on density, nC
5 

= 7. 2 ·x 
21 -3 

10 m . Case 1 , no radiation included. Cases 2 an.a 3, radiation 

included. Recombining pZasma, Teo = 2300 K, Te .. = 2100 K. 

Case 1 and 2: T t = Te. 

Case Sa': Tto = 2400 K Tt
00 

= 2100 K 

" 3b: Tto = 2300 K Tt
00 

= 2200 K 

" 3o: Tto = 2400 K Tt
00 

= 2200 K 

former sho1~s a mor-e pronounced deviation from tne Maxwellian case. 

In Fig . III-4 the values of the characteristic time for the 

electron density relaxation as function of the seed fraction s are 

plotted for different conditions. The argon density is n = 7 . 2 X 
24 -3 Ar 

10 m , correspondi ng to a gas pressure of 1 bar at a gas temperature 
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Figure III-4-A , 

Relaxation time for an ionizing plasma (f=l-.e - l) a..s a function of" 

seed ratio. Different cases like in Fig. III-3-A,nAr = 7.2 x 
1021 m-3. 

of 10DOK. The characteristic time t for the relaxation of the e l ectron 

d~nsity is defined by the following expression: 

ii ( 't) " f 
e 

t!II-25) 
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Jn the ionizing plasma case (Flg. III-4-A ) f is taken as 1-e-
1 

• 0 . 632, 

For decreasing seed fraction, r increases . This effect becomes more 

_10-1 ..--~~~~~~~--.-~~~-....~~~~~~~~~~~---. 
... . .. 

Figti:re III-'1 - B. 

Relaxation time for a recombining pZasma (ea1>Zy 't'eZaxation: 

f = 1 - e-
1

; Late relaxation: f~0. 99) as a fUnation of seed ratio. 

Different cases like in Fig . III-3- 8, 
2'1 - '? 

"Ar=? . 2xJfJ m " . 

pronounced at 1ow seed fraction when the mode l includes radiation or 

a non-Maxwellian distriqution . For a recombining plasma two cha racte -
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ristic times are defined. One is connected with the early relaxation 

of ~ (t) and is defined by eq . III-25 for f ~ 0 . 632. The other one is 
e 

defined by eq. III-25 for ~ = 0 .99 and accounts for the late relaxation 

"' of ne(t). The dependence on seed ratio of the characteristic time for 

early and late relaxation of a recombining plasma is shown in fig . III-4-6, 

The influence pf the temperature step an the characteristic time 

is shown in Fig . III-5. fig . III-5-A shows examples of ionizing plasmas 

(T ~ ~100 K, T ; T +AT) . In the non-Maxwellian case only the ini-
eo e 00 ea 

-l 
_ to 
u 
"' .. 

Figure III- 5-A, 

Relaxation time as a furwPion of temperature step nCs = 7. 2 x 

10
21 

m-3. Case 1: no l"adiation inoluded. Case 2 and 3a, r•adiation 

induded; Te.,,= Ttoa' Ionizing plasma (f=1-e-
1

), Teo= 2IOD K_, 

Tem =Teo + AT. Case 1 and 2: Tto = Teo' case 3a: Tto = 2000 1<. 

tial condition i s assumed non-Maxwellian 1.iith T ea 2100 K, T 
to 2000 K, 
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whereas Te .. = Tt .. = Teo + 6T. The characteristic time decreases for in­

creasing values of 6T. Fig. I II-5-8 shows exam9les of r ecombi ning plasmas 

(T ~ 2300 K. T T - 6TJ . In the non- Maxwellian case T : 2300 K. 
eo e00 eo eo 

0 200 400 600 800 !OOO 
t. T ( K I 

Pigu:re III- 5-B. 

ReZa:r:ation time as a funation of temperatul"e step nc
8 

= 7.2 x 
102~ m - J . Case 1, no radiation included. Case 2 and 3, Padiation 

incl.uded; T = Tt . Recomb·ining plasma, T = 2300 J<.. 
-1 eoo m eo 

f = 1- e , eat>ly relaxation 

f = 0.99, la-te Pel=ation 

T = T - 6T. em eo 
Case 1 and 2: 2' = '1' case 3a: Tto = 2400 K. to eo' 

T to : 2400 K, T em ~ T too _= Tea - li T. Tt)e character.is.tic time for ths 
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early relaxa tion decreases fo r increasing tiT whereas the characteristic 

time for the late relaxation increases for increasing tiT. 

III- 4 CONCLUSIONS 

The ionization and the recombination of cesium as a response to step­

wise electron temperature changes . have been analyzed. The effects of ra­

diation and deviations from the Maxwellian shape of the electron distri­

bution on the relaxation processes have been determined. 

Both radiative transitions and a non-Maxwellian electron energy 

distribution affect the ionization and recombln,ation of the plasma. 

Radiation causes lower densities of electrons a nd ot excited atoms in 

the initial and in the f inal state as well as an enhancement of de­

excitation . The combined effect consists of an increase of the ioniza­

tion relaxation time . for the conditions considered the recombination 

relaxation time also increases because the effect of 1ower f]nal va­

lues predominate the enhanced deexcitation . The effe~t of radiation 

is more pronounced at low seed ratio . 

A non-Maxwellian energy distribution has its influence on n
9 

and 

n. in the initial and in the fina l state as well as on the rate in-
J. 

tegrals . The latter has a minor effect on the relaxation behaviour . 

For ioni zation processes the relaxation time increases in case of a 

non-Maxwellian distribution mainly because the depleted tail causes 

lower initial values. For recombination processes , when the tail of 

the energy distribution is overpopu l ated . the ri?laxation time is 

shorter. 

The relaxation time ap~ears to be strongly dependent on the 

seed ratio and on the temperature step in all cases considered . 
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Chapter IV 

DISCHARGE EXPERIMENTS 

IV-1 INT~UOUCTIUN 

In this chapte.r a gas discharge experiment is described . The aim 

is to obtain information on the behaviour of the oischarga in the 

ionization rel.a)<ation region of 2 noble ga s MliO generator where 

detailed measurement s ar diff"icult to perform. In part of this region 

the electron density is lower than 1019 m-3 

In the discharge experiment t wo conditions are investigated: a 

stationary state arc di scharge and its eiter gl ow . Values of the electr on 
20 -3 

density down to 10 m are obtained under the stationary conditi~ns . 

Lower electron densities are real ized during the a f terglow . 

The experiments are carried out in a glass tube filled wilh cesium 

seeded argon gas . The filling pressure at room temoerature is 200 torr. 
24 -3 Thi s corresponds to an argon density of 6 . 6 x 10 m . During the 

experiments the tube is kept at a temperature of 520 K. Then the cesium 

density is 7 x 1021 m-3 . 

Cu r rent densities and e lectrjc fields are determined during the 

stationar y discharge . From continuum recombination radiation intensities 

r.he electron temperature and the electron density ere calculated . The 

population densjties of several levels of cesium are obtained from the 

emission of line r adiation . The afterglow measurements provide jnforma­

tion on the characteristic times involved in the decay of the rlesma . 

It is important to know which pro~esses deterf!line the time constants 

involved and hence domin3te the plasma behaviour. 

IV-2 EXPERIMENTAL SET UP 

The dischar ge is produced in a pyre>< glass tube with a diameter 

of 1 cm (see Fig . IV-1}. The electrode s are placed on the axis of the 

tube . The cathode is a standard L-type cathode With the possioility 
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Figi~re IV-1. 

Constr>uction of the discharge tiibe. 

to be heated by a hot filament . The anode is of molybdenum. The elec­

trode distance is Bern. Two electrical probes are mounted flush to the 

<vall at a -distance of 2.5 and 5.5 cm from the cathode. After evacuation 

at 10-B Torr with outgassing of the electrodes for several hours, the 
24 - 3 

tube is filled wit'h argon at a density n ; 6.6 >< 10 m . Then the 
Ar 

cesium capsule is broken by a hot -filament and cesium vapour is mi)<ed 

into the argon atmosphere . Jn operating conditions the partial pressure 

of cesium is assumed to be equal to the saturation pressure corresponding 

to the temperature of the wall of the tube Tw and i s given by the 

following expression (1): 

4530 
log10 Pcs = -1~ - 0.91 log10 Tw + 12 . 05 . lIV-1) 

w 

The constant temperature Tw is obtained by means of a thermostat in 

which the discharge tube i s pl aced . In order to .obtain homogeneous 

conditions . t he temperature of the thermostat is set at Tw two hours 

before the experiment . 

The electrical circuit of the discharge is shown in Fig. IV- 2. 

In this figure G
1 

and G
2 

are two power supplies of ~00 and 50 V rss ­

pectively . Rh, R
1 

and 1\ are resistors of 1250. 10 and 1 n. T is an 

S.C.R. thyristor. G
1 

is only used to start the discharge. After ignit i on 

the switch s1 is opened. The discharge power is supplied by G2 and 

stabili zed by R1 . The discharge current is measured by the voltage 

drop over R1 . The thyristor T is employed during the afterglow ex­

periments. After applying a triggering signal to the gate TS, the 

discharge current will no longer pass thr ough the tube and the after-
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Figu't'e IV-2 . 

SirrrpZified electrical cf..:rcuit diagram foro the discharoge experiments. 

glow is initiated . As shown in Fig . IV-3 , the discharge current drops 

from 2 A to 0.07 A in a time of about 3 µsec and then decreases slowly 

to zero in typically 10 msec. 

H 

Cl 

2 ..... '1 

.05 

0 4 B 12 
time ( psec ) 

01--=:::::===============================l 

0 20 40 60 BO 
time ( ,1uec) 

PigUJ•e IV-3 . 

Current decay after short circuiting of the voltage across the 

discha:rge at t=o . 
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IV-3 DIAGNOSTIC ME THODS 

EJectrica l measurements are carried out during the stationary 

~i5charge . The electric field is derived from the voltage difference 

between the probes . The voltage difference between the electrodes and 

the dischaq~e current are measured. 

Continuum and line radiation intensities are measured both during 

the stationary discharge and during the afterglow . I n Fig. JV- 4 the 

LI LI 

Figure IV- 4. 

, ... 
• cqwiailiew\ 
1rs11m 

monochtomalor 

Sketch of the experimental equipment for the spectroscopical 

measurem1m·ts . 

detection system for the radiation measurements is shown. The system 

is calibrated by means of a standard tungsten ribbon lamp . The light 

coming from the discharge tube is focused by the lens L
2 

on the slit 

of a monochromator. The characteristic time of the detection system is 

1 µsec . for ttie stationary discharge measurements a O. S m monochromator 

can be coupled to two photomultipliers : one with a bialkali and one 

with a S-20 photocathoje f or low and high wave length respectively . 

In order · to increase the sens1vity of the system during the afterglow. 

the radiation is measured with a 0 . 25 m monochromator coupled to a 

gallium-arsenide photocathode . The resolution of the 0 . 5 m monochromator 

is 3 . 2 ~. The reso l ution of the 0.25 m monochromator is 4 .8 ~ . During 

the afterglow t he photomultiplier is connected to the acquisition system 

through an emitter follower amplifier. The accu racy of the detection 

system is determined by the photoelectron statistical noise o-f the 

photomultipliers and by t he calibration of the system. 
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Intensities of continuum recombination rad ia tion and of line 

radiation are measured . 

The experimental values of the radiation intensities are corrected 

for t he transmission of the tube. During the operation time of the 

discharge tube , a th)n cesium layer is depos ited on t he 1r1alls of the ' 

discharge tube and affects its transmissiVity. T~e transmission coeffi­

cient aCAl decree1ses with t ~1e operation time . a(i.) is jefined bJI the 

fol lowing expression : 

a(i\ J 
[

Tw (;\ l I 
J' 0. J 
w 

CIV-2J 
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~ 
"' .~ 
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4000 

Figwoe IV-5. 
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-
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600Q 8000 
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Transmission coefficient of the tube walls after five hours of 

operation of the discharge tube . 

The intensity I (v) and I' (v ) , coming from the t ungsten lamp, are w w 
measured respectively with and 1-.1ithout the discharge t ube on the axis 

of the optical system. A typical plot of a(A) measured after five hours 

of operation of the discharge tube. is shown in Fig . IV-5. 

The electron temperature and the electron number density are 
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The aontinutun of r-ecombination 11adiation emitted by the kr-Cs 

discliar·ge . 

derived from the intensity of the continuum r ecombination radiation 

(2,3) . The spectrum of the continuum radiation detected from the 

stationary discharge between 3700 and 5300 g is shown in Fig . IV-6 . 

The continuum radiation in this interval is ma in ly due to recombination 
+ 

of Cs ions with electrons having a kinetic energy in the range O+ 0 .89 eV, 

yielding neutral cesium in the 6P sta te . Hence the radia tion spectrum 

follows f r om the electron energy distribution . In deriving Te t he 

assumption of Maxwellian electron distribution is made . As deviations 

from the Maxwellian shape are possible for e:e ~ 1.432 eV . the value 

of T obtained from the measurements , refers to the bulk electrons. 
e 

The population densities of the emitting atoms are derived from 

the l ine i ntensities of non-absorbed lines. If the populations of 

Cs levels are in Boltzmann equilibrium. their va lues are determined by 

the population temperature T . 
p 
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Figure IV-? . 
Discrete spectrum of the Ar-Cs discharge . 



The discrete spectrum due to spontaneous emission of excited Cs 

atoms is shown in fig . IV-7 . 

During the afterglow , lines for which the plasma is optical l y thick 

are also measured . Assuming that the line profile of the considered line 

does not vary during the afterglow, the relative variation nj (t)/nj (o) 

of the population density of the j-state of cesium (nj(o) is the popu­

lation density before the afterglow) is derived . The assumption of con­

stant line profile during the aftergl ow holds for pressure broadened 

lines v1her e the half width depends on the gas density end on the gas 

temperature, but not for lines dominated by stark broadening where the 

half width depends on the electron densi ty . 

The space profile of the discharge is obtained by means of Abe l 's 

inversion techniques (Lochte-Holtgreven, Ref. 41: A scan over t he 

discharge radius is done by detecting the light intensity each 0 . 5 mm. 

The image of the slit of the det ector covers 0.15 mm of the plasma. 

The discharge diameter is estimated using a photographic technique . 

By using this method the discharge is assumed to be contracted in a 

homogeneous cylinder. The diameter of the cylinder is then determined . 

I V- 4 THE STATIONARY DISCHARGE 

The stationary discharge experiments (5) are done for Tw 
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FigUYe IV- 8. 

520 I<, . 

Elech>ic field and electrode voltage at several values of the 

discharge current. 



and for currents between 0 .2 and 3A . In Fig . 1V- B the measured electric 

field and the voltage difference between the electrodes are shown . The 

electric field decreases with decreasing current whereas the voltage 

difference between the electrodes increases as the current decreases 

showing a dominant influence of the electrodes on the curr ent voltage 

characteristic. Using the photographic technique the disch~rge diameter 

is estimated and the current density is derived (Fig . ~V-B ) . A con-

e 10 4.5 
E "'e 
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Figure IV- 9. 

Disahar>ge diameter> and aU1'1'ent density as a function of the 

disahal'ge current. 

traction of the discharge appears for low values of the current and 

below 0. 2 A an abrupt extinction o.f the discharge occurs . 

The values of the electr on temperature end of the electron density 

are measured using the procedure presented in Sec . IV- 3 . The results 

of these measurements are shown in Fig . IV-10 . The maximum error in 

the e l ectron temperature is 8% . The error i n ne is determined by the 

error in Te' the error in the absolute intensity measurement and tne 

error in t he discharge diameter . Assuming the total cesium density 
21 -3 

ncs ~ 7 x 10 m , as is given by eq. IV-1, the value of ne calculated 

from tne experimental value of T by means of Saha's relation (eq . II-24) 
e 

agrees with the experirnental value of n
8 

within the experimental error . 
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Figure IV- 10. 

Electron. temperatul'e and eiectl"on density as a function of the 

the discharge OU.l'rent . 

At t wo values of the current (I "' 2 A and I • O. 3 Al, the line 

intensities of the diff use series corre sponding to the transitions 

pD
312 

~ 6P
112 

(p "' 6 + 12) , are measured . The measured intensities 

are corrected for the line broadening (the method used is given in 

Ref. 4 by Huddlestone , pag. 311) . The values n of the popu l ation 
p 

densities of the pDJ/2 energy levels of cesium are then derived. In Fig . 

!V-11 the values of n are plotted against the exci tation energy e1 p p 
of the pD

312 
state. The experimental error due to the error made in 

determining the absolute intensity , to the error in the discharge 

di ameter and to the uncertainity of the Einstein coefficient is es­

timated to be less than 10% . The statist i cal noise can be reduced even 

for the lines Witt) the lowest intensity because of the long time 

available for the measurement . For the transitions from the high state. 

(p • 10, 11 and 12) the correction for the l ine broadening cannot be 

neglected when deriving the population densities . For the discharge 

of 2A the half width of the line corresponding to the transition 

120312 ~ 6P 
112 

is 1 . 3 ~ and a correction factor of 1 . 86 for measured 

line intensity is ca l culated . 
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T 2670 ± 210 K continuum intensity measur. 
e 

1020 n (2.4 :!: 0.31 x m- 3 e 
T 2640 ± 100 K line intensi ty measur. 

p 
1015 m-3 

n7D (6.3 ± 0 . 5) x 

7 x 1021 -3 
ncs m c::al. from eq. IV-1 

1020 -3 
n* ,, (3.2 ±: 2 ) x m cal. from eq. II-24 , T and ncs e 

x 10
15 

m 
-3 e 

n* (5.8 ±: 1 . 6) cal. from eq. lU-14, T and n 
70 8 e 

Tabie IV- 1. 

Corrrpa:rison of e:xiperimenta1. and theoretical values of the electron 

density and the population of the ?D state (ne , n?D' n~ and n70 
respectively) for the stationary dischw:>ge at I = 2 A. The 

theoretical. values are obtained from Saha' s relation at the 

measured vaZ.ue of Te. 
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The population temperature is t hen determi ned {Sec. IV- 3) . The 

population temperature T is equal to the electron temperature and the 
p 

popu l ation densities of these levels are in Saha equilibri um with the 

e l ectron density (Tab . IV-1) . . The highest population density in Fig. 

IV-11, corresponding to the transition 6031 2 + 6P112 seems to be over­

estimated by T . This is due to absorpti nn of the l ine (compare Ref . 6) . 
P . 

For the case of l : 0 . 3 A the discharge diameter and the electron density 

are smaller and the line. Which is starK broadened, is less absorbed. 
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Figure IV- 12 . 

RadiaZ dependence of the populat·ion density of: 

A. BP312 leveZ of cesiwn, B. 7D312 level of cesiiun. 

In Fig. IV-12 the results of the spatial profile measurements 
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derived by Abel's inversion techniques , are shown . In Fig . IV-12-A the 

profile of the popLllation density of cs• excited to the first excited 

stata is plotted. (The measurements are done in the wing of the line. 

10g away f rom the Center) . The profile of the line intensity from the 

70312 + 6P112 transition is also detected (Fig. IV-12 -8) . This line 

is not absorbed and the profile of the light intensity corresponds to 

the profile of population density of the 70312 state. By comparing 

the two profiles in Fig . IV-12-A and Fig. IV-12-B, it appears that the 

effect of the self absorption on the spatial profile of the population 

of the 6P312 level is neglegible. 

The averaged value of the population density of the 10
312 

level 

obtained from the profile measurement is 25% smaller than the corres­

ponding value given in Fig . IV-11. This can be due to the error of the 

determination of the discharge diameter and to the fact that the proftle 

measurements and the measurement of the discharge diameter are carried 

out in two different discharge tubes . As the electron density depends 

on the square root of the population densities , the error in the 

electron density is 12%. 

The gas temperature can be estimated by the following equation : 

~ 

(XA IJT l r g 
JE . fIV-3) 

The heat conductivity of argon AAr is taken from Ref. 7. For I = 2 A, 

the profile of T is calculated frorn the measured current density and 
g 

electric field , assuming cylindrical geometry and XAr independent of 

T . Eq . IV-3 is satisfied by a parabolic profile . Assuming at the g 
cylinder wall T = T = g w 520 K, it follows that T on the a~is is equal g 
to 1120 K, and that the averaged T is equal to 920 K. The average 

g 
value of T can also be 

g 
estimated from the electron energy equation: 

JE 
v. 

3m n k 11 -T l i:: -2. 
e e e g i m

1 
CIV-41 

The values of J, E, "e ' Te used in eq . IV- 4 are measured values. v
1 

is calcu l ated by means of eqs . II-36, II-40. For I = 2 A eq. IV-4 gives 

T = 950 K. 
g 

79 



IV-5 AFTERGLOW EXPERIMENTS 

The afterglow is obtained after a discharge of 2 A and a wall tem­

perature Tw : 520 I<.. Ouring the afterglow optica l measurements have 

been carried out . In this case the photoelectron statistical noise of 

the photomultiplier determines the experimental error and is a limita­

tion of the measurements at low intensities . In order to reduce the 

statistical error ten afterglows are analyzed for each wave length of 

interest . 

2400 

2000 

1600 

1200 

0 50 100 150 200 
time (}'sec) 

Figu'l"e IV-13. 

Deaay of the eieatron terr;pe'Y'atu'l"e. 

The decay of continuum radi~tion at 4100, 4450 and 4900 ~ has been 

investigated . From the measured intensities the electron temperature 

is derived. The error is determined from the obtained values. The electron 

temperature during the. afterglo~1 is shown in Fig . IV-13. Te decreases 

during the first 100 µsec approacning tne gas temperature T . which 
g 

does not appreciably vary during the afterg low time. The electron 
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Deoay of the e leotron density: the full Line Pepr>esents the 

experimental values of n , the b1•oken line represents the value e 
of n given by the Saha relation at the experimental eleotr>on e 
temper>ature value. 

density decay (Fig . IV-141 is s l ower than the decay of the electron 

temperature . During the decay, the el(perimental value o~ n
8 

remains much 

l arge r than the value of n
8 

given by the Saha relation . In Fig . IV-15 

the decay of the population of the 6P
312 

state and of the 7P
312 

state 

of cesium are shown . They are obtained from the afterglow of the lines 

correspondi ng to the BP312 + ss112 transition and to the 7P312 + 65
112 

transition . These l ines are dominated by pressure broadening (6) . Thus 

the line profiles do not vary during the c:tft.erglow. As discussed in 

Sec . IV-3, at any instant their light intensity i s prQportional to 

the decay of the population of the Upper state in the corresponding 

t ransition . In the figure the relative decay n.Ct)/n.(o) is given . 
J J 

Assuming that these states are in Saha equilibrium with the e l ectrons 

during the stationary discharge, the va l ues of nj(o) can be derived 

from the experimental value of n
6 

at t ~ o . 

!l 1 



_, 
tO 

- 2 
10 

0 

FiglfPe IV-15. 

I 

I 

100 

' 

x-->< 6P 
3/2 

o-- o 7P 
3/2 

I 

200 

-

-

300 
time (~sec) 

Deaay of the population der~ity of the 6P312 and of the ?P312 
ZeveZ of aesiw11. 

The afterglow of the diffuse series has been observed and the 

decay of the population of the po
312 

state of cesium [p • 7 f 12) has 

been derived. The measured signals are corrected for the line bro~dening. 

The decay of the low levels (p = 7 + 9 ) is always slower with decreasing 

p, whereas the dacay of the high levels (p : 10 ~ 12) is slower with 

increasing p for t < 100 µsec. For t > 100 µsec the high levels decay 

faster with increasing p (oornpare Fig . IV-16-A and Fig . IV-16-Bl . 
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The spatia l distribution of the population of the 6P level is 

measured also during the afterglow. The reason to do this is to see 

whether the profile of the discharge changes during its decay . The 

spatial profile i~ determined during the firsr. 100 ~sec of the after­

glow . Jn Fig . IV-17 the profiles at t ~ o. t = 30 usec, t = 60 ~sec 

and t • 90 µsec are shown . The values indicated here are related t o the 

population dens i t y measured in the center of the discharge at t = O. 

From the Pigur-e it appears that the plasma distribution doesn't 

appreciabily va r y during the decay . 
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Radial dependence of the population density of the 6P
312 

ievei 

of cesiwn at several, time instants during the aftergfow. 

IV-6 O!SCUSS!ON OF THE EXPERIMENTAL RESULTS 

During the stationary discharge the ground state density and the 

observed populations of the Cs atom are in Saha equil ibrium with the 

e l ectron density at the measured value of the electron temperature . 

Hence the conditions for L. T. E. (Local Thermodynamic Equil ibrium l are 

realized. 

From the decay of the electron density the graph of ane/at against 

n2 is obtained and given in Fig. rv-1a. The linear relationship indicat es 
e 

a decay law of the form: 

CIV- 101 

where an is the recombination coefficient for a t\.10 body electron ion 
-16 3 -1 process. The value obtained is aR = (1 .S ~ 0 . 6} x 10 m sec . The 

measured recombination coefficient doesn't show a signif icant depen­

dance on T
8

. The plot in the figure is obtained for values of ne 
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The values of an /at against n2 during the first 200 11sec of the e e 
after>g Zow. 

measured at t > 30 usec . The electron temperature here ranges between 

1300 and 1800 K. The dependence of the two body radiation recombina-
' tion coefficient on the electron temperature is given by T-' : a varia-

e 
tion of an due to the electron temperature variation is not observed. 

Values of the recombination coefficient were measured by several 

authors using different techniques (8) . The results of Mohler and 

Aleskovskii were recorded with probes and spectroscopic techniques 

in afterglows in cesium vapour at pressures between 10-3 and 10- 1 torr 

and electron temperatures of 1000 7 2500 1<.. O' Angelo and Rynn and Wada 

and Knechtli have reported recombination coefficients deduced from 

Langmuir probe rneasuremonts . Hammer and Aubrey obtained the value of 

the recombination coefficient by means of atomic beam rosasurements . 
-15 -1i 

The results of these works indicate values in the range 10 7 10 
3 -1 

m sec . The values of ar< predicted by collisional radiative models 

(see for example the effective recombination coefficient given in 
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Ref. 9) agree with these values. In Ref. 10 a number of works is l isted 

where recombination coefficients ranging between 10-14 and 10-12 m3 sec-1 

were measured . The fast recombination can be attributed to recombination 

of molecular cesium ions . The value of an obtoined in the present ex ­

periment agrees With the experimental values predicted by collisional 

radiative models (as given in Ref. Bl where mo l ecular ions are not 

included. The disagreement between the results of Ref. 10 and the 

result of the experiment described here can be attributed to the higher 

gas temperature and to the lower cesium density in our experi!T'ent . In 

fact in our case the resulting concentration of Cs; is low. 

In Fig. IV-19 the values of the energy gain P
21 

due to deexcitations 

from the first excited state of cesium and the values of the energy flow 
bt term PC due to electron electron interactions , obtained during the 

t bt afterglow, are compared . P21 and Pc are derived from eq. II-2.9 and 

eq. II-16 respectively, where for n2 , ne and Te the measured values 

are used. In the first 40 µsec P~t is substantially larger than P~2 
and apparently the energy £ained for the deexcitation of the 6P state 

of cesium is spread out over the electron energy distribution due to 

the electron electron interactions. Hence, it has to be expected that 

for this part of the afterglow the electron distribution remains Max­

wellian . For t > 40 µsec P~t and P;1 are of the same order . For this 

part of the afterglow the electron electron interactions are not efficient 

enough for the transfer of the deexcitati011 energy from the high energe­

tic electrons to the low energetic electrons {compare eq. II-6) . The 

energy distribution function then becomes overpopulated in the tail. 

As mentioned above , the observed recombination coefficient reasona­

bly agrees with the values predicted by collisional radiative models 

where the Maxwellian electron distribution is assumed. In the case of 

recombination with a non-Maxwellian distribution during the development 

but with the same initial conditions {i . e . same population and electron 

densities), the relaxation time does not appreciabl y change in com­

parison with that given by a Max•iellian model (compare case 3b to 

case 2 in Fig. III-3~8). A quantitative pna l ysis of the experimental 

results by means of the theoretical model is not done. I n fact in the 

model, the electron energy time dependence is assumed to be represented 

by step functions for Te and Tt ~hereas i n the afterglow experiments 

the electron temperature decreases gradually during the first 100 µsec . 
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As derived in Ctiap . III , the excitation and the de-excitation 

reaction rates fo r adjacent levels ar e much larger than those between 

levels with a large energy gap. Hence the populations of the high 

excited states depend on collisions with the bulk e lectrons. Therefore 

t he overpopulated tai l of the electron distribution can only influence 

the 10~1 excited states (see Fig. II!-2-Bl . During the early afterglow 

a slower decay of highly excited s tates is observed (Fig . IV-16-8) . 

This is a consequence of the increase of the deexcitation time with 

the decrease of the level ql.lantum number. The electrons first recombine 

to the high energetic levels , then they flow quickl y through the high 

levels and slowly through the lower ones . Hence electrons are accumulated 

in the high levels fo r a certain time . That is indicated also by the 

results of the time dependent model of Chap . III (compare the slope of 

n
8 

and n10 of case 3c in fig . nr-2-Bl . The recombination is ttien 

realized through multi-step phenomena. 

IV-7 CONCLUDING nEMAnKS 

A stationary arc discharge in an Ar-Cs mi xture is experimentally 
24 -3 investigated . The argon density is 5 . 5 x 10 m and the cesium density 

21 -3 
is 7 x 10 m . The values of t he discharge current range from 0 . 2 to 

3 A and correspond to electron densities of 1 x 1020 ~ 4 x 1020 m-3 . 

During the stationar y discharge L. T. E. is observed . 

Conditions for deviations from a Maxwellian electron energy dis­

tribution ere realized during the afterglow. When ne decreases the 

electron electron interactions are not efficient enough to thermalize 

the energy gained by the tail electr ons due to the deexcitation from 

the first excited state . As a consequence the tail of tne electron 

energy distribution becomes overpopulated . 

The range of electron temperatures and of electron densities in 

the inlet region o,f the MHD gnerator are t he same as realized during 

the afterglmv. Hence devia tions from the Maxwellian shape of the 

electron energy distribution have to be expected . During ionization 

the energy loss caused by e~c itation to t~e first excited state of 

cesium is not thermalizeq by ttie electron electron i nterac tions and 

the tail of the electron distribution becomes depleted. 

A recombination coefficient of two body reaction type is measured . 
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Its value agrees with that gi ven by collisional radiative models . 

Recombination through multi-step reactions is observed . 
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Chapt e r V 

MHO GENERATOR EXPERIMENTS 

V-1 INTnOOUCTION 

In closed cycle MHD generators inlet stagnation temperatures of 

about 2000 K will be employed . The gas temperature will be considerably 

lower. For an inlet velocity of 1000 m/sec and for a stagnation tempe­

rature of 2000 K. the gas temperature will be 90Q II,. Accordingly the 

electron density at the inlet of tile generator will be levier than 

5 x 10
18 m-

3
. In order to reach a sufficiently high enthalpy extraction. 

a high non- equilibrium conductivity has ~o be realized . Corresponding 

to the finite development time of the non-equilibrium conductivity an 

inlet relaxation regime appears. The distancR between the first loaded 

electrode pair and the position where the current is equal to 0 .63 times 

its maximum value, is defined as the relaxation length LP. 

At low stagnation temperatur~~ or low magnetic inductions, long 

relaxation lengths have been observed (1) . A long relaxation length 

reduces the performance of t he generator . One dimensional (2) and two 

dimensional calculations (3) can not explain the observed slow relaxation . 

IJne dimensional calculations predict a steep increase of the current in 

the entrance region . Two dimensional analyses yield relaxation lengths 

about equal to the height of the channel . The mentioned calculations 

suppose a Maxwellian eiectron distribution . In Chap . II it has been 

shown that for plasma conditions present in the inlet regi on of the 

MHD gene rator , a devia~ion from the Maxwellian shape of the elec tron 

f 1016 1019 -3 c d' . . • t energy occurs or ne ~ + m . on it1ons in agreement w1 h 

the model for deviations from a Maxwellian electron distribution are 

observed in the afterglow experiment described in Chap . I V. For an 

ionizing plasma with an initia l low electron density t he elect r on 

distribution is expected to be depl eted at high energies {E > 1 . ~32 eV) 
e 

due to the excitations to the first excited state of cesium . The cal-
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culations . carried out in Chap. 1Il, yield a longer ionization relaxa­

tion time when deviations from the Maxwellian distribution are taken 

into account. For an initial non-Maxwellian electron distribution with 

T 2100 K and T. 2000 K to a final condition where T ~ T ~ 2300 K 

a~d for a seed fr!ction of 10-3 • a relaxation time of 3 : 10-~ sec is 

calculated, whereas in the Maxwellian case the relaxation time is 1 . 2 \C 

10·4 sec. 

The aim of t his chapter is to see whether a non-Maxwellian energy 

distribution oan explain the long relaxation le~gths observed during MHD 

conversion exper iments. In Sec. V-3 t he relaxation region is observed 

by means of photographic techniques . InSecs . V-4 and V-5 current voltage 

characteristics are ootained by varying the externally appl1ed voltage 

to the generator or its external load. These results are analyzed using 

a non-Max1,.iellian model. Finally MHO conversion experiments wi th pre ­

ionization are discussed in Sec . V-6. 

V-2 DESCRIPTION OF THE FACILITY 

The experiments described in this chapter are carried out in a 

5 . 5 liter MHO generator channel connected to a shock tube (4). In the 

shock tube a sboc~ wave is produced in an Ar-Cs test gas. The shock 

wave is reflected at the end of the shock tube . The region behind t he 

reflected shock acts as a reservoir of hot gas during a test time of 

5 msec . The stagnation pressure p
5 

of the Ar-Cs mixture in this region 

is measured with a pressure transducer . The stagnation temperature T
5 

is derived from the Mach number of the shock wave . The employed stagna­

tion temperature r-anges from 3500 K down to 1600 K. The stagnation pres ­

sure is kept at about B bar during the test time. From a rectangular 

hole in t he end plate of the shock t ube , the gas flows through a nozzle 

ta the MHO channel . The nozzle Mach number is 2, Two MHD channels have 

been employed : channel 1 and channel 2 . Both are Faraday type channels 

made of Lexan. Both channels have the same dimensions. They have an in­

let cross section of 3 . 8 x 11 . B cm2 and they diverge linearly over BO cm 

to a cross sect ion of 7. 8 x 11 . B cm2 . The electrodes of both channels 

are mounted in the parallel walls . Channel 1 has 51 pairs of flat elec­

trodes (width 0 .4 cml mounted flush to the walls. Channel 2 has 32 pairs 

of cylindrical electrodes (diameter 0 . 7 cm) half way countersunk into 

the walls . In both cases the electrodes are made of stainless steel . 

The experiments described in Sees . V-3 and V-6 are carried out ·in channel 



F1:gur>e V~ 1. 

Side view of the generator> channe Z. . 

PT: pl"essure transducers, Qlv: quartz window, 

WM : port of the magne t (dotted 'lines), 

EP: eZectr>ode pairs. 

' '4'! 
I 

WM : 

2 and the sx~eriments described in Sees. V-4 and V- 5 are carried out in 

channel 1. 

In Fig . V- 1 a side view of channel 2 is presented . Each electrode 

pair is separately connected to a load resistance nl . Three pressure 

transducers are mounted in the channel, one at the beginning , one in 

the middle and one at the end . The MrlD channel is inst al 1 eo inside a 

saddle shaped magnet which produces a constant magnetic induction in 
+ 

the duct volume . The direction of the magnetic induction B is peroendi-

colar to the x- y plane . Its maximal attainable value is 3 . 3 T. A seed 

ratio of 10-3 has been used (5). 

V-3 DISCHARGE BEHAVIOUR IN THE IONIZATION RELAXATION REGION 

The experiment described in this section is carried out in channel 

2 . In order to establish the relaxation region in front of the largest 

port of the magnet (see Fig. V- 1), the electrodes of the pairs upstream 

of the 12th one have not been connected (RL ~ ~1. The electrodes of the 

pair 12 to 32 are each connected to a load resistance of 2 n. 
Electrical currents , Hall voltages and static pressures are measured. 

In order to study the development of the discharges in t he relaxation 

region , high speed photography is employed. An image converter carnera 

(I MACON) i s insta lled witn the optical axis parallel to the magnetic 

induction and is focused on the side wall of the channe l. The camera 
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is used in t1~0 modes: t he f r aming mode and the streak mode ( 6) . In the 

framing mode, pi ctures are made of five complete electr ode segments . 

The pictures are taken in a sequence of eight Trames. The time interval 

between the first and the last frame is SS usec . The exposure time of 

each frame is 2 . 5 µsec . The sclieme of the streak. photography technique 

MHO ()11nne-I 

v • -pllUYI• llow 

IHHl 11'JIO! tf11pby 
.1ottm 

Figure V-2 . 

Scheme of the streak photo­

graphy arrangement. 

emp l oyed in this experiment i s presented in Fig. V-2. A slit, present 

in the camera. is projected on the side wall of the channel . The slit 

is directed in the x-direction and covers 20 cm between the 12th and 

the 20th electrode pair. The di rection of streak. velocity is along the 

y-direction . The streak velocity v
5 

is 140 rn/sec . A small light emitting 

part of the plasma having a velocity v parallel to the slit . will cause 

a line on the film . If this velocity is constant . the l ine wil l be a 

straight line under an angle~ with the direction of v
5

• From the value 

of a, the velocity v can be derived : 

v s . v = f tan Cl. ( V-1 l 

Here f is the enlargement of the optica l system. ThA value of f is 

0.087 . 

A number of runs with different parameters, leading to different 

relaxation lengths have been made. The values of nL and the main gas-
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dynamical parameters are sho~m 1n Tab. V-1. 1he values of the gas 

pressure p • the gas temperature T and the gas velocity u indicated 
g g g 

in the table, refer to the position of the 16th electrooe pair . The 

value of pg is measured at that location . T and u are calcu1ated by 
g g 

Run LR T ps B T . pg u pth Pel s g g 
(m) !Kl !bar) CTJ {Kl (bar) (m/secl (MW) (kW) 

3a54 a . a2 3365 7.27 2.75 1442 o . 59 1415 2.9 92.5 

3a69 a.as 3101 7.80 2.84 1329 0 . 59 1358 3.0 73 .6 

3059 0.01 3084 7 . 23 2 . 49 1322 0 . 46 1354 2 . 8 77 .6 

3a6a 0 . 16 2802 7.32 2.49 1291 a . 45 129a 2 .7 19 . 3 

3a63 0 .19 2577 7 . 36 2.39 1104 0 . 46 4238 2 .6 13 . 4 

3a61 >0.45 2562 7.33 2 . 06 1098 a.so 1234 2.0 3.3 

Table V-1 . 

Main par>ameters of the runs for the investiga'tion of the discharge 

beha.vioUY> in the l'elaxation Pegion. 

using a one dimensional gasdynamical program (4J . The va l ue of the 

magnetic induction. the thermal input power Pth and the electrical 

power output Pel are also listed in the table. The current distributions 

12 16 20 24 

Figure V-J-A . 

run 

· --· 3064 
o--o 3069 

28 32 
electrode pair number 

Current distributions aiong the ohannei for the runs of Tab . V-1 . 
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along the channe l are given i n Fi g . V-3 - A. From the figure it can be 

seen that tne relaxation length increases both with the decrease of the 

stagnation temperature and with the decrease of the magnetic induction. 

(Similar results are found in Ref . 1) . The Hall voltage distribution~ 

along the channel are plotted in Fig. V-3- B. The Hall voltage distribu -

400 run 

:> ·-· 3064 
% 

:> 0 -<> 3069 
D-0 3059 

300 ·- · 3060 

·-· 3063 
A-6 3061 

200 

1l1ctrod1 p•ir number 

Figv:re V- 3- B. 

HaZZ voltage distributions along the channel for> the r>w1s of 

Tab . V-1. 

tions are optained from the voltage differences between the anodes . The 

distances over which the Hall voltages are measured, are shorter in the 

entrance ·region than further downstream in the channel . No correlation 

has been observed between the local Hall field a nd the relaxation length . 

In Fig . V-4 the discherP,e structure shown by frame photography, is 

presented . The discharne is stron~ly i nhorno~eneous in the relaxation 

region (Fig . V-4al as well as downstream of the relaxation region (Fig . 

V-4bl . Apparently the streamers ar e allready formed in the relaxation 

region . The difference between Figs . V-4a and V-4b is the downstream 
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Figure V-4. 

Frcuning pictures of the discharge: 

a . in the relaxation region, 

b . downstream of the relaxation region . 

b~nrtirs of the di scharges. In t he relaxation region the discharges are 

displaced over distances comparable to the channel height which is in 

agreement ~1ith the results of two d i mensional calculations ( 3 l . ln the 

downstream area t he bendin~ is subst~n tially smaller . The streamers, 

however, do not always start from t he first electrode , so that the re­

laxat i on length can be longer than the channel height . 

Str eak pictures of the discharge in the relaxation region are shown 

in Fig . V-5 . They refer to some of the· runs listed in Tab . V- 1. The 

discharge is everywhere constric ted. The streamers grow by increasinr, 

their diameter. Further the pictures confirm the results of the framin~ 

pictures t hat streamers do not a lways start from the first electrode 

pair. The relaxation length is determined by t~-io processes: the growth 

of an ind iv idual streamer and the characteristic time necessary to t he 

formation of new streamers. However , the characte risti c time for the 

growth of an individual streamer does not depend on the stagnation tem­

perature and on the magnetic induction whereas the relaxation length 

depends strongly on t hese parameters . The comparison of the s treak 

pictures with the cu rrent distributions along the generator (Fig . V-3-A) 

shows that streamers appear as soon as a corresponding minimum current 

of about 1 A is measured (see Runs 3060 and 3063). Below this minimum 

va l ue the development of the streamer becomes difficult. As a current 

constriction in streamer is observed to be approximately 1 cm2 a current 
'\. 4 -2 

density JT "-' 1 x 10 Am corresponds to the minimum current . 
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Run 3064 

Run 3059 

I .. , . ,, '" ' 

Run 3060 

- - - --
Run 3063 

Figu.re V- 5. 

Streak pictures of the discharge in the entrance region of the 

MHD channel-. 

The velocity of the discharges is derived from the measurement of 

the angle a. The values of the streamer velocity for the runs of Fig . 

V-5 agree in first order with the gas velocities given in Tab . V- 1 

, (compare for further details Ref . 8). 

V-4 BATTERY EXPERIMENT 

The non - equilibrium conductivity is built up in the ionization 

relaxation region . Here the discharge undergoes a transition from a 

low to a high current mode. In order to investigate the current transi­

tion, current voltage characteristics of the discharge at one electrode 

pair have been measured (9) . ~ 

The experiments have been carried out in channel 1 . The 33rd elec­

trode pair is connected to a set of accumulators in series with a load 

resistance of 1 n. The other electrode pairs are operated under open 

cir cuit conditions . The equivalent network of the circuit at the 33rd 

electrode pair is given in Fig. V-6. The induced voltage hu B (h is 
g 
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anode 

cathode 

Figure V- 6 . 

Equival,ent net;.,Uor>k for the measurement of the curTent--voUage 

characteristic . 

the electrode distance) is i n trocuced in the network as a virtual 

battery. The voltage between 8 and C is given by: 

* V ~ hu B + V8 - RLJ. (V-2 ) 
g -

Here v
8 

is the voltage of the external power supply . The current I is 

calculated from the measured voltage over the load. The value of 

hu 8 is derived from the results of the quasi-onP- dimensional cal-
g 

culations mentione1 in Sec . V-3 . (Fig . V-7 shows that a large number 

of Faraday voltages are affected by the external power supply . Only 

the voltages at the channe l entrance and at the very channel e~it 

approximate hu 8 . l 
r. 
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Figw'e V-7. 

.___" ."'. f 
\ . 
\} 

• 

electrole pair number 

Fa'l'aday voltage dist'l'ibution along the channe l when the 33rd 

electrode pair is connected to an external power> supply . 

B = 2. 6 T, ug = 1490 m/sec, v8 = 74 V, I = 6. 3 A, RL = 1 O. 

The induced voltage hu B is . eal..eulated to be 360 V. 
g 

The experiments are carried out at a stagnation temperature of 

3500 K. The static pressure at the 33rd electrode pair is 0 . 3 bar and 

the gas velocity is 1500 m/sec. Several values of the magnetic induction 

between 0 and 3 T have been appl ied . 

The resulUns r-v* characteristi c are gi ven in Fig . V-8 for several 

values of the magnetic induction. From the figure it can be seen that 

a minimum voltage v; is necessary to sustain the discharge . Minimum 

currents IT of approximately 2 A are measured . TaKing as reference the 

value of IT found for B : 0 and assuming for the dischar ge cross 

section the cross section of the generator segment, a current density 

J
1 

• 2 x 103 A/m2 corresponds to the minimum current . The transit~on 
voltage V~ is strongly affected by the magnetic induction . The value 

of V~ obtained by extrapolation . is plotted as a function of B in Fig . 

V-9 . 
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Figure V-8 . 

Cui-i-ent voltage chaPacteristi<1s at sevePal values of the magnetic 

induction. The 33rd electrode pair ·is aonnected -to an ext:eY'naL 

power suppty .and the othel' electrodes ar'e operated wuier open 

ciPcuit conditions (errors determined by the error in u ). 
g 
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Pigu1'e V- 9. 

TY'ansition voltage versus magnetic induction. 

V-5 LOAD RESISTANCE VARIATION 

lhe aim of the experiment described in this section . is to examine 

the relation between current and voltage (V m RLI) in real MHO gene~ators 

(the applied vo l tage is now equal to zero), Especially low currents are 

cons idered in order to study the onset of the discharge . The induced 

voltages have been kept constant. The load resistances are varied. All 

electrode pairs are loaded with the same resistance RL . By changing the 

load RL, an I-V characteristic is obtained . Applied values of RL are: 

1 , 3 , 25 , 30, 42 , 71, 123 n and~. Channel 1 has been used for this 

e xperiment . The stagnation temperature is 2400 K, the inlet static 

pressure 1 bar and ·the magnetic induct ion 2 . 7 T. The main plasma con­

ditions of each run are listed in Tab . V-2 . Here u , 1 and p refer 
g g g 

to values at the entrance of the generator . The Hall voltage VH is 

measured between the 1st and the 51st anode . 
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flun fll TS B \/H u 
g T 

g pg pth Pel 
(QJ (K J CTJ CV) (m/sec ) (K) [bar) [MW) (1<.W) 

2739 ., 2390 2 . 55 570 rn43 1024 1 . 19 3 . 3 78 

2740 3 2320 2 . 82 471 1136 994 1.16 3 . 6 122 

2745 25 2432 2 . 55 381 1210 1042 1 . 09 3 . 5 42 

2749 123 2400 2 . 60 302 1200 1012 1 . 13 3 . 5 D 

2742 "" 2432 2 .20 181 1260 1042 1 . 19 3 . 7 -

Table V- 2. 

Main parameters of the runs of the e~-periment with variation of 
the load res-i,stance . 

In Fig . v-10 t he values of the currents are plotted against the measur~d 

voltages between anode and cathode . The currents and voltages indicated 

in the figure. are t he averaged values from the 20th up to the 40th 

elect rode pai r . For load resistances lower than 25 n the current decr eases 

continuously with increasing RL while the voltage increases . For values 

!iO 

40 ~ C( 

""' oRL:JO 
30 

20 

10 
_ ____ oRl:250 

R :30- 1230-------- - R :m 
Oo ~-----. I I ol 

0 100 200 
v ( v) 

Figure V- 10 . 

Current voltage characteristic obtained by variation of t he load 

1"esistances. 
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of RL between 30 and 123 n the current as well as the voltage, becomes 

very small . Apparently under these conditions the non-equilibrium con­

ductivity is not established and the internal resistance is much higher 

than the load resistance . for RL : ~ the Faraday open circuit voltage 

is measured. As a result of t his experiment it can be concluded that 

again a transition in the discharge characteristic is found . In this 

case the minimum current measured IT is 6 A. Assuming a constricted 

discharge with a cross section of 1 cm2 a current density JT = 6 x 104 

2 Alm corresponds to the minimum current . 

V-6 ENERGY CONVERSION EXPERIMENT \VITH PRE-IONIZATION 

It has been demonstrated that the development of a sufficient l y 

high conductivity is strongly dependent on the stagnation temperature, 

the magnetic field, as wel l as on the load resistance, Experiments at l ow 

values of the stagnation temperature show a considerable inlet ionization 

relaxation length, which increases strongly with a further decrease of 

the inlet stagnation temperature . In order to enhance the non-equilibrium 

conditions at the inlet of the generator, pre -ionization can be used. 

In this section an experiment at low inlet stagnation temperature using 

pre - ionization is described. 

The experiment is carried out in channel 2. Load resistances of 

1 n are used. In Fig. V-11 the scheme of the pre-ionization system is 

shown. An external power source is interconnected between the first 

electrode pair and the shocK tube wall. The stagnation region at the 

end of the shock tube ~s used as anode . Here the i nitial electron 

shock lube end 

c 
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density is relatively high due to the high gas density: furt~er the 

electron tempel"ature equa l s the stagnation temperature . An electrolytic 

capacitor of 2 mF charged to 1000 V before the run is used as external 

power ·source . During the run the capacit-0r is discharged over the plasma . 

The discharge current flows from the stagnation region through the nozzle 

to the first electrode pai r over a distance of 40 cm. The pra-ionization 

current I is derived from the measured ·voltage between the locations 
p 

A and B. The voltage between the location C and A represent the pre-

i onization voltage V . 
p 

Run TS B T pg u IP pp Pel pth g g 
(I() (Tl [K) (ber) [m/sec J {A) (kW) CkWl (MW) 

3'140 2547 2 . 66 1091 0 . 65 "1092 50 19 13 2 . 5 

3"142 2025 2 . 28 868 0 . 54 '1097 85 34 '15· 2 . 2 

3143 1811 2.73 776 0 . 59 1037 91 50 8 2.2 

3150 1610 2.31 690 0 . 83 987 99 57 3 2 . 1 

Table V-J . 

Main paPameters of the runs for the pre-ionization expePiment. 

The main parameters of the runs of this experiment are listed in 

Tab . V-3 . The electr ode current distribution along the channel for each 

run is shown in Fig . V-12. Non-equilibrium conductivity is realized at 

a stagnation temperature as low as 1610 K in run 3150. ihe inl et gas 

temperature i s 690 K. The current a t the 2nd electrode pair is 5 A. 

The figure shows that long relaxation lengths do no longer occur for 

T5 ~ 1811 K when the pre-ionization is applied. The pre-ionization current 

used to realize the non-equilibrium conductivity during run 3150 is Ip = 
99 A. As the pre-ionization current is along the flow direction outside of 

the magnet, it is assumed that Ip fills the whole ger.erator cross 

section at the entrance. Hence a corresponding current density JP ~ 
11 - 2 

2 x 10 Arn is calculated. The current at the 2nd electrode pair is 

perpendicular to the magnetic induction and a discharge cross section 
2 . 4 -2 

of 1 cm is assumed . Hence a current density J = 5 x 10 Am corresponds 

to the current measured here . As can be seen from Tab. V-3, the pre­

ionization power Pp is still a f ac tor of 40 smaller than the thermal 

input power. 
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16 

run 
• 3140 

" 3142 
• 3143 
c 3150 

20 24 28 
electroda pair number 

32 

Cur>r>ent distributions along the channel in the pre-ionization 

experiment. The main parametel"B of tlze 1'WlS are iisted in Tab . 11- 3. 

V- 7 DISCUSSION AND CONCLUDING nEMARKS 

The experiments described in ·this chapter are ~~de in order to get 

informati on on the onset of the discharges under non-equilibrium con­

ditions in the MHO generator. 

In Sec . V-3 an i ncrease of t he relaxation lengtn is observed when 

the stagnation temperature or the magnetic induction are decreased . For 

currents l ower than 1 A no streamers appear . As discussed in Sec. V- 3 

the relaxation length is determined both by the growth of a single 

streamer and by the time necessary for the formation of new streamers. 

From the observation that the characteristic time of the streamer growth 

does no t vary for different relaxation lengths it can be concluded that 

a long relaxation length is caused by the time to reach the conditions 

necessary for the development of streamers r ather than by t he development 

of an individuel streamer. Minimum values of the current necessary to 

sustain the discharge , are observed in the experiments of Sees . V.-4 and 

V-5 . In the battery experiment a minimum current of 2 ' SA is found . 

It corresponds to different voltages depending on the magnetic induction . 

I n the load experiment i n the MHO generator. by increasing RL up to 25 
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the current corresponding to a given induced voltage decreases. For RL = 

30 .;. 123 !I. the current is lower than IT and the non-equilibrium conducti­

vity does not develop . The internal resistance is then much larger than 

the load resistance . In the open voltage experiment CRL = ~1 a voltage 

equal to hu B is measured between anode and cathode. 
g 

When pre- ionization is applied, a sufficient non-equilibrium con -

ductivity has been built up at the entrance of the generator . In this 

case long relaxation lengths can be prevented. In Tab. V-4 indicative 

va lues of to the minimum current density derived in the e xperiments of 

this chapter are indicated. In the table the values derived from the 

Exp. Type J E C1 n 
e 

C104 A/m2
J (103 V/ ml [mho/ ml 1018 m-3) 

Bat . exp. 0 . 2 0 . 9 2 2 

RL variation 6 2 . 0 30 33 

Relax. exp . 1 2 . 9 4 4 

Pre- ionizer 2.2 1 .. s 15 '1 6 

2nd el . pair 5 2.3 20 21 

Table V- 4. 

Charaet eristic parameters at the ti>artsition .from Zow to high 

CUJ'l"ent. 

pre-ionization current and from the current of the 2nd electrode pair 

in run 3150 are also indicated. For all experiments , except for the 

battery experiment, the electric field E is derived from V* ~ nu B + 
* g v

8 
- RLI . For the battery experiment E is derived from the r-v cha-

racteristic at B = O CV*= v6 - RLI ) . The value of the electrical con­

ductivity is obtained from J /E . The electron density is then derived 

from C1 by assuming the momentum collision frequency between electrons 
10 -1 

and heavy particles equal to 3 x 10 sec (value corresponding to 

Te= 2000 KJ. The value of ne has only an indicative meaning due to 

the lack of information of the inhomogeneous structure of the plasma 

in the generator at low electron density . In Chap. II a criti cal value 

n "'5 x 10
18 

m-
3 

is fou nd as the t hreshold between non-Maxwellian ec 
and Maxwellian regime in en Ar-Cs discharge for a seed fraction of 10-3• 
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From Tab . V-11 it can be seen that the values of ne corresponding to the 

minimum current measured in the MHD generator approximate or are larger 

·than nee · Hence indication is found that the minimum current rjensity 

observed in the MHD generator e~periments is related ta the transition 

from non -Maxwellian to Maxwellian regime. An electron de11sity higher 

than nee is obtained . for instance, by means of t he pre-ionizer . Here 

the high current regime is already present at the inlet of the generator'. 

Therefore the generator can work under conditions where Maxwellian elec­

tron distribution can be expected and thus non-equilibrium can be built up . 

As indicated in Chap. I II . for non-Maxwel lian conditions the re­

laxation tiJne increases with respect to the Maxwellian case . When for 

the latter case a relaxation time of 1 . 2 x 10-4 is calculated. the non­

Maxwellian condition yields a rel axati on time of about three times larger. 

The corresponding relaxation lengths in these cas~s are 14 and 36 cm 

respectively for a gas velocity of 1200 m/sec . The nan-Maxwellian dis­

tribution used in the calculations is derived from the data of the 

stationary discharge (Chap. Ill . 1n the ionizing plasma even stronger 

deviations from the Maxwellian shape of t he electron distribution have 

to be expected (Chap . III). Tnis results in a further increase of the 

length of the relaxation region which can fill the whole generator as 

in run 3061. 
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Chapter VI 

CONCLUSIONS 

A self consistent model for a stationary discharge has been set 

up. It predicts deviations from the Maxwellian electron energy distribu­

tion for electron densities below a critical density n which is ge-
18 19 -3 . ec 

nerally between 18 and 10 m • Then the high energy tail of t he elec-

tron distribution Will be depleted when radiation escapes . As a con~ 

sequence the ionization degree will be l ower when compared to the 

value given by Maxwellian models . 

The main cause of deviations f rom the Maxwellian distribution is 

represented by the non-elastic coll.isions resulting in the transitions 

between the ground state and the first excited state of cesium. For 

electron densities larger than nee' the energy transfer to the tai l due 

to elect ron electron interaction is much larger than the energy loss due 

to non-elas tic collisions; then the electron energy distribution is Max­

wellian. For electron densities lower than n both energy transfer pro-
ec 

cesses are of the same order and consequently the electron energy dis-

tribution is non-Maxwellian. 

When the electron density decreases further below the cri tical 

value, t he tail of the electron dist.ribution in the stationary discharge 

becomes more and more depleted. As a consequence of that, when the current 

density decreases, the discharge has to be sustained by an increasing 

electric field. 

Time dependent calculat ions of the ionization process, which in ­

clude deviations from the Maxwe l lian electron distribution, show a t 

low electron densi~~es re l axation ionization times longer than those 

resulting f rom Maxwel lian mode l s . Tnis is a consequence of two effects 

appearing as soon as a non -Maxwellian electron energy distribution has 

to be taken into. account . In this case the densities of the electrons 

and of the excited states in the i nitial conditions as well as the rate 

integrals f or excitation and ionization are lower than when calculated 
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under the Maxwellian assumption. 

An arc discharge in an Ar-Cs mixture is experimentally investigated . 

Under stationary conditions the current range is 0 .2 7 S A and corresponds 
20 20 - 3 

to electron densities of 1 x 10 ~ 4 x 10 m . During the stationary 

discharge L. T.E. is observed . 

Conditions f or deviations from a Maxwellian electron energy distri­

bution are realized during the afterglow of the discharge . For low values 

of n !~ 1019 m- 31 the electron interactions are not efficient enoup,~ 
e 

to thermalize the energy gained by the tail electrons owing to the de-

excitations from the first excited state. Consequently the tail of the 

electron distribution becomes overpopulated . As the values of Te and 

ne in the inlet region of the MHD generator are of the same order as 

realized during the afterglow. deviations from the Maxwellian shape of 

the electron energy distribution have to be expected there too . During 

the ionization of the plasma the energy loss caused by the excitation 

to the first excitsd state of cesium is not thermalized by the electron 

electron interactions and the tail of the electron distribution becomes 

depleted . 

Mini(Tlurn values of the current are measured in MHD generator experi­

ments . They correspond toe current density J and related e lectron den-
T 

sity, where a transition from the non- Maxwellian to the Maxwellian regime 

is expected . When the current density is larger than J
1

, the electron 

distribution is Maxwellian. When the current density is lower than JT. 

the electron distributi on is non-Maxwellian. In t he latte r case the elec­

tron distribution is underpopulated et the high energies and the onset 

of the non-equilibrium becomes difficult . The relaxation ionization pro­

cess is retarded and leads to a long relaxation length . 

For stagnation temperatures of 2400 , 2000 and 1800 K and a stagna­

tion pressure of 8 bar, electron densities of 3 . 4 x 1020 . 4.5 x 1019 

and 1 . 2 x 1019 m- 3 are obtained in the stagnation region of the shocK 

t ube. These values lead to electron densities of 4.2 x 10
19

, 5 . 6 x 10
16 

end 1. 5 x 10 18 m- 3 and to a pressure of 1 bar in the entrance region of 

the MHD generator . In the experiments at a magnetic field of 3 T and 

with a seed ratio of 10-3 (see Ref . 1 Chap . VJ , a short relaxation 

l ength (~ 1 cm) has been observed for r
5 

; 2400 K. The relaxation 

length increases to 15 cm for T5 = 2000 K. A limiting case is given 

for r
5 

= 1800 K where LR is 55 cm . The va l ue of nee calculated for a 
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seed fraction of 10-3 is 5 x 10
18 m-3 In the first case n

5 
= 2400 Kl 

the inlet electron density is larger than nee and the dischacge develops 

from a Maxwellian initial condition. The non-equilibrium conductivity 

is easily built up. For the second case CT
5 

• 2000 Kl the inlet elec­

tron density is about equal to the critical electron density n
80 

where 

the transition between non-Ma~wellian and Maxwellian reginis is expected. 

The onset of the discharg·e is more difficult thart in the former case 

but the non-equilibrium regime can still be built up in a reasonable 

distance from the inlet of the generator. However, when the inlet n
8 

is smaller than "ec (T 5 = 1800 K J the onset. of the non-equilibrium 

regime becomes critical . Below 1800 Kit is not possible to obtain a 

sufficient non-equil ibrium conductivity without increasing t he inlet 

electron density by means of a proper pre-ionizer (Sec. V-61 . 
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SAMENVATTING 

In dit werk wordt het begin van de· ontwikkeling van het niet-eyen­

wichtsgeleidingsvermogen in het ingangsgebied van een edelgas-MHO-genera­

tor zowel theoretisch als experimenteel onderzocht. Het relaxatie-p roces 

dat uitmondt in de niet-evenwichtstoestand hangt hoofdzakelij k af van het 

aantal ionisaties per volume per tijd. Bij lage gastemperaturen wordt het 

ionisatie-relaxatieproces de beperkende faktor voor de werking van de 

generator . 

Afwijkingen van de Maxwellse vorm van de energieverdeling van de 

elektronen zijn bij lage temperaturen van invloed op een ontlading . De 

inelastische botsingen die de overgangen van de grondtoestand naar de 

eerste aangeslagen toestand van hat cesium atoom veroorzaken , leiden tot 

een verlies van electronen met hoge energieen. Bij lage elektronendicht­

heden is de thermalisatie door elektron-elektron botsingen niet efficient 

genoeg om dit verlies te compehseren, zodat de staart van de elektronen­

verdeling ontvolkt wordt . Het gevolg hiervan is een afname van het aantal 

1onisaties per volume per tijd , dat immers volgt uit het aantal botsingen 

van cesium atomen met elekt ronen van hoge energie . Hierdoor bouwt de elek­

ttonendichtheid zlch minder s~el op den verwacht wordt volgens theorieen 

die een Maxwellss verds ling gebruiken . 

Eerst wordt een in zichzel f consistent model opgesteld van esn ontla­

ding in een mengsel van argon en cesium bij atmosferische drukken . Vol­

gens het mooel ontstaan afwijkingen van de Maxwellse verdeling van de 

elektronen bij elektronendichtheden lager dan 1018 
7 1019 m- 3 indien 

straling kan ontsnappen . In hoofdstuK III warden afwijkingen van de Max.­

wellverdeling van de elektronen opgenomen in een model waarmee bereke­

ningen warden uitgsvoerd aan het tijdafhankelijk gedrag van de elektro­

nendichtheid en van de bezettingen van aangeslagen toestanden zoals dat 

volgt op een verandering van de elektronenenergie . Er wordt door cteze the­

orie een toename van de karakteristieke ti jd voor ionisatie-relaxatie 

verwacht. 

I n een ontladi ngsexperiment zijn twee omstandigheden onderzocht: een 

stationaire boogontlading en hat nalichten ervan. De hoogste waarde van 

de elektroncHchtheid die is verkregen ender stationair.e oondities is 
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4 x. 1020 m-3 , de laagste is 1 x 1020 m - 3 Gedurende de stationaire ont­

lading is L.T.E. waargenomen. Lagere elektronendichtheden zijn geme-

ten gedurende net nalichten van de ontlading. De waarden van n
8 

en Te 

die dan gerealiseerd warden komen overeen met die welke zich vaardaen in 

het 1ngangsgebied van de MHD-generatar. Gedurende het nalichten van de 

ontlading komt het plasma i fl een taestand die aanl.eiding geeft tot afwij­

kingen van de Maxwe ll se vorm van de energieverdeling van de e l ektronen . 

Een experimenteel anderzaek naar de overgang van lage naar hage 

straam in de MHO- generator wordt in tioafdstuk V beschreven. De omstandig­

heden bij het ontstaan van de niet-evenwichtstaestand komen overeen met 

die welke zich voordoen bij de overgang van de niet-Maxwellse naar de 
< 18 -3 

Maxwellse toestand. Vo or een lage ing.angswaarde van n
8 

('V 5 x 1 O m ) 

wardt een niet-Maxwellse elektronenverde ling verwacht waardaar de niet ­

evenwichtstaestand maeilijk opgebouwd kan warden. Het gevolg hiervan is 

dat de relaxatielengte grater wordt. Bij een magnetische induktie van 
18 -3 

3 T en een ingangswaarde van ne kleiner dan 5 x 10 m warden relaxatie-

lengten gevonden die grater zijn dan 50 cm . Als de ingangswaarde van n
8 

gelijk is aan 5 J< 1018 m- 3 den is de relaxati eleDgte 15 cm. Hogere in ­
gangswaarden van n leiden tot k,artere relaxatielengten . 

e 
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STELLINGEN 

-1-

The bu1lding up of the non -equi l ibr ium regime in noble gas ~lHO 

generators is achieved through a transitioh from a regime where 

the electron energy distribution is descr-ibed hy a non-Maxwellian 

function with a depressed tail to a regime where the electron 

energy distribution is described by a Maxwellian fun~tion. 

-2 -

When the non-equilibrium has been built up in a noble gas MHO 

generator, the plasma is in a state of local thermodynamic 

equilibrium. 

- 3-

Oue to the large line broadening compared to the optical resolution 

of tne rnonochromator . in many experiments the observed line in ten ~ 

sities resulting from the high states of cesium appear to be low . 

This is not caused by the depletion of the h:igh states as stated 

by several authors. 

For exC'JTq:>Ze: E. E. Antonov et at., High Temp . , 

Vol. 14, p. 1032, 1975 . 

-4-

The strongly non-linear dependence of the ionization pr ocess an 

electron density , favour s the growth of the current constricted 

in streamers observed in noble gas MHD generators. 

-5-

It is possible to describe the establishment of the non-equilibl"ium 

conductivity through volume relaxation phenomena assuming charge 

neutrality. 

- 6-

The main difference between open cycle and closed cycle MHD generators 

is the way to achieve the necessary electrical conductivity of the 

f low. In opGn cycle the required conductivity is realized at the gas 

t emperature and is a l ready present at the inlet of the generator 



wnere;is in closed cycle the non-equilibrium conductivity has ta be 

built up by the Joule heating inside the generator. 

-7-

The order 1~hich man attributes to natural phenomena is only a means 

of man to know them . The consciousness that nature does not know 

that order is the basis of scientific work. 

See also: A.M.S. Boethius, "De consolatione 

philosophiae", ea. 524; i. WittgeY!stein, 1'T1•actatus 

logico- Philosophicus", 1921. 

-8-

The evolution has no aim. 

See also: C. DaAAn, "On the evolution of species", 

1859. 

-9-

The worth of a man for ttie community in whicti he lives depends. on 

the contributions of his sentiments, his thoughts and his actions 

to the development and the life of the other men . 

A. Einstein, "Mein fveztbitd!', 1934 . 

-'10-

The shortage of energy is one of the major problems that modern 

technol ogy tries ta solve . On the other hand modern t echno logy 

requires larger and larger quantities of energy. 

-11-

At present, Italy is struck by two kinds of terl'Ori~m : the terrorism 

of weapons and the ter~orism of information. The latter is much mare 

dangerous as no police can fight it. 

To do something new within a tradition is a contradiction but 

sometimes new ideas can arise from tradi tianal practices. 

Eindhoven, 1 juni 1982 . C. A, Borghi 


