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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 MHO generator is
investigated both theoretically and experimentally. The relaxation pro-
cess that leads to the non-eguilibrium 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 discharge is influenced by deviations
from the Maxwellian shape of the electron energy distribution. The non-
elestic collisions which cause the transitions from the ground state to
the first excited state of cesium yield a loss of highly energetic elec-
trons. At low electron densities the thermalization process due to elec-
tron electron collisions is not efficient enough to neutralize this loss
so that the tail of the electron distributicn is depleted. As a conseguence
the ionization rate, resulting from collisions of Cs atoms with the more
energetic electrans, decreases. Hence the electron density does not
build up as fast as predicted by theories in which & 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 for electron densities below
1013 = 1019 m-3 in cases where radiation can escape.

In chapter III deviations from the Maxwellian shape of the electron
distribution are 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 increase af the characteristic time for
ionization relaxation is predicted by this theory.

In a discharge experiment two conditions are investigated: a sta-
tionary arc discharge and its afterglow. In the stationary situation
values of the electron density from 4 x 1020 down to 1 x 1020 m_3 have
been obtained. During the stationary discharge L.7.E. has been observed.
Lower electron densities have been measured during the afterglow. The

values of Ny and TB realized here, agree with those present in the entrance
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region of the MHD generatar. 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 MHO generator, is described in chapter IV. The conditions
during the onset of the non-equilibrium regime correspono to the condi-
tions at the transition from the non-Maxwellian to the Maxwellian regime.

' W
) m ~) a non-Maxwellian elsctron

For a low inlet value of nE[§ 5 x 10
distribution is expected so that the non-eguilibrium regime becomes diffi-
cult to be built up. As a result the relaxation length becames longer.

For a magnetic induction of 3 T and an inlet value of g lower than

9 % 1018 m_3 relaxation lengths larger than 50 cm are obtained. When

the inlet value of n, is 5 1D15 mq3 the relaxation length is 15 cm,

Higher inlet wvalues of ny result in shorter relaxation lengths.
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NOMENCLATURE

a transmission of the discharge tube

a' fitting coefficient for the momentum transfer cross
section of argon

a radius of the first Bohr orbit for hydrogen

A Einstein coefficient for spontaneous emission for the
ji ;
j to i transiton

Aii Einstein cn?fficient for spontaneocus emission corrected
far the radiation trapning

Ali rate integral for two body recombination to the ith state

Aii rate integral for tgn body recombination corrected for
the radiation trapping

bij fitti?g coefficient for the excitation cross section
fram i to j

B magnetic induction

c yelocity of light (c = 2.888 x 105 m/sec)

CE van der Waals constant

Bd correction factor for the critical electron density

d plasma dimension

Da ambipalar diffusion coefficient

DCE diffusion coefficient of the ground state atoms of
cesium

Di diffusion coefficient of Cs' ions

2 electron charge (e = 1,602 x 10-19 (]

E electric field \

Fb(EE], thzol bulk and tail electron energy distribution function

gy degeneracy of the ith state

h Plank's constant (h = 6.626 x 10 > 1 see)



Iw, Iw

Kij
ij
iA

Ri

i

=

=1

p=|
(]
1]

light intensity of the tungsten ribbon lamo measured
with and without the discharge tube an the axis of
the optical system
glectrical current
pre-ionization current
minimum current

' “23 )
Boltzmann's constant (k = 1.381 % 10 !
assorption coefficient at the line center

rate integral for excitation for the j to i transiton

rate integral for deexcitation for the j to i transi-
ton

rate integral for ionization from the ith state

rate integral for three body recombination to the ith
state

current density

critical current density for the trapsition from Max-
wellian to non-Maxwellian regime

pre-ionization current density
minimum current density

relaxation length
electron mass (me = 8.11 % 10_31 Kgl
mass of the particle i

26

mass of the Ar atom (mﬂr = 6.683 x 10 ke )

23

mass of the Cs atam (m._ = 2.21 x 10" Kg)
argon number density

cesium number density

electron density

population density of the ith state
normalized electron density

narmalized population density of the jth state

partial pressure of cesium



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 to the non elastic collisions to
the bulk and the tail electrons

total electron eriergy loss due to non-elastic collisions
pre-ionization power

thermal power input

discharge raduis

Rydberg's constant (R = 13.8 eV}

load resistance

seed ratio

electron temperature

gas temperature

population temperature

stagnation temperature

tsil electron temperature

wall temperature

gas velocity

velocity of the emitting part of the plasma
electron veloeity

streak velocity

voltage

battery voltage



Ar

ei

ij

Al

o o §

Cs

minimum voltage

Hall voltage

streak angle

recombination coefficient

radiation escape Tactors

half width for totsl broadening

half width for resonance and van der Wasls broadening
electron energy

energy separation betwesn the ith state apd the jtn
state

ionization energy for the state i

% F/m)

permittivity of fres space (e_ = 8.854 x 10°
number of eguivalent slectrons in the ith state
wave length

thermal conductivity of argon

wave length corresponding to the transition from the
jth to the ith state

arguments of the Coulomb logarithm
Cs’ ions mobility

momentum transfer collision frequency for the collisions
between electrons and 1 particles

radiation frequency corresponding to the transition from
the jth to the ith state

electrical conductivity

mamentum transfer cross section for collisions of the
electrons with argon and cesium

electron ion momentum transfer cross section

momentum transfer cross section for collisions between
glectrons and particles i

inelastic collision cross section for the i to j tran-
sition

radiative recombination cross section for recombination
to the ith state



characteristic time for the electron density relaxation

olasma freqguency






Chapter I

INTRODUCTION

I.1 BACKGROUMD

When a charged particle moves through a magnetic field it experiences
a Lorentz force directed perpendicularly te the velocity of the particle
and to the magnetic field. The conversion of thermodynamical energy into
electrical energy is based on this phenomenon. In conventional turbo-
generators the electrical power is produced by the rotation of a solid
conductor between the poles af 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 obteined from the
combustion of a fassil fuel or by a nuclear reactor. The MHD [magneto-
hydrodynamic) generator produces electrical snergy by enthalpy extrac-
tion from a conducting fluid which moves through a magnetic field. In
this device the rotor is eliminated and the energy of the plasma flow
is directly converted into electrical energy. The conversion can start
at the temperature of tne heat source. The Carnot efficiency of a ther-
modynamical system can be increased by increasing the ratio between in-
let and putlet 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 approasching 50% with a caost of electri-
city lower than that of competitive systems (1].

A first type referred as open cycle MHD, employs the combustion
products directly as working medium. The oxydized fossil fuel, ususlly
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 operation of large scale facilities.



In the United States the development program consists of a two
step approach to commercialization. Phase I is mainly based on investi-
gations carried out in the Component Development and Integration Facility
(CDIF), & 100 MWt facility in full operation in the state Montana. For
phase II an Engineering Test Facility [ETF) of 200 MWe is proposed to
be built.

The USSR National Program pursues the construction (to be completed
in 1985) of a commercial MHO combined cycle power plant in Ryazan to be
followed by the construction of similer plants in the metropolitan areas.
The design of the U 500 Ryazan Power Station (250 MWe MHO topping, 250
MWe steam bottoming cycle) is based on the results of the U 25 facility
which, connected to the net of Moscow, has generated 20.4 MWe.

The closed cycle system [CCMHD) utilizes a seeded noble gas as the
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 K). This eliminates the severs material problemes
present in the open cycle MHO. Besides a fossil fuel combustor the noble
gas MHO system can be coupled to a solar heater (2) or to 2 thermonuclear
reactor (3].

During the late sixties electrical power generation in CCMHD gene-
rators has been demonstrated by blow-down experiments (4] with test times
of about 10 sec. Electrical outputs up to 8 kWe were obtaired in these
experiments. In shock tunnel MHO experiments with noble gases (test time
~ 5 msec] power densities over 100 NWE/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 rasults the work on CCMHD was fo-
cussed on a system which utilizes a fossil fuel heat source (6], A 5 MWt
blow-down facility coupled to a propane fired heat exchanger, has been
constructed at the Eindhoven University of Technology. Ouring the first
series 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 oocurring
in plasmas for CCMHO generators at the low current density regime in
the entrance region of the gensrator. A high enthalpy extraction depends
on the level of non-equilibrium conductivity which can be attained in
a noble gas plasma with a temperature of 2000 K. The required level of

conductivity has to be built up in a sufficiently short distance behind



the entrance of the generator. The non-eguilibrium ionization caused by
the Joule 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 pessibility of
building up the non-equilibrium regime is strongly dependent on the
phenomena that affect the plasma during the ionization when the current

is 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
gt al. in Ref. 5). The two dimensional calculaftions, carried out at
low stagnation temperature, predict relaxation lengths of a2 few centi-
meters up to the channel height whereas relaxation regions with lengths
up to the generator length are observed at low temperatures or low mag-
netic inductians. The calculations assume a Maxwellian electron energy
distribution.

The experimental data of Kerrebrock and Hoffman (2) on an alkali
seeded noble gas discharge show a transition from low ta high current
densities where a peak in the required electric field occurs (Fig. I-1).
The anomalous behaviour is attributed by the authors to a non-Maxwellian
glectron energy distribution. They argue that the high epergy 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 slectron electron collision frequencies at these low elec-
tron densities. The depletion of the high energy tail of the electron
distribution causes & 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 measurements, carried out at a gas densi-
ty of about 1!]21 m_3 and electron densities in the range 1U15 5 1017 m_3,
show that the distribution function decreases steeply above 1.4 eV,

That is in agreement witn the theoretical prediction basad on the so-

lution of the Boltzmann equation.
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Figure I-1.

Experimental electric field vs current density characteristics
for four different seeding fractions but all at about 1500 K gas
temperature using an avgon gasseeded with potassium at 1 atm total

pressure (from Ref. &),

Calculations which attempt to solve the kinestic eguation for the
free electrons are presented in Ref. 11. They indicate substantial
deviations from a Maxwellian electron distribution when the non-elastic
terms are taken into sccount in  the calculations. The salution of the
Boltzmann equation for the free electrons, coupled ta the rate eguations
for the populaticons of the excited states of cesium, is given by Dugan.
It yields a decreased ionization degree in comparison with that obtained
with Maxwellian models for electron densities lower than 1819 m_3.
However these calculations suffer from numerical problems. Shaw pre-
sents in Ref. 12 a self consistent solution of the free electron Boltz-
mann equation coupled to the rate equations yielding numerical results
for hydrogen plasmas.

Up to now no work includes the effect of a non-Maxwellian slectron
distribution on the ionization relaxation process in plasmas for noble

gas MHD generators.



I-3 AIM OF THE PRESENT WORK

The aim of the present study is to get a better understanding of
the procasses which govern the discharge at the entrance of a noble gas
MHD generator. At low electron densities the discharge seems to be
affected by a non-Maxwellian electron distributian. The main guestions
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 stegnation temperatures?

In Chap. II a self-consistent model of a stationary discharge in
an Ar-Cs mixture at atmospheric pressure, is set up. It includes the
possibility 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 will become impor-
tant. In Chap. III the relaxation of the plasma to a new equilibrium
situation following a sudden change in the electron 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 the generator. A stationary arc discharge for current densities
of Zah 104 + 4 % 104 Am‘z is investipated to cover electron densities
between 1 x 1020 and 4 x 10 20 m-3. Lover electron densities are obtained
in the afterglow of the discharge . In order to see if the plasma during
the afterglow is affected by deviations from the Maxwellian electron
energy distribution, terms of the energy balance eguation of the higly
energetic electrons, obtained 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 the 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

I1-1 INTRODUCTION

In this chapter a self cansistent model for low current discharges
will be set up. The model includes the possibility of deviations from
the Maxwellian slectron energy distribution function due to the exci-
tations to the first excited level of the cesium atoms. For this
purpose the two electron group model of Vriens (1,2] is used. In this
model the electraons are divided into two energy groups, one for the
electrons with energies smaller than the threshold 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 to describe the electron distribution in the two groups. That
allows to replece the integro-differential Boltzmann egquation for
the electron energy by two algebraic equations. They represent the
energy balance equations for the low energetic electrons and for the
high energetic electrons. This method has been already applied to low
pressure discharges (8). The comparison of the results with Boltzmann
calculations gives a good agreement (3) . In argon cesium plasmas at
atmospheric pressure deviations from the Maxwellisn distribution func-
tion due te non-elastic collisions play an important role at the elec-
tron densities investigated. In Fig. II-1 this effect is estimated.

In the figure the energy transfer term from low to high energetic
electrons, due to electron electron collisions, Pgt. and the energy loss
term due to excitations to the first resonance level, F:z, are plotted
as a function of the electron density. Vlhen the electron slectraon
collision energy terms are the dominating terms in the energy balace

of the high energetic electrons, the electron distribution is described
:2 of the same order as Pgt the tail of
the electron distribution may become deplated. In the discharge under
18, =58

investigation P:Z and Pgt are of the same order for nE 10 1 )

by a Maxwellian fupction. For P
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Figure II-1.

Energy flow from the bulk electrons to the tail electrons due

to Coulomb interastions, Fﬁt , and energy loss P?z

oo againgt the electron densi-—

by excita—
tions to the 6P level of cesium P;
ty for np. = 1022 8.
A three level model for the Cs atom is described in Sec. II-2.
It includes electron collision transitions, radiative trapsitions and
the effects of diffusion. The two electron group model is described
in Sec. II-3. Based upon it, the rate coefficients for electron induced
transitions will be dealt with. In Seec. II-4 the effects of resonance
radiation trapping and radiative recombination will be considered.
Further in Sec. II-5 a method to take into account the effects of am-
bipolar diffusion is described. A set of solutions for the plasma pa-
rameters of interest in MHO generators and & discussion of the typical

results are given in Sec. II-B.
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IT-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 cesium
atom is described by a three level model (Fig. II-2Z) consisting of the
ground state 6S, [state 1), the double degenerated GF state (state 2),
and the singly ;nnized state (state 3). The energy differences between
= 1.432 gY, € = 2.462 eV, and £ = 3.B94 aV.

12 23 13
The statistical welghts are Bs = 24 By = &, and By = 1. Electron

the three levels are:c

induced transitions, radiative transitions and diffusion processes

are taken into account. The transitions due to electron atom collisions
consist of 1) excitations from the ground to the excited level and the
reVErse processes, 2) ionizations from the ground state and the excited
level., and 3) three body recombinations to the ground state and ta the

excited level.

ions , alectrons
{€]J=3.894a\'l 3 3

BP level
l6u=l.4!2 eV A

le}z Tevel \

{ground state)

Figure II-2.
The three level model of the Cs atom where the wavy arrows tindi-
eate radiative transitions and the straight arrows indicate elec—

tron induced transitions.

The radiative transitions are 1) radiative decay of the excited atoms,
2) absorptian of radiation by ground state atoms and 3] radiative re-
combinations to the excited and the ground level. Far the radiations
of the last Kind the plasma is assumed to be optically thin. The

assumption of guasi-neutrality is made (i.e. the electron density is

16



assumed equal to the ian 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-
tral particles return to the plasma.

The rate equations for the ground state density n,, the excited

1
state density oo and the electron density Ay read:

+ B..A_.) *+

2
BV My - nyng Ky + Keg) + 0 1+ P2ifzq

1 C 1 1 12 1

e
n

2 (ko

tEE=11

J o+ BoaALLL #

=5 21721

21

=n nBK -n {nE (K 53

3 2z =
neKRE + “esz' (11-2]

F 2 3
f, nﬁv i, % 0y fn1K13 + n2R23] Ng [KR1 . KR2] -

2
g [AX1 + ﬁlzl, (I3-3)

where 72 stands for the Laplace operator and ﬁi for the partial time

derivative of ni. Dcsis the diffusion coefficient of the ground state
atoms and Da the ambipolar diffusion coefficient.

Kij is the rate integral for the transition from the i-th to the j-th
state due to electron collisions. KRi and Ali are the three body and

the radiative recombination coefficients respectively. 621A21 is the

radiative deexcitation coefficient from level Z where A,, is the

21
Einstein coefficient and 821 accounts for reabsorption.

II-3 ELECTRON ENERGY MODEL
II-3-1~ Basiec relations

The two electran 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 & belong to the first group, the electrons with

12°
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gnergies Fq Ea beleng to the second group. Two Maxwellian distribu-
tion functiaons are assumed to describe the two slectron energy groups:
fb[sgl for the bulk electrons with a temperature Te’ and ?t[eeJ for

the tail electrons with a temperature T

£
H &, z E
£ g )= 2 exn(— -—-) i (II-4)
B mlkT ]3 H'Te
e
£ H E
FE Ty Sy e B Exp(, _) (11-5)
e 3 T
ﬂ{th] t

where € s is the energy of the electron, k is the Boltzmann constant.
The electron distribution function has to fulfil the normalization

candition. The expressions given in egs. II-4 and II-5 do fulfil this

condition in a good approximation as discussed in Appendix A.
Separate energy conservation eguations can be written for either

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

bulk electrons respectively:

t .t bt _t - tb 2
PE + le + P31 + P32 + PC = Pel + P12 + F13 + st + PC , (I1-B1]
5] b b tb b bt

PE *'Pyg * Byg ® Pog W B mFoq * By ¥ Pge ™ Pog ¥y (1227

where the terms on the left hand side and right hand side of eq. II-B
and 2q. II-7 stand for the local energy gain and loss respectively.
The subscripts E, 219, 31, 32, el, 12, 13, 23, C denote: electric field,
deexcitation from level 2 to 1, recombination to level 1 and to level
2, elastic collision with the heavy particles, excitation to level 2,
ionization from level 1 and 2, electron electron Coulomb interaction.
The superscript t (b) refers to the tail (bulk) electrons. The terms
Pgt and PED, represent a flow of energy from the bulk to the tail and
from the tail to the bulk due to electron electron interaction.

The contributions of the bulk and of the tail electrons to the
average of the quantity A over the electron distribution, are indica-

ted as:
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€12

<A>

]

b
AT (seldse . (II-8)

4
<A>

[}
.“""“‘E

X
Af fealdte = [II-3)

The terms in eq. II-6 and eq. II-7 will pe now defined. The electric

field and elastic collision terms in the tail are:

2.2

pt ) nee E » Ve )t
E 3kT Lo.n ;s (11-10)
= R g

3

2m
- e L N
Pel ineni e 5 VEUifEE—Eg]3 ’ (TI=19)

g

[l b
PE and PEl

and eq. II-11 E is the electric field, & and m, the electron charge

result from replecing the subscript t by b. In egq. II-1C

and mass, and ¥ = (Zze/melé the electron velocity; r1i and mi are the
density and the mass of the atomic species i which constitutes the plasma,
o, its momentum transfer cross section for elastic collisions and sg

is the gas energy. The formulas given in eg. I1-10 and eq. I1I-11 are the
standard expressions for the Joule heating and the glastic collision

loss term (4) where the integration average in the whole region of the
elpctron epergy is replaced by the integrations in the tail and in the
bulk region. In eqg. II-11 the energy of the heavy particies is neglected
when P;l is considered for the tail electrons,

The excltation and ionization terms are:

t£12+zij)
5. _ t 3 t
Py =P Vel I Vet BBy 1 e IRGY
ot 5 (11-12)
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P® = nn .[ Vg, (e.~6, JF Te de_, (11-13)
2 ij & 1) e e

where 1 £ j; 4, i = 1,2,34

Here Uij denotes the inelastic electron collision cross section for
the transition 1 + j. The first term in the right hand side of eq.
IT-12 asccounts for the excitation energy difference between the lewvels
i and j. the second term accounts for the fact that an energy EE‘Eij
is transferred from the tail to the bulk during an excitation or an
ionization. This energy is transferred to the bulk electrons as piven
by eg. II-13.

Similarly for superelastic collisions:

b

B Tl
Pji = nenj (UeriEji> <chjiaE} ‘ (17-14)
P?. =nn.c<va, es” (IT-15)

ii ej e jie ¥

! F . t
The Couwlomb terms are derived by Vriens in Ref. 5. The term F'Ctl

is obtained as the summation of twao expressions. The first one accounts
for the almost continuous slowing down of all the tail electrons cue

to the collisions with the bulk slectrons [small energy transfer) and
is related to the stopping power averaged over the electron energy
distributiaon ft[se], The second term represents the abrupt energy

loss € when a tail electron is reduced below g,_. For the case of

12 12

interest in this investigation PEb is given by the following expression:

24 8 : B

tb _ 2( & == TS = in A i B
P e (4w5 ) (512 ® th) ( . 3) e ( KT )‘

o mE[kft] t

(IT-16)

where

5 o =2 e
A= KTy feyy = 5 KT 00 )77, (11-17)

i
mp = [neez/mesml’ is the plasma frequency, f = h/2m where h is Planck's

constant, and £y is the permittivity of free space., In equilibrium
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{TE = Tt]' the flow of energy from the tail to the bulk is balanced by
an equal flow of energy from the bulk to the tail due to the electron
glectron collision, then Pgt is equal to the expression given by the
2q. II-18 where Tt is replaced by TE. The same experession of Pgt is

assumed also to be valid for TQ 7 Tt.
I1-3-2 Rate integrals

Excitations and ionizations depend on the tail electron snergy.

Hence assuming 1 < j, i, j =1, 2, 3, it follows:
By TS F, . & s [II-18)

The excitation and ionization cross sections for the Cs atom are
known from several experiments (Refs. 6 and 7 respectively].
The following analytic expression fit for experimental values is

used:

£
. B |
Uij bij (1 = ) o FRr Be 2 Eij‘

g
[11-19)
Uij =0 . far B ® Eij.
Here the b, , coefficients, obtained by the fit, are:
By o8 A e AL DO o e ®, G Rl e i e = B R A
12 B m o Byg wd e m-, and b,y <8 % m

When the rate integrals (eq. II-18) are calculated with the cross

sectians of eg. II-19, it follows:

BKT. \ 3 E. .
= t o N =2 2
Kij = bij(ﬂm ) Bxp ( T ) J (II-20]
= t
In equilibrium (Tt = TE} the principle of detailed balancing yields:
n, X
Koy = Ko\ 7 ] (11-21]
2
n. %
i :
= — ) 5 oF = 1.2, %
Kﬁi Kis - 2) oF 1 = %,2 (1I-22)
e
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n Vg
_n.; = —é-z—- exp [E"?/KTE} i (I1-23)
mn ¥* 2 3/Z E
i = h = =
( —2) - ‘i(i:ll'-mT ) g— exp {ElafkTE) 2 (I1-24]
4 g B 3

The deexcitation and the recombination rates given by eqg. II-21 and
I11-22 respectively,are also used for the case where Tt 7 Te' replacing

Tt by TE in the expression of K That is in agreement with the

ij’
dependance of this type of nonelastic collision on the bulk elsctron

Energy.
I7-3-3 The tail balance equation

The energy balance of the tail electronsis given by eg. II-G.

The Coulomb terms Pgb and P?t are given in Sec. 1I-3-1.
A further simplification is made in the terms P; and le'

In the plasma censidered electron collisions with Ar atoms are do-

minant over other electron collisions involved in F't and P;l for

E

electron energies higher than e Thi= is not the case for smaller

12"
€t That follows from the comparison of the electron momentum cross
sections for argon and cesium as it can be seen in Refs. 10 and 11. For

the energy range e S-Ee < 3 eV, the momentum transfer cross section of

12
argon (10) can be represented by

o = a'e [T1=-253

2

where the fitting constant is a = 7.428 x 10 m2/J. Then from eq. II-10

and eg. II-11 it follows that

2.2

2n e E £
; e 2 Bt .
PE i (- 3 ) exp ( th ). (II-26)

Ar WmE(KTtJ

=
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3 2 2 3
x% €12 * aeqtht + 5512(hTt1 * B(th) x
€
* Bxp |\~ 2 P {IT-27)
KTt

Far the nonelastic collision terms in the tail energy balance the
following approximated ewpressions can be used instead of the exact

integrals given by eqs. IT-12 angd II-14:

<
Fij = neniizij * ZhTtl kij i (II-28)
t
P, = -
ji nenj{aiJ + ZkTe] Kji i (11-29)
where the K,. and K., are given in Sec. I1I1-3-2,
ij ji
IT-3-4 The bulk balance equation
Adding eg. II-B to eg. II-7 yields
b t b t
Fo ¥R & B R d B s (11-30)
Here PNEI is given by the nonelastic collision terms of eqs. II-B and
I1I-7. From egs. ITI-12 - 1II-14 it follows
3
t
o = E: R AN (B 5 -
Nel i,3=1 g4 eddij
i<j
3
- 2 e i T T 5 (I1-31)
W ¢
i<j
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Henoe

3
pNel =iy 2 Eij (niKij = njﬁji}
i.3=1
|

[IT=32]

Using for the Joule heating terms PE + Pé and for the elastic collisziaon

b .
losses terms Pel + le standard expressions, =2qg. IT-30 becomes

<

1
IS bl
i P

JE = 3kn.on_ (T _-T [I1-33)
e e a

g Nel *

Here Ui is the momentum transfer collision frequency between an elec-

tron and a heavy particle of the species i, and my is the mass of the

heavy particle.

For Ohm's law:
J = gE , (11-34)

where J is the current density and o the plectrical conductivity:

2
ng®
o= P (TI-39)
m Ly,
ej 1

The heavy particle species contributing to the momentum transfer
collisions are Ar neutrals, Cs neutrals, and singly ionized Cs atoms.

Hence for Ar and Cs atoms

4
&kTE) 3

Vi =Redy (iﬁ;~ ‘ (TI-36])

The following expressions of the momentum transfer cross section are
introduced for electron collisions with cesium and argon respectively:
] < ey

o =5 x 10 m

o s (11-37)

T

@ 2
1600 D.Sﬂ) m . ({11-381

- v
= 0.28 x 10 &l (

q
Ll

Ar



According to Ref. 9, the electron ion momentum tranafer cross section

ist
-0 _- 2
By, = BBk A0 T2 AnkY @ « (11-39)
er e
where
A= 1.24 x 10 =] (II-40)
e

Using eg. IT-35 for o, the influence of the non-Maxwellian elec-
tron distribution on the electrical conductivity is neglected. The
same approximation is used in the expressions of the Joule heating
and of the slastic collision losses. A discussion about this assumption

will be given in Appendix B.
II-4 RADIATIVE TRANSITIDNS

IT-4-1 Resonance radiation

In the plasma under investigation the effective probability of
radiative deexcitations to the ground state are considerably reduced
by trapping of resonance radiastion. Moreover, due to the splittipg of
the 6P lewvel into the BPS/Z and the EP1,2 levels, the radiative
transport for the two different lines has to be considered. In or-
der to do that, the EP1/2 and the EPS/Z levels ars assumed to be
strongly coupled by electron collisions. As the energy level se-
paration Ae is much smaller than the average slectron energy
(Ae = 0.08 8V1, the ratio of the pumber densities in both states is

assumed to follow from their statistical weights. Hence:

n2l3/2] 82[3/2]

= . {11‘41 ]
na(172)  8,(172)

n2[3/2] - n2[1/2] =n (I11-42)

2 ’

where the subscripts 3/2 and 1/2 refer to the levels 5P3/2 and EP1/2

respectively. The statistical weights are: 32(3/2] =4, 32(1/2] = 2.
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Then it follows:

&t 3 = 2
h2[1/2] 3 n2 i 02[3/2] Sl n2 " (I1-43)
and
N3
n2A21621 = En {A2111/21821[1/2] + 2A[3/2)821[3/E]l . [II-44)

Thz Einstein coefficient A21' corresponding to the transition j = 1,

is caleulated from the absorption oscillator strenght fji and the
radiation freguency vji
B. 2
2re 2
Rraw= == SRR o gt (II-45)
i
d gj Bt c3 i ot S
oe

Here c is the velocity of light. Values of the optical psecillatar
strengths for cesium are available from ssveral authors (12,131. The
semiempirical values of the oscillator strengths given by Fabry are
used in this study.

By solving the equation of radiative transfer the radiation escape
parameter Bji is calculated as:

Bji - u{wknd] & [II-48)

where d is the characteristic dimension of the plasma ano &G 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
Larentz broadening and a nearly parabolic profile of the density of
excited atoms, Holstein (14) gives: a = 1.150 in an ipfinite slab

of thickness d and & = 1.715 in a ecylinder of radius r = d.

The spectral profiles of the resonance linesemitted hy the &P
atoms are dominated by collisional line broadening mechanisms: van
der Waals broadening (foreign perturber) and resonance broadening
{like perturber). At the plasma pressures investigated the influence
of natural broadening. Doppler broadening and Stark broadening are
negligible. A dispersion profile can be assumed to describe *he line

profile. Hence the absorption coefficient at the center of the line is:
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Figure II-3.

Radiation escape parameter as a function of the plasma dimension.
A eylindrical geometry is assmumed. 821 for the transition
6P3/2 + 63133 ig given in Fig. IT-3-4. Boy for the transition

SPI/Z - 651/2 18 given in Fig. II-3-B. In both figures the

plasma parameters are: T % 2500 K, Tq = 1000 K and pq = 1 bar.
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where Av is the half width of the spectral line. In the case under
investigation the following relation holds:

Av = Av, + Av : [II-48)

K W
The contributions of Lhe resonance broadening and of the van cer
Waals broadening to the half widtn of the line, are given by the

evpressions (15):

g o (&Nt
&UR =- '2-—-——E ———) l‘if‘incs (IT-49)
16n°e_ Me® By o d '
(]
Cs\2/5 BKT i i 3z
Av = 2,71 | = — £ + ) Bty 3 (TI-51)
W h m My m Ar
jal Cs

In eq. TI-45 *ji stands for the line wave length. In eg. II-50 E5

stands for the van der Waals constant, as given by Mahan (18).
Calculated values of the radiation escape parameter for the

transition BP + ES1

3/2
given in Fig. II-3.

and for the transition BP1 - 551 are

/2 /2 /2

IT-4-2 Radiative recombinations

For low electrons densities (ne < 1020 mq3] two body recombina-
tions of the kind e + Cs - Es* + hv become more important than three
body recombinations. The plasma is transparent to recombination ra-
diation. The inverse process. photionization, is negligible. The
rate integral for two body recombinations is given in terms of the

corresponding cross sectian Ulj by

o

_ b X
ij = [ Ueahjf [eeldeE . [ITI-51)

o

By describing the radiative recombination cross section as

af

R § =
Ulj = (I1-52)
=1

<
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eg. 1T becomes

A=

m
= e
By = 20”( Z“TE) . (11-53)

The wvalue of the cross section for radiative recombination to the
6P level of cesium 1s taken from Norcross and Stope (17):

= -14
Oyp = 2.79 % 10
recombination to the ground state of cesium is calculated from photo-
ionization data (18] : 6&2 = 4,97 240 8 nhmecs,

The effect of non-Maxwellian electron energy distribution with

mafsacz. The value of the cross section for radiative

Tt 7 Te is not considered by eq. 1I-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 decreases
toward the boundary, diffusion of charged particles will be present.
The charged particles will recombine 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 recombination, are considered
to be in the ground state. Hence in eqg. II-2 the diffusion of Ny
particles is neglected [19). If the system is assumed to be in steady
state, it is A, = A, = ﬁg = 0 in eq. II-1 through eq. II-3. From the

1 2
particle balance it follow that

2 2
Dav . = DESV ny » [II-55)
For a characteristic dimension d the influence of amhipolar diffusion
is approximated by:

B%, == =R p (II-56)

tareys ®

The following expression is used for the ambipolar diffusion

coefficiants:
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T
b, =D, 01 + ?5]. (11-57)
' g

where Di is the diffusion coefficient of the ians. Di is related tao

the ion mobility vy by the Einstein relation:

Di/ui = kTg/e > (II-57)
The value of My for Cs ions in argon measured by Tyndal (20) is used,
o}
Further Di is assumed to be proportional to Tg“f3 L
_S(T )2’3(1 ) m?
Di = 5,18 » 10 _E_ZQD ﬁ— S—E-E. i LIT=58)

B

where pg is in bar and Tg in K.

IT-6 RESULTS AND DISCUSSION

Calculations based upon the model described above, are carried
out for a stationary discharge. In egs. II-1 - II-3 the time and space
derivatives are supposed to be egual to zero. The total number density
Nog of the Cs atoms is assumed constant. Hence

N, * e PN ='D = sn . {IT-558)

The seed ratio is defined as s = nCsanr' Then eqs. II-1,2,6,33,34
and 53 become a system of six alpebraicequations with seven unknowns
{n1a nzc nal Ta: Ttl
has a unigus soclution. In order to determine the coefficients of the

E, J1). Once one unknown is given, the system

equations an interactive method has been used. In this section the
most important results will be presented and discussed.

The model describes the electron energy distribution using two
parameters: the bulk temperature TB and the tail temperature Tt.
Fig. II-4 shows the behaviour of TB as a function of Tt.

For decreasing Tt the bulk temperature begins to deviate from Tt and

reaches a minimum. For T, below this critical value, the discharge

t
gan be self-sustained only for an increase of the bulk temperature.

A lower bulk temperature cen not balence the resonance radiatian
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Figure II-4.

Bulk temperature as a function of the tail temperature for

-3
T = 1000 K, =1bar, =10 %, d=1 en,
g Pa

As it can be seen in Tab. II-1, when Tt = TE. the Coulomb electron
glectron collision terms are much higher than the other terms in the
electron energy balance which is reduced to the condition for Max-

wellian electron distribution:

PC = PE " (IT-E0)

With decreasing Tt' the number of ionization processes, dependent on
Tt. decreases. That is followed by a decrease of n. and of Pgt [jnzl.

The excitation and ionization energy losses depend only linearly on

ng and reduce with a smaller rate. Among them the excitation term to the
¥ tb
12 = Fg
& Maxwellian distribution function fails. The electron energy in the

first excited level is dominant, and when P the condition for

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

a1
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bt th t t t t t t
P =
ne n2 TE Tt c F‘E P‘IZ P21 P23 P13 PE Pel R n2821A21£12
(10 m-31 (K] (‘IDEW m sec_1]
-3 -4 -2 -1
143 27.3 | 2500 2500 | 4280 4288 194 183 3.6x10 3.:4x10 3.4x10 4.8x10 ToE
. ) -5 -6 -4 2
23.5 10,8 | 2204 2200 B3.E BZ.B 2.0 11,3 $4x10 4.5%x10 9.5x10 3.2x10 0.62
-5 -7 -4 -3
9,22 6.71 (2120 2100) .08 7.850 3.20 2,72 5.7¥10 5.5x10 2110 8.8x10 0.39
=F -8 =5 =3
F:13 B8 | 2110 2020/ 4«07 .0.80. 0.82 0:55 B.6x10 9.8x10 5.3x10 2.3x10 n.22
-8 =9 =5 -4
0D.67 1.12 | 2405 1840) 0.11 D.03 0.12 D0.04 2.2Zx70 7.7%x10 1.4x10 3.4x%x10 0.07
Table IT-1.

Values of the main terms of the discharge

model for: T =
f g

1000 K, p, = 1 bav, 5 = 107° and d = 1 em,
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(A) Electron temperature as a function of the eleetrvon density,
and (B) eleciric field as a function of the current density for
Tg = 1000 KX, pg =1bar, g = 1&‘_3, d=1em, and for: a - Saha
equilibrium; b — Maxwellian distribution with resonance radiation

losses; ¢ — Non-Maxwellian electron distribution.
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and ionize. The exciting collisions are then the cause of deviatione
from a Maxwellian distribution af the electrons. As criterion for non-
Maxwellian electron energy distribution due to excitations, the
following expression can be used:

t bt
l=',Iz RP - (IT-61)

In Fig. T1I-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 distribotion

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
density nec whereas for the last two models considered, the relation
T, = Te is represented by a menotonic increasing function., Abaove nac'
the two group model indicates a nearly Maxwellian function: for

Mg oAl o strong deviation from a Maxwellian function arises. In

Fig. II-5-B the behaviour of the electric field E apainst 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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Figure IT-6.
Departure from the Marwellian electron distribution for several

values of the radiation eseape parameter and for Tg = 1000 K,
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The excitation energy loss P:O is not balanced by the deexcita-

tion energy gain P;1 due to the radiation. As the resonance radia-

tion term grows, the difference P:q ~ PE1
= 4

excitation energy has to be supplied in a larger amount by the tail

becomes larger. Then the

electron energy and the deviation from the Maxwellian equilibrium is
enhanced. The resonance radiation term depends on the escepe parame-
ter. The dependence of the electron distribution on the escape para-
meter is shown in Fig. ITI-6. In this cese the escape parameter is
supposed constant and equal for both resonance lines. The resonance
radiation term then becomes:

"Bz
= {A21t1/21 + 2A21[3xz1}.

PLPTLPS 3
As can be seen in the figure, for increasing 321. the critical values
of Tt (Fig. II-6-A) and Mo (Fig. II-6-B) increase.

As stated before, the non-Maxwellian electron distribution is

caused by the excitations to the first excited level of the alkali

2600

T (K}
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2200
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1800

10" 0" w0 102
ng (w3
Figure II-7.
Electron temperature as a funetion of the electron density for
several values of the seed fraction assuming: Tg = 1epox

pg = 1 bar and d = 1 em.
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4"
12
blishment of the non-Maxwellian regime depends on the cesium density.

atom. The excitation energy term P depends on n1. Hence the esta-
In Fig. II-7 the behaviour of TE as a function of g for different
values of the seed fraction s = nEsanr is shown. With increasing s.
ﬁED increases as can be expected. The corresponding value of TE de-
creases. In Fig. TI-8 the plectric field as a function of the currenk

density is platted for different values of s.

E(V/m)

400

300

200

| 1 1
100 : -
Ji10'a 7o)

Figure II-8.

Electric field as a funciion of the electron density for several
values of the seed fraction assuming: Ié = 1000 K, p_ =1 bar and
d=1am )

The influence of the gas temperature and of the gas pressure on
the electron distribution is shown in Fig. II-2. Here Ed is defined
as a ratio between the critical walue of the electron density for the

actual Tg or pg, and nEC of a reference situation. In both cases the

reference situation is defined by Tg = 1000 K and pg = 1 bar and by

22 =3
nts =10 moo.
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Figure I1I-9.
4) Correction factor of the critical electron density for gas
temperature variations. B) Correction factor of the critical

eleetron density for gas pressure variations.

The influence of the ambipolar diffusion is calculated following
the method described in Sec. II-B. In Fig. TI-10 the results of the
model which includes the effects of ambipolar diffusion are compared
to the results of the model where ambipolar diffusion is neglected.
Due to diffusion, charged parficles will be lest from the plasma
without the relative gain of the recombinatiun'energy. A deviation
from the Maxwellian distribution takes place for higher values aof
the electron density and of the current density. In the figure the

curve b is terminated at n, " 2.6 x 1015 m'a. Here the calculations
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Figure IT-10.
Comparison of the model results when the ambipolar diffusion
18 neglected (a) and when it ig taken into account (b).

stop due to numerical instabilities. In Fig, II-11 the influence of
the ambipolar diffusion as a function of the radius r of the discharge

is shown. Ed[na] is defined as the ratio between the actual nnc at

AN
AT

Figure TI-11.

Correction factor for the ambipolar diffusion of the eritical
electron density Cﬁ(nej’ and of the eritiecal current density
Cd(JJ.
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the given r, and nac far the model which neglects the ambipolar diffu-
sion. Similarly CdEJ] is defined as the ratio betwesen the actual value
of the critical current density Jc lcurrent density corresponding to
the minimal value of the eleectric field] at the given r and Jc for the
model which neglectsthe ambipolar diffusian. The calculations are

made far s = 1D-3, TE = 1000 K and pg = 1 bar.

I1-7 CONCLUSIONS

For the stationary discharge investigated, deviations from the
Maxwellian electron energy distribution take place for electron den-
sities below & critical density which is generally between 101B and
1D19 particles per cubic meter.Below this critical value of the elec-
tron density, the electron distribution has a strongly depleted tail.
The non-elastic collision losses for the excitations to the 6P level
of cesium, are the main cause of deviations from a Maxwellian distribu-
tion. The excitation lossez are not bzlanced either by oeexcitations
due to resonance radiations or by thermalization due to electron
electron collisions, therefore excitation energy has to be supplied by
high energetic electrons., Henze 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 electron 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. Ambipolar diffusion is the 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 velue, the
tail of the electron distribution becomzs more and more depleted.
In conseguence of that, the discharge has to be sustainped by an

increasing electric field as the current density decreases.
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Appendix A
The normalization condition reguires that

I fte dae =1, (TI-A-1)
U e =]

where f[:E] is the electreon distribution functian. When F(Ee] is given

by eqs. II-4 and I1I-5, eq. II-A-1 becomes

E
12 s
s I Pegne + [ e rae =1 - (11-A-2)
B =1 B =

1] 512

t
Here S is a correction factor egual to 1 when Fb(eel = F [sel.

In general S can be defined as follows:

% b t
i & [EE]deE = Jd# [ee]dEB

0 £
5 = - 12 - (T1-A-3)
12

b
L7 (e )de_

In the case investigated, the average kinetic energy of the electrons
is sufficiently small compared to 512 and the number of electrons in
the tail is small too. Hence the factor S can be taken equal to 1
with a pood approximation. For example if TB = 2500 K and Tt = 1900 K

(see Tab. II-1), eq. II-A-3 gives 5 = 1.0035.
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Appendix B

In the Chapman-Enskog approximation the electrical conductivity

1s exprassed by:

2

ne Fa
g = [ € Fle_)de . [$1-B=1]
Bl
0

IkT in.o,
N P 4
i
where f EEE} iz a Maxwellian funmction with 7 as temperature. Hence the
contribution to o of the tail electrons is given by:
Z
g LS Ve L
Wy e e b W (I1-5-2)
3KTt Enic.
LR
With the assumption made in See. II-3-3, the momentum transfer cross
section of argon is given by eg. II-Z5 snd the momentum transfer cross
section of cesium is neglected.

Eg. II-B-2 then becomes;

142

2
n.e [
7
. % B £ j) exp (- E%E ) g (11-B-3)
anﬂr me(thl \ t

By eqg. IT-35 the contribution to the electrical conodctivity of

the tail electrons is calculated as if the tail electron temperature

were TB instead of Tt' Then an overestimation of

T £

po® = 65T ) - o (11-B-4)
is made. In eg. IT-B-4 ct and ut [Te) are given by eq. II-B-3 with Tt
and TE respectivgly. In Tab. II-Z the values of o calculated by eq.
11-35, 0" and Ac® are listed for the case of Tab, II-1.

The same overestimation is made when eg. II-30 is replaced by

gq. II-33. The error introduced by the Joule heating term JE = GEZ
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£ t
nB o o Ao
(1G1Bm_3] (mho m'1]
-1 -4
143 79.1 7.7%7D 4,4%10
23,5 21.4 B.2x10° % 7.8x10
== =
9.22 9.54 1.8x10 % 1.1%10 >
3.13 3,61 5.4%x10 0 1.7x10 °
0.87 0.64 7.8x10°% 2.9x1073
Table II-Z.

Comparison of the electrical eonductivity given by eq. IT-31 and
the eontribution of the taill electrong to the eleetrical con—
duetivity for the plasma conditions of Tab. IT-1.

is given by the error in o discussed above. The error introduced by

the elastic collision term is expressed by

st =8t et T, (I1-8-5)
el el el e

where P;l and Pt [Te] are given by eq. iI—Z? for T, and TE respecti-

2 %
vely. In Tab. TI-3 the values of Pél and ﬁP;l are compared to the

t t
Mg Fai Fai #Fy

: <X,
(1D1Bm 31 [103N m Bsec ]

143 3537 480 0.35

23.5 329 32.1 D.50

9,22 109 8.81 D.B8B

3.13 ar.7 2:32 0.95

0.67 1.7 0.34 1.40
Tablie II-3.

Comparison of the elastie collision loss term given by the
right hand side of eq. II-23 and the contribution of the tail
electrons to the elastie 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 eqg. II-33, for the case of Tab. II-1.
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Chapter III

IONIZATION RELAXATION PROCESSES

ITI-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 cccurring at the inlet of MHD generators. Because of the im-
portance of stepwise ionization processes (1), the three level model of
the previous chapter can nao longer be used for the Cs atom. Besides the
ionizatien process, also the recombination process will be discussed.
This will be done on behalf of the interpretation of the afterglow expe-
riments to be described in the next chapter. The theoretical model is
developed with J.M. Wetzer (2). It includes radiative transitions. The
influence of radiation on the ionization and recombination of the plasma,
will be.discussad. The twao electron group meodel is used to approximate
the electron distribution function. For the calculations of this chapter.
an ionizing plasma (where excitation to the first excited state represents
the principal energy loss of the electrons) is represented by an electron
distribution with a depleted tail (Tt < Te]' A recombining plasma (where
deexcitation from the first excited state represents the principal energy
gain of electrons, is represented hy an electron distribution with an
overpopulated tail [Tt > Ta]‘ First the influence of radiative transitions
is considered when assuming a Maxwellian electron energy distribution.
Then the effect of a deviation from the Maxwellian electron energy dis-

tribution is determined, including the radiative transitions.
IITI-2 THEORETICAL MODEL
III-2-1 Basic assumptions

In the model adopted in this chapter only Cs atoms are supposed

to be excited and to be ionized while the noble gas will 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 the time required for the electron energy
distribution to relax to its final condition, is short compared to the
ionization relaxation time. Conseguently the final electron energy dis-
tribution is assumed to be established at t = 0 and maintasined constant
in time. The initial population of excited states and slectron density
are obtained from the stationary solution of the model for a given
initial electron energy distribution (at t < 0]. When a Maxwellian
electron energy distribution is assumed and the radiative transitions
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 relatiaon.
IIT=2-2 Atomic model

An atomic model of cesium having 10 bound states is used. Each
state is characterized by its principal guantum number and orhital

momentum [see Table 1). Energy levels higher than the 10th (70.91 10
¥

i State  Energy level Degeneracy
s1i[ev] g,
1 B3 0.4a0 2
2 BP 1.43
3 50 1.80 10
g 25 2.30 2
5 7P 2,71 &
B 80D 2.80 10
7 8s 3.0 2
g8 -aF 3.03 14
B e 3.18 B
10 70 3.23 10
11 ion 3.88 1
Table III-1,

Atomie model for cesium with level energy €11 and degeneracy g.
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3.23 eV] are assumed to be in instantaneous Saha equilibrium with
the electrons.

The collisional processes taken into account are inelastic elec-
tron atom collisions as excitation, deexcitation, ionization and three
body recombipation. Because of the lack of experimental values of cross
sections for electron induced excitation or ionization from intermediate
levels of the Cs atom, the formulae derived by Gryzinski (1965) on the
basis of a semi-classical model,sre used(3), According to Gryzinski's
theory the cross section Ui[EE.ﬂE] for loss of energy larger than or
equal to Ae by one incoming electron of energy Ee colliding with a

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

2 R 2 ‘
o, [e JAg) = 4wa [EEJ Eig[u,v]. (111.1]
where
ey
= 1= u \3/2 1\v+1 20 o 3
g2 3 (m) (1‘ :) l““z* (1 2)
* 1n l2-718 * —J Wi ” q (111.2)

Here i 5.:29 % 10_11m is the radius of the first Bohr orbit for

hydrogen, R = 13.6 eV is Rydberg's constant. Ei is the number of

equivalent electrons in the i-th level, u = eE/az and v = EiA/ﬁE where
€4y is the ionization energy for the itn level. Excitation from level
i to level j is obtained when the minimum energy loss is larger than

the excitation energy e but smaller than the excitation energy of

1]
the next level, Ei.j+1’ Hence
uij[se) = ui[ea.a i o [z €y j+1 {I1T.3)
Similarly the cross section for ionization from level i is:
A[E l = G le 'Eil} [I11.4]

The dominating radiative processes are BFP +BS resonance radiation
and radiative recombination into the levels BF and 50. Other radiative

transitions are taken into account but appear to have a negligible
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gffect on populations and electron denmsity. Oscillator strengths are
taken from Fabry (4], crosssections for ragiative recombination from

Norcross and Stone (5).
IIT-2-3 Rate integrals

The rate integrals for excitation, deexcitaticn, ionization and re-
combination are calculated for collisions with electrons having an
snergy distribution as defined in Sec. 1I-3-1. The excitation rate
integral Kij is defined in terms of the excitation cross section Uij
by :

[ = fle Jo, (e Jv_[e_lde _, (ITI-9)
ij g iy e e e e

Eij
where F[sa] is the electron distribution fumnction and Ue the electron
velocity. Using the excitation cross section from the previous section,

eq. ITI-5 gives:

Kij Er Kitai.j] = Ki[gi.j+1]' (III-6)

where Ki[s jJ is defined as;

i

Ki(Ei,j} = ‘[ F{ze]o[ee.eij)ve[cgldee. (I1I-7)

1.3

When the distribution function is given by egs. II-3 and IT-4, two
cases are distinguishable for the calculation of Kj{ei_),
J

Case a: Fij < 512. then

12
o b
Kj[zij] = f [EeIai[se.sij]vE[sa]dsE +
zij
o
t

* I f ieelai(za.sijlve[ae]dae. (ITI-8)
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Case b: 512 < Eij' then

” t 2
Kiteij] = [ f [EE]ci[Ee.Eij]vE(ee}dee. [111-9]

By
1]

The iopnization rate integral is

Kil = Kiieikl' (III-10]
and Ki(Eil] is expressed by egs. III-8 and III-S where EiJ is replaced
by Eil.

The deexcitation and recombinstion rates are derived from detailed

balancing as

n, \*
i, o u..(i). (ITI-11]
ji ij\n
J
and
ni *
F‘Ri = KiJ\(_i)’ (I11-12)
n
e
where
"\ 8y
s e = exp (ﬁij/kTE] i (I11-13)
] ]
and
L h2 3/2
('—2') = 5 (2"“1—”) gi EXpD [EiR/KTE] . [I1T-14]
Ne e e

Furthermore in egs. III-11 and IITI-12, Kij and Kih are calculated for
a Maxwellian distribution function at the bulk temperature TE (i.e.

in eqs. III-B and III-9 ft(aal is replaced by fbfsﬂll. The effect nf
the non-Maxwellian distribution is neglected for the deexcitation and
the recombination collisions as these processes are dominated by the
bulk electrons. In fact their energy threshold is zero and the thermal
gnergy of the electrons is sufficiently smell compared to E4at
In a similar way as described for excitation and ionization pro-
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cesses, the rate integral for radistive recombination to lewvel i, Akl

is calculated from

«@

Aki = f f(EE]Dli[EB}VE‘EB}dEE. (III-15)

o

I1I1-2-4 Time dependent continuity equations

In general the continuity eguation for atoms in state i can be

written as

an an
<o i b 2,
E (EE“)cnll.rad. * B n,¥y) - WAREAR
In our model diffusive effects are not taken into account. Then the
righthand side of eg. IT1-16 reduces te collisional and radiative

terms:

an, (Fmi) 5 5
e =n Nl 4 =T iy
at 3t /coll.rad, .e j#1 Jid i 191 ij

2 ¥
=gy F O TN T

3o npi. —a. S, (II1-17)
$py A ji iy 4 '

+

where charge neutrality is assumed.

Aii is the net rate integral for radiative recombination and Rij is

the net emission coefficient that takes into account the corresponding

absorptien processes, Using the radiation escape factors ﬂli and Bij'
Al. and A, are defined as follaows
Al ij
0 — o
Mt = Aifas (111-18)
Al. = A i (I11-99)
13 ijsij

The plasma is considered optically thin to recombination radiation

thusﬁk1= 15
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Using ifolstein's theary (6] 821 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 (B=1).

The assumption of Seha equilibrium for levels higher than 70 is

realised by adjusting K,. and K i According to Ref. 7, these rate

ix R
integrals should then be replaced by K%A and Kéi as follows:
o
' = -
SHES I Z Ky . (111-20]
j=n
Kb, = (i, /n2i*k: (111-21)
Ri i e iA g

where n is the number of levels taken into account. The converging
character of the summation leads to a value Far Kik which is in good

i obtained whern using Ee.n+1[=3'33 eV]

as effective ionization energy. It should be noted hnwewer that this

agreament with the rate integral K

effective ionization energy is used only for evaluating Ki)' and that
for all other processes involving the ionization energy the real value
is used.

The resulting set of stiff differential eguations is numerically
solved with a Curtiss-Hirschfelder method (8), while ng is simulta-
necusly calculated from

m

n._=n Sl X |

(I11-22)
o Cs i

5
III-3 RESULTS AND DISCUSSION

IIT-3-1 Conditions

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
. The behaviour in time of the

2
electron energy distribution is given by two step functions of the

have a discontinuity at energy €,

bulk and tail tempersture as follows:

53



—
n
-]

-
sty
i

=] 2o t t

T & for £ =n (I11-23.a)

To 2 T, = T T BB » (IIT-23.b)
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The initial conditions are given by eq. IIT-23.a. The values of Ten

and of Ttn determine the stationary solution of the model from which

the slectron density nE[c] and the population density ni[a] are derived.

The rate integrals in the time dependent eguations (eq. III-17), are

calculated from the values of TEuu and Ttm given by the final conditions
(eg. III-23.b].

The electron density and the excited state densities are calculated

for three different sets of conditions:

1) Radiation is neglected.

2]

3)

The electron distribution function is Maxwellian.

- Initial conditions

- Final conditions

{t<ol: TE = Tt =T

ea’

(t>a): TE = Tt = Tem.

Radiation is taken into account.

The electron distribution function is Maxwellian.

- Initial conditions:

5
e

t eo

= Final conditions : Te o T

t e

Radiation is taken into account.

The electron distribution function is non-Maxwellian.

With regard to the electron distribution three different possibili-

ties are considered:

a) Initial conditions:

Final conditiaons

b] Initial conditions:

Final conditions
c) Initial conditions

Fimal conditions

T
e
%
e
T
T
=}
50
e

LT
B8

Tes' Tt 3 rta
Tt = Tam.
Te = Teg
Taw* Tt = Tie
ac> T * Tyt
Tew’ Tt = Ttm'

wWhen a non-Maxwellian electron distribution function is considered,

the ionizing plasma case is distinguished from the recombining plasma

case. For ionizing plasmas T

t

is assumed to be smaller than Te due to the

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

to be larger than Te as the deexcitations and the recombinations, as

far as not balanced 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
L7
af the electron density ﬁe and of the population density ni defined as
ntE) = n,{o)
e ;K[m, = nKTb) ’ HAEE
K K

where K = e, 1, 2 ..., n and nK[m} stands for the stationary solution

of the medel at T =T _ and T, = T, .
e e= t fa

II1-3-2 Influence of radiation and distribution funetion

case 1

m. . case 2
",,Lz
P
~
=_n
B
0 I | |
1078 08 w " 0
tima | sec )

Figure III-1-A.

Development in time of reduced densities in case of a Maxwellian

distribution function, n, = 7.2x10°" w°.  Ionizing plasma,
T =T, =2100K, ? =17, = 2300 K. Case 1. No radiation
ep to ew teo

ineluded, Case 2. Radiation ineluded.
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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
medel which takes radiation into account (case 2). A temperature step
irnm TE = 2100 K to Tem = 2300 K is taken. When radistion is neglected
n, and n3 reach quickly their final values. The development becomes
slower for the higher energy levels. The electron density develaops in
the same way as the populations of the high lsvels {:elt} A ﬁiEtI,

1 = H; .3, 103

In case resgnance radiation is included a slower increase of ﬁzft]
due to a continous lpss ofparticles from level 2, is observed. As 2
consequence the characteristic relaxation times for all levels become

longer., In Fig. IIT-1-B a comparaison of the same models for a re-

=6 -5 * -4 ‘ ~1
time | sec)

Figure IIT-1-A.

Development in time of veduced densities in case of a Mawwellian
distribution funetion, et = 7.2x1981 m_g . Recombining plasma,
ys = Tto = 2500 K, Iéo = Ttm = 2100 K. Case 1. No radiation

inceluded. Case 2, Radiation ineluded.
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combining plasma with T‘cm = 2300 K and Tem = 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 whole relaxation
process is retarded in comparison with the results given by the model
which neglects radiation. The development of ?1'2('(] only remains appre-
ciably fast dus to rescnance radiation.

In Fig. II1I-2-A & comparison of the results of tne model inclu-

ding radiation with and without deviations from a Maxwellian distribution

1.0 T T ! 1
?: —casg 2 éf'
i
-—————case Jc -"l' |||
(Al
n n,J/n n II IIH
3 2/ "s 3!4' i
jl
i
i /if -

=
-
N
—
g
~
=

=

e e e T 4 ]///
#,//// //
= > ,Z'/
] e e s A |
w' 0 W ;

time | sec)

Figure ITI-2-A.
Development in time of reduced demsities, radiation inecluded,

with Maxwellian (case 2) and non-Maxwellian (case 3Fc) distribu-
tion function, n, = 7. 8x10%% w75, Tonizing plasma.

Case 2: Teo v Tto = 2100 K, Tem = Ttm = 2300 X.

Case 3e: Tea = 2140 K, Tto = 2000 K, Tem = 2300 K, Ttm = 2800 K.
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is shown (case 2 and 3 respectively). For case 2: T__ = T __ = 2100 K,

20 to
x = T = 2300 K, For case 3: T = 2700 K, T = 2000 K, T = 2300 K
=8 fo £20 to : =
and Ttw = 2200 K. When an electron energy distribution with a depleated

tail is considered, the difference between initial and final densities
increases and the values of the rate integrals for excitation between
levels with a large energy gap decrease. As a result, the relaxation
process is retarded. The decreased values of K12 and K13 cause a further
depressed time development of ﬁzit] and ﬁait] which gets closer to the
development af the other population densities and of the electron den-

sity. A comparison between results of the two models of case 2 and

L

= ' 1 u—!
time ( sec)

Figure IIT-2-B.

Development in time of reduced densities, radiation ineluded,
with Maxwellian (case 2) and non-Maxwellian (case 3e) distribu-
tion funetion, Moo = ?_zxjozl m—S. Recombining plasma.
Case 2 : 2;0 = Tto = 2300 K, Tem = Ttm = 2100 K.

Case 3e: 7;0 = 2300 K, Tto = 2400 K, Tem = 2100 X, Ttm = 2200 K.
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case 3 for 4 recombining plasma are presented in Fig. ITI-Z-B. For the

first one: Ten = th = 2300 K, TEuo = Ttm = 2100 K. For the second one:

T = 2300 k, T =2400 Kk, T = 2100 K, T = 2200 K. In the non-Max-
20 e o

to
n
n, and then n

Ay
b3
Te' As a conseguence nz. 3 5 develop faster.

wellian case Tt
The time dependences of the electron density for the cases of

Figs. III-1 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 plotted in Fig. III-3. The ipnizing case is shown

e

1] | I
0" o? w0 i

1
time | sec )

Figure III-3-A.

Development in time of reduced electron density, Rpg = R
21 -3

10" m

included. Tonizing plasma, T,, = 2100 K, B 2300 X.

. Case 1, no radiation inecluded. Cases 2 and 3, radiation

Case 1 and 8: Tt = Te.
Case 3a: Tta = 2000 X Ttw = 2300 K
n - - —
3b: Tta = 2100 X Ttm = 2200 K
" de: T = 2000 K 4 = 8200 K
to to
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in Fig. III-3-A. The recombining case is shown in Fig. III-3-B.
Comparing the resulting nE(t] far a non-Maxwellian initial ceondition

and for a non-Mexwellian final condition. it can be noted that the

-3

0t 100 10”

time [ sec )II]

Figure III-3-B.

Development in time of reduced electron density, oy = 7aBx
Ioajm-S.Cbse 1, no radiatien included. Cases 2 and 3, radiation
ineluded. Recombining plasma, Teo = 2300 K, Tgm = 2100 K.

Cagse 1 and 2: 7, =7 .
t e

Case 3a: Tto = 2400 K Ttm = 2100 K
" . ] - ]
sb: T, = 2300 K T,, = 2200 K
" i - —
3e: Tto 2400 K Ttm 2200 K

former shows a more pronounced deviation from the 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 Map = 7.2 X

24 -3
10 m , corresponding to a gas pressure of 1 bar at a gas temperature



i0° L L |

1wt w? -

Figure ITI-4-A.
Relaxation time for an ionizing plasma (leﬂe_l} s a fuetion of

seed ratio. Diffevent cases Like in Fig. III—S—A,&AP =S B
249 =3
U m

of 1000 K. The characteristic time T for the relaxation of the electron
density is defined by the following expression:

?{Em = § (111-25)
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=
In the ionizing plasma case (Fig. III-4-A) f is taken as 1-e = 0.B32,

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

=1

T (sec)

m-s 1 l | !
wa? o 10

Figure IIT-4-B.
Relaxation time for a vecombining plasma (early relaxation:

_1 = -
f=1-¢ ; late rvelazation: f=0.98) as a function of seed ratio.
Different cases like in Fig. ITI-3-B,

D =T
T 7. 2x20% s,

pronounced at low seed fraction when the model includes radiation or

"

g non-Maxwellian distribution. For a recombining plasma two characte-
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ristic times are defiped. One is connected with the early relaxation

of ﬁeit} and is defiped by eq. III-25 for f = 0.63Z. The other one is

defined by eg. III-25 for ¥ = 0.88 and accounts for the late relaxation

of :eitl. The dependence on seed ratio of the characteristic time for

garly and late relaxation of a recombining plasma is shown in Fig.IIT-4-B,
The influence of the temperature step on the characteristic time

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

(T = 2100 K, T =T + AT): In the non-Maxwellian case only the ini-
e0 aw en

T | sec)

w0t 1 | | ]
0 200 400 600 800 1000
AT IK)
Figure IIT-5-A.
Relaxation time as a function of temperature step Apg = 7e2 %
wﬂm's. Case 1: no radiation included. Case & and 3a, radiation

1

included; T, =T, Ionizing plasma (f=1-e "), T, = 2100 K,

Tgm = Tea + AT. Case 1 and 2: Tto = Téa’ case 3Ja: Tto = 2000 k.

tial condition is assumed non-Maxwellian with TEG = 2100 K, Tta = 2000 K,
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whereas T =T =T + AT. The characteristic time decreases for in-
(=L too =Ts]

creasing values of AT. Fig. III-5-B shows examples of recombining plasmas

kT = 2300 K, T =7 - AT]. In the non-Maxwellian case T = 2300 K,
eo e® eo 2o

w0’

w0 | | | |
0 200 a00 500 800 1000
AT (K)

Figure IIT-5-B.

Relaxation time az a function of temperature step Moo = 722 %
10%Y w3, case 1, no radiation included. Case 2 and 3, radiation
ineluded; P = e Recombining plasma, T = 2300 K.

F= }-e_I, early relaration

f = 0.99, late relazation

B LR e

e
) = 7 . =
Case 1 and 2: Jto Peo’ ease 3a: Tto 2400 K.
T = 2400 K, T &= T, T - AT, The characteristic time for the
to gee feo . 20
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early relaxation decreases for increasing AT whereas the characteristic

time for the late relaxation increases for increasing AT,

III-4 CONCLUSTIONS

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 an the relaxation processes have been determiped.

Both radiative transitions and a non-Maxwellian electron energy
distribution affect the ionization and recombination of the plasma.
Radiation causes lower densities of electrons and of excited atoms in
the initial apd in the final 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 lower final va-
lues predominate the enhanced deexcitation. Tha effect of radiation
is more pronounced at low seed ratio.

A non-Maxwellian energy distribution has its influence on nE and
ny in the initial and in the final state as well as on the rate in-
tegrals. The latter has a minor effect on the relasation behaviour.

For ionization processes the relaxation time increases in case of a
nan-Maxwellian distribution mainly because the depleted tail causes
lower initial values, For recombination processes, when the tail of
the energy distribution is overpopulated. the relaxation time is
shorter.

The relaxation time appears to be strongly dependent on the

seed ratio and bn the temperature step in all cases considered,
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Chapter IV

DISCHARGE EXPERIMENTS

IV-1 INTRUOLCTIUN

In this chapter & gas discharge experiment is described. The aim
is to obtain infarmation on the behaviour of the ocischarge in the
ionization relaxation region of 2 noble gas MHOD generator where
detailed measurements ar difficult to perfarm. In part of this region
the electron density is lower than 1019 m'B.

In the discharge experiment two conditions are investipated: a
stationary state arc discherge and its atterglew. Values of the electron
density down to 1620 m-3 are obtained under the stationary congitinns.
Lower electron densities are realized during the afferglow.

The experiments are carried out in & glass tube filled with cesium
seeded argon gas. The filling pressure at room temperature is 200 torr.
This corresponds to an argon density of B.5 X 1D24 m-a. During the
experiments the tube is Kkept at & temperature of 520 K. Then the cesium
density is 7 % 10° & 3,

Current densities and electric fields are determined during the
stationary discharge. From continuum recombination radiation intensities
the electron temperature and the electron density are calculated. The
population densities of several lesvels nof cesium are obtained from the
emission of line radiation. The afterglow measurements provide informa-
tion on the charscteristic times involved in the decay of the plasma.

It is important to know which prozesses determine the time constants

involved and hence dominate the plasma behaviour.
IV-2 EXPERIMENTAL SET UP
The discharge is produced in a pyrex glass tube with a diameter

of 1cm (see Fig. IV-1). The electrodes are placed on the axis of the

tubae. The cathode is a standard L-type cathode with the possipility
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Figure IV-1.

ANODE

Construction of the discharge tube.

to be heated by a hot filament. The anode is of molybdenum. The elec-
trode distance is Bom. Two electrical probes are mounted flush to the
wall at & distance of 2.5 and 5.5cm from the cathoda. After evacuation

at 10-5 Torr with outgassing of the electrodes for several hours, the
tube is filled with argon at a density Mg 6.6 x ‘IDEql m-3. Then the
cesium capsule is broken by a hot filament and cesium vapour is mixed
into the argan atmosphere. In 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 is given by the

following expression (1):

4530
108,y Peg = 7

5 = H. 81 10310 Tw + 12.05. (IV-1)
The constant temperature Tw is obtained by means of a thermostat in
which the discharge tube is placed. In order to obtain homogensous
conditions. the temperature of the thermostat is set at Tw two hours
before the experiment.

The electrical circuit of the discharge is shown in Fig. IV-Z.
In tﬁia figure 51 and 52 are two power supplies of 400 and 50 V res-
pectively. Rh‘ Rl and Ri are resistors of 1250, 10 and 1 Q, T 1s an
S.C.R. thyristor. 51 is only used to start the discharge. After ignition
the switch S,I is ppened. The discharge power 1s supplied by 52 and
stabilized by Rl. The discharge current is measured by the voltage
drop over Ri‘ The thyristor T is employed during the afterglow ex-
periments. After applyipg a triggering signal to the gate TS5, the

discharge current will no longer pass through the tube and the after-
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Figure IV-2.

Simplified electrical eircuit diagram for the discharge 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 usec and then decreases slowly

to zero in typiecally 10 msec.

T T T T
=
H —
(-4
2 = - .‘ - -
.05 ’. -
1 | 0 -
i 1 i 1 " 1 .
] 4 B 12
time ( psec )
0l — —
1 1 1 |
1] 20 40 B0 BO
time ( psec )

Figure IV-3.
Currvent decay after short ecircuiting of the voltage across the
digcharge at t=o.
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T\/-3 DIAGNOSTIC METHODS

Electrical measurements are carried out during the stationary
zischarge. The electric field is derived from the voltage difference
hetween the probes. The voltage difference between the electrodes and

the discharge current are measured.

Continuum and line radiation intensities are measured both during

the stationary discharge and during the afterglow. In Fig, IV-4 the

Ly L2

discharge
Tungsien b
ribbon lamp
L monachromator ::::::_"
pliar L
data
acquisition
aystem
Figure IV-4,

Sketeh of the exzperimental equipment for the spectroscopical

measurements.

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 L2 on the slit

of @& manochromator. The characteristic time of the detection system is

1 usec, For the stationary discharge measurements a 0.5 m manochromator
can be coupled to two photomultipliers: one wifth a bialkali and one

with & 3-20 photocathode for low and high wave length respectively.

In order’ to increase the sensivity of the system during the afterglow,.
the radiation is measured with 2 0.25 m monochromator coupled to a
gallium-arsenide photocathode. The resolution of the 0.5 m monochrometor
iy 2.2 ﬂ. The resclution of the 0.25% m monochromator is 4.8 R, During
the afterglow the photomultiplier is connected to the acguisition system
through an emitter follower amplifier. The accuracy of the detection
system is determined hy the photoelectron statistical noise of the

photomultipliers and by the calibration of the system.
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Intensities of contipuum recombination radiation and of line
radiation are measured.

The experimental values of the radiation intensities are corrected
for the transmission of the tube. During the operation time of the
discharge tube, 2 thin cesium layer is deposited on the walls of the’
discharge tube and affects its transmissivity. The transmission coeffi-
cient al)) decreases with the operation time. alA) is defined by the

following expression:

I (X))

- w -
aldl = PGy (IV-2)
W

transmission coelficienl
X\\

" 4000 5000 2000
NET

Figure IV-5.
Transmission coefficient of the tube walle after five hours of
operation of the discharge tube.

The intensity IWEU] and I;[u]. coming from the tungsten lamp, are
measured respectively with and without the discharge tube on the axis
of the optical system. A typical plot of all) 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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Figure TV-6,

The continuwm of recombination radiation emitted by the Ar—Cs

discharge.

derived from the intensity of the contipuum recombination radiation
(2,3). The spectrum of the contipuum radiation detected from the
stationary discharge between 3700 and 5300 R is shown in Fig. IV-B.
The continuum radiation in this interval is mainly due to recombipation
of Es*ions with slectrons having a kinetic energy in the range 0+ 0.B9 eV,
yielding neutral cesium in the BP state. Hence the radiation spectrum
follows from the electron emergy distribution. In deriving Te the
assumption of Maxwellian electron distribution is made. As deviations
from the Maxwellian shape are possible for EE > 1.432 eV, the value
of TE obtained from the measurements, refers to the bulk electrons.

The population densitiss of the emitting atoms are derived fram
the line intensities af non-absorbed lines. If the populations of
Cs levels are in Boltzmann equilibrium, their values are determined by

the population temperature Tp.
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The discrete spectrum due to spontansous emission of excited Cs
atoms is shown in Fig. IV-7.

During the afterglow, lines for which the plasma is optically thick
are also measured. Assuming that the line profile of the considered line
does not vary during the afterglow, the relative variation nj[tl/n.{o]
of the population density of the j-state of cesium [njfol is the popu-
lation density hefare the afterglow) is derived. The assumption of con-
stant line profile during the afterglow holds for pressure broadened
lines where the half width depends on the gas density and on the gas
temperature, but not for lines dominated by stark broadening where the
half width depends on the electron density.

The space profile of the discharge is obtained by means of Abel’s
inversion technigues [Lochte-Holtgreven, Ref. 4)1. A scan over the
discharge radius is done by detecting the light intensity each 0.5 mm.
The image of the slit of the detector covers 0.15 mm of the plasma.

The discharge diameter is estimated using a photographic technigue.
By using this method the discharge is assumed to be contracted in a

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

IV-4 THE STATIONARY DISCHARGE

The stationary discharge experiments (5) are done for TN = 520 K.

L ; A ! =l b T
o >
1o L =
s \ H
- \ 4z =
-
3 lwop ﬁ& A E
S \ // g
T o ‘\ & 26 s
= A/ =
100 | &
- . S *\;;r - 24
ool e TR
1 [l 1 22
0 5 1.0 1.5 2.0
current (A)
Figure IV-8.

Electrie field and electrode voltage at several values of the
discharge current.



and for currents between 0.2 and 3 A, In Fig. IV-B8 the measured electric
field and the volfage difference between the electrodes are shown. The
electric field decreases with decreasing current wheresas the voltage
difference between the electrodes increases as the current decreases
showing & domipant influence of the electrodes on the current voltage
characteristic, Using the photographic technique the dischsrge diameter

is estimated and the current density is derived (Fig. TV-8). A con-

& 10 T T T T ‘jg‘
s £
o L4
- ff -
=
s Jao 2
-
E
2 3
2.3 =
"
= 435 §
al
=
430 3
2 L H
D v i ] i | 2.5
1] 3 1.0 1.5 2.0
current (A )
Figure IV-9,

Discharge diameter and curvent density as a fumetion of the

discharge current.

traction of the discharge appears for low values of the current and
below 0.2 A an abrupt extinction of the discharge occurs.

The values of the electron temperature and 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 electron temperature is B%. The error in N, is determined by the
error in Te, the error in the absolute intensity measurement and the
errar in the discharge diameter. Assuming the total cesium density
Neg = L 1[121 m-a, as is given by eq. IV-1, the value of fg calculated
from the experimental value of TE by means of Saha's relation (eq. I1-24)

agrees with the experimental wvalue of ne within the experimental error.
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Figure IV-10.
Electron temperature and electron density as a function of the
the discharge current.

At two values of the current (I =2A and I = 0.3 A), the line
intensities of the diffuse series corresponding to the transitions
O & . e
p e EP1/2 (g =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 np of the population

densities of the pb energy levels of cesium are then derived. In Fig.

3/2
IV-11 the values of np are plotted against the excitation enpergy e

of the pD

1p
state. The experimental error due to the error made in

detarminizgzthe absolute intensity, to the error in the discharge
diameter and to the uncertainity of the Einstein coefficient is es-
timated to be less than 10%. The statistical noise can be reduced even
for the lines with the lowest intensity because of the long time
available for the measurement. For the transitions from the high state,
(p = 10, 71 and 12) the correction for the line broadening cannot be
neglected when deriving the population densities. For the discharge

of ZA the half width of the line corresponding to the transition
e T

line intensity is calculated.

is 1.33 and a correction factor of 1.86 for measured

78



L L) | T L ]
L E
™ ﬁ ﬁ I: 2.I] ﬁ
‘e
%= D . o I= L1A
%) |5
10 I- =
A
\A
» \\
.
1,0} 'R%! -]
\ )?\
.\\r
.
4L 1N
1 [ 1 ] | 1 7|
28 3.0 3.2 1.4 3.6 2.8
£1P leV)
Figure IV-11,

Boltsmann plot for:

a. IT=24: Tp = 2640 K; b. T =0.3 A: TD = 2420 K.
Te = 2670 £ 210 K continuum intensity measur.
n, = (2.4 £ 0,3) x 10 -3 "
Tp = 2840 £ 100 K line intensity measur.
A, = (6.3 % 0.5] x 10 > m > "
0 21 -3
Neg = 7 %10 m cal. from eq.IV-1
ng = {3.,2 £ 2] % 1020 rrn'3 cal. from eq. II-24, Te and Neg
15. .=3
& = 4 2
A (5.8 £ 1.6) x 10 " m " cel. from eq. III-14, TEI and n,
Table IV-1.

Comparison of experimental and theoretiecal values of the electron

density and the population of the 7D state l’ne,n ng and n

7 70

regpectively) for the stationary discharge at I = 2 A. The
theoretical values are obtained from Saha's relation at the

measured value of Te.
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The population temperature is then determined (Sec. TV-3). The
population temperature TD is equal to the electron temperature and the
population densities of these levels are in Saha equilibrium with the
glectron density (Tab. IV-1). .The highest population denszity in Fig.

+ BF

IV-11, corresponding to the transition ED3 saems to be over-

/2 1/2
estimated by Tp' This is due to absorptiap of the line (compare Ref. B).
For the case of T = 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 TV-12.

Radial dependence of the population density of:
A. 8P3/2 level of cesium, B. 703/2 Level of cesium.

In Fig. IV-12 the results of the spatial profile measurements
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derived by Abel's inversion technigues, are shown. In Fig. IV-12-A the
profile of the population density of Cs* excited to the first excited
state is plotted. (The measurements are done in the wipg of the line,
10 R away ¥rom the center). The profile of the line intensity from the

P05 e =+ GE
3/2 1/2
is not absorbed and the profile of the light intensity corresponds to

transition is also detected (Fig. IV-12-B). This line

the profile of population density of the 70 state. By comparing

3/2
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 EPS/? level is neglegible.

The averaged value of the population density of the 70 lavel

obtained from the profile measurement is 25% smaller than tﬁgzcorres—
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 profile
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
glectron density is 12%.

The gas temperature can be estimated by the following eguation:

¥« (A, VT ) = 3E
Ar g . (Iv-3)

The heat conductivity of argon A 5 is taken from Ref. 7. Far I = 2 A,

the profile of Tg is calculated ?rum the measured current density and
electric field, assuming cylindrical geometry and kﬁr independent of
Tg' Eg. IV-3 is satisfied by a parabolic profile. Assuming at the
cylinder wall Tg = TN = 520 K, it follows that Tg on the axis is equal
to 1120 K, and that the averaged Tg is equal to 920 K. The average

value of Tg can also be estimated from the electron energy equation:

v,
=%, (IV-4])
m

JE = BmEnEk (TB—T [
g

g
The values of I, E, nE, TE used in eg. IV-4 are measured values, ui

is caleculated by means of egs. II-36, IT-40. For I = 2 A eq. IV-4 gives
T = 350 K
g
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IV-5 AFTERGLOW EXPERIMENTS

The afterglow is obtained
perature Tw = 520 K. During the
been carried out. In this case
the photomultiplier determines

tion of the measurements at low

after a discharge of 2 A and a wall tem-
afterglow optical measurements have

the photoelectron statistical noise of
the experimental error and is a limita-

intensities. In order to reduce the

statistical error ten afterglows are analyzed for each wave length of

interest.

2800 :

T, (K)

2400

ol N

1600 | e

khhjr““*ﬁ—*-————a A—]
1200 |- l il
1 1 i
0 50 100 150 200
time ( Jsec |

Figqure TV-13.

Decay of the eleetron tempzarature,

The decay of continuum radiation at 4100, 4450 and 4500 R has been

inyestigated. From the measured intensities the electron temperature

is derived. The error is determined from the obtained values. The electron

temperature during the afterglow is shown in Fig. IV-13. TB decreases

during the first 100 pysec approaching tne gas temperature Tg. which

does not appreciably vary during the afterglow time. The electron
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Figure IV-14.

Decay of the electron density: the full line represents the
experimental values of nos the broken line vepresents the value
of n, given by the Saha relation at the experimental electron

temperature value.

density decay (Fig. IV-14) is slower than the decay of the electron
temperature. During the decay, the experimental valus of nE remains much
larger than the value of na given by the Saha relation. In Fig. IV-15
372 state and of the 7P3/2 state

of cezium are shown. They are obtained from the afterglow of the lines
1/2 <K 551/2 transition and to the ?FS/Z + 651/2
transition. These lines are dominated by pressure broadening [6). Thus

the decay of the population of the &P
corresponding to the BP

the line profiles do not vary during the afterglow. As discussed in
Sec. IV-3, at any instant their light intensity is proportional to
the decay of the population of the upper state in the corresponding
transition. In the figure the relative decay njitl/nj(ol is given.
Assuming that these states are in Saha equilibrium with the electrons
during the stationary discharge, the values of njlol can be derived

from the experimental wvalue of ne at t = o.
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Figure IV-15.

Decay of the population density of the 6P3 /5 and of the 7F
Level af cesium.

3/2

The afterglow of the diffuse series has been observed and the
decay of the population aof the pD3/2 state of cesium [(p = 7 # 12) has
been derived, The measured signals are corrected for the line broadening.
The decay of the low levels [p = 7 # 9] is always slower with decreasing
p. whereas the decay of the high levels {p = 10 # 12] is slower with
ircreasing p for t < 100 psec. For t > 100 psec the high levels decay
faster with increasing p (compare Fig. IV-16-A and Fig. TV-16-B].
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Figure IV-16.
Decay of the population densities of:
A, ?Ds/a and 903/2 Llevel of cestium.

g. 1003/2 and IEDB/E level of cesium.

The spatial distribution of the population of the BP 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 it determined during the first 100 psec of the after-
glow. In Fig. IV-17 the profiles at &t = 0, t = 30 usec, t = B0 usec
and t = 90 usec are shown. The values indicated here ara related to the
population density measured in the center of the discharge at t = 0.
From the figure it appears that the plasma distribution doesn't

appreciabily vary during the decay.
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Figure TV-17.

Radial dependence of the population density of the 6P Level

3/2
of cesium at several time inatants during the afterglow.

IV-6 DISCUSSION OF THE EXPERIMENTAL RESULTS

During the stationary discharge the graund state density and the
observed populations of the Cs atom are in Saha equilibrium with the
glectron density at the measured value of the electran temperature.

Hence the conditiens for L.T.E. (Local Thermodynamic Equilibrium) are
realized.

From the decay of the electron density the graph of Bne/Bt against
ng is obtained and given in Fig. IV-18. The linear relationship indicates

& decay law of the form:

2
3E - @l (Iv-10)

whare o is the recombination coefficient for a two body electron ion
process. The walue nbtained is un = (1.9 + 0.B) x 10—16 m3 sec_1. The

measured recombination coefficient doesn't show a significant depen-

dance on TE. The plot in the figure is obtained for values of n
e
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a2
The values of Sne/at agatnst n; during the first 200 usec cof the
afterglow.

measured at t > 30 uysec. The electron temperature here ranges between
1300 and 1B00 K. The dependence of the two body radiation recombina-
tion coefficient on the elsctron temperature is given by T;%: a varia-
tion of on due to the electron temperature variation is not oobserved.
Values of the recombination coefficient were measured by several
authors using different technigues (B). The results of Mohler and
Aleskovskil were recorded with probes and spectroscopic techniques

in afterglows in cesium vapour at pressures between 1ﬂ_3 and 10_1 torr
and electron temperatures of 1000 + 2500F. 0'Angelo and Rynn and Wada
and fKnechtli have reported recombination coefficients deduced from
Langmuir probe measurements. Hammer and Aubrey obtaiped thes value of

the recombination coefficient by means of atomic beam measurements.

= i 10‘1}

The results of these works indicate values in the range 10
m3 593_1. The values of oy predicted by collisional radiative models

(see for example the effective recombination coefficient given in
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Ref. 8) agree with these values. In Ref. 10 a number of works is listed

=] 2 m3 aec_1

where recombination coefficients ranging between ﬁD”1ﬁ and 10
were measured. The fast recombination can be attributed to recombination
of molecular cesium ions. The value of L obtained in the present ex-
periment agrees with the experimental wvalues predicted by collislopal
radiative models (as given in Ref. B) where molecular igns 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 experiment. In
fact in our case the resulting concentration of Cs. 1s low.

In Fig. IV-18 the values of the energy gain P21 due to deexcitatians
from the first excited state of cesium and the values of the energy flaow
term Pgt due to electran electron interactions, obtained during the
afterglow, are compared. P;1 and Pgt are derived from eg. II-29 and

eq. II-16 respectively, where for n and Te the measured values

av By

are used. In the first 40usec P is substantially larger than F:z

and apparently the energy gaineg for the deexcitation of the BP state
of cesium is spread out over the electron energy distribution due to
the electron electron interactions. Hepce, it has to be expected that
for this part of the afterglow the electron distribution remains Max-

bt t

wellian. Far t > 40 usec PE and P are of the same order. For this

part of the afterglow the alactrai1electrcn interactions are not efficient
enough for the transfer of the deexcitation energy from the high energe-
tic electrons ta 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 madels
where the Maxwellian electron distribution is assumed. In the case of
recombination with a non-Maxwellian distribution duripg the development
but with the same ipitial conditions (i.e. same population apd electron
densities), the relaxation time does not appreciably change in com-
parison with that given by a Maxwellian model (compare case 3b to
case 2 in Fig. III-3-B). A guantitative analysis of the experimental
results by means of the theoretical model is not done. In fact in the
model, the electron energy time dependence is assumed to be represented

by step functions for Te and T, whereas in the afterglow experiments

£
the electron temperature decreases gradually during the first 100 Usec.
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Compariaon of the energy flow term th due to the electron electron
interactions and Lhe energy gain term P;I during the afterglow.

For the calculations of Pﬁt and P;

n

; the experimental values of

P Ny and T& are used.
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As derived in Chap. III, the excitation and the deexcitation
reaction rates for adjacent levels are 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 electrons. Therefore
the overpopulated tail of the electron distribution can only influence
the low excited states (see Fig. TII-2-B). During the early afterglow
a slower decay of highly excited states is observed (Fig. IV-16-8].
This is a consequence of the increase of the deexcitation time with
the decrease of the level gquantum number. The electropns first recombine
to the high energetic levels, then they flow guickly through the high
levels and slowly through the lower ones. Hence electrons are accumulated
in the high levels for a certain time. That is indicated alsa by the
results of the time dependent model of Chap. III (compare the slope of

n, and n,. of case 3c in Fig. IIT-2-B). The recombination is then

10
realized through multi-step phenomena.

IV-7 CONCLUDING REMARKS

A stationary arc discharge in an Ar-Cs mixture is experimentally
investigated. The argon density is 6.6 x» 102q rr1-3 and the cesium density

2 21 =3
is 7 = 100 m ~. The values of the discharge current range from 0.2 to

3 A and correspond to electron densities of 1 x 1020 R 1020 m‘s.
During the stationary discharge L.T.E. is abserved.

Conditions for deviations from a Maxwellian electron energy dis-
tribution are realized during the afterglow. When ng decreases the
electron electron interactions are not efficient enough to thermalize
the energy gained by the tail electrons due to the deexcitation from
the first excited state. As a consequence the tail of the electron
energy distribution becomes overpopulated.

The range of electron temperatures and of electron densities in
the inlet region of the MHD gnerator are the same as realized during
the afterglow. Hence deviatians from the Maxwellian shape of the
electron energy distribution have to be expected. During ionizatian
the energy loss caused by excitation to the first execited state of
cesium is not thermalized by the electron electron interactions 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 given by collisional radiativa models.

Recombination through multi-step reactions is observed.
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Chapter V

MHD GENERATOR EXPERIMENTS

V=1 INTRUDUCTION

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 800 K. Accordingly the
glectron density at the inlet of the generator will be lower than
5 % 1D1B m_a. In order to reach a sufficiently high enthalpy extraction,
a high non-eguilibrium conductivity has to be reslized. Corresponding
te the finite development time of the non-equilibrium conductivity an
inlet relaxation regime appears. The distance between the first loaded
glectrode pair and the position where the current is equal to 0.63 times
its maximum value, is defined as the relaxation length L.

At low stagnatinon temperaturs:z or low magnetic inductions, long
relaxation lengths have been observed (1). A lopg relaxation length
reduces the performance of the generator. Une dimensional (2) and two
dimensional calculations (3) can not explain the observed slow relaxation.
tine 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 electron distribution. In Chap. II it has been
shown that for plasma conditions present in the inlet region of the
MHD generator, a deviation from the Maxwellian shape of the electron
energy occurs for nE = 1018 3 1019 mva. Conditions in agreement with
the model for deviations from a Maxwellian electron distribution are
observed in the afterglow experiment described in Chagp. IV. For an
ionizing plasma with an initial low electraon density the electron
distribution is expected to be depleted at high energies [ge > 1.432 e\)

due to the excitations to the first excited state of cesium. The cal-
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culations, carried out in Chap. III, 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 t?Sa final condition where T = T, = 2300 k
and for a seed fraction of 10 °, a relaxation time of 3 x 10  sec is
calculated, whereas in the Maxwellian case the relaxation time is 1.2 %
10'4 sec.

The aim of this chapter is to ses whether a non-Maxwellian energy
distribution can explain the long relaxation lengths observed during MHO
conversion experiments., In Sec. V-3 the relaxation region is observed
by means of photograpnic techniques. In Secs.V-4 and V-5 current voltage
characteristics are obtained by varying the externally applied voltage
to the generatar or its externsl load. These results are analyzed using
a non-Maxwellian model. Finally MHD conversion experiments with pre-

ionization are discussed in Sec. V-B.

V-2 DESCRIFTIDN OF THE FACILITY

The experiments described in this chapter are carried out in a
5.5 liter MHD generator chanpel connected to a shock tube (4), In the
shock tube @& shock wave is produced in an Ar-Cs test gas. The shock
wave is reflected at the end of the shock tube. The region behind the
reflected shock acts as a reservoir of hot gas during a test time of
5 msec., The stagnation pressure p3 of the Ar-Cs mixture in this region
is measured with a pressure transducer. The stagnation temperature Ts
is derived from the Mach number of the shock wave., The employsd stagna-
tion tempersture ranges 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 the and plate of the shock tube, the gas flows through a nozzle
to the MHO channel. The nozzle Mach number is 2., Two MHO 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 11.8 cm2 and they diverge linearly over 80 ecm
to & cross section of 7.8 x 11.B cm?_ The electrodes of both channels
are mounted in the parallel walls. Channel 1 has 51 pairs of flat elec-
trodes (width 0.4 cm) 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 Secs. V-3 and V-6 are carried out in channel
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Figure V-1.

Side view of the generator channel.

PT: pressure transducers, GQW: quartz window,
WM: port of the magnet (dotted lines),

EP: electrode pairs.

2 and the experiments described in Secs. 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 R Three pressure

transducers are mounted in the channel, one at the teginning, one in
the middle and one at the end. The MHD channel is installed inside a
saddle shaped magnet which produces a constant magnetic ipduction in
the duct volume. The direction of the magnetic induction B is perpendi-
colar to the x-y plane. Its maximal attainable value is 3.3 7. A seed

ratiao of 1D’3 has been used [5).
V-3 DISCHARGE BEHAVIUOUR IN THE IONIZATION RELAXATION REGION

The experiment desecribed in this sectian 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 = w], The slectrodes aof the
pair 12 to 32 are each connected to a load resistance of 2 fl.

Electrical currents, Hall voltages and static pressures are measured.
In order to study the development of the discharges in the relaxation
region, high speed photography is employed. An image converter camera
(IMACUN) is installed with the optical axis parallel to the megnetic

induetion and is focused on the side wall of the channel. The camera
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is used in two modes: the framing mode and the streak mode (6]. In the
framing mode, pictures are made of five complete electrode segments.
The picturss are taken in a seguence of eight frames. The time interval
between the first and the last frame is 35 psec. The exposure time of

each frame is 2.5 usec. The scheme of the streak photography technique

12 1h_slectrade puir Figure V-2.
MHD chunnel % Scheme of the streak photo-
Y T graphy arrangement,

plagma flow

oplicel system

steeak photagraphy
sysiem

employed in this experiment is presented im Fig. V-2. A 3lit, present

in the camera, 1s 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 direction of streak velocity is along the
y-direction. The streak velocity vs is 140 m/sec. A small light emitting
part of the plasma having a velocity v parasllel to the slit, will cause
a line on the film. If this veloecity is constant, the lipe will be a
straight line under an angle a« with the direction of Ve From the value

of a, the velocity v can be derived:

<

v = {—5 tan a. (V-1)

Here f is the enlargement of the optical system. The value of f is
0.087.

A number of runs with different parameters, leading to different

relaxation lengths have been made. The values of RL and the main gas-
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dynamical parameters are shown in Tab. Y-1. The values of the gas
pressure pg, the gas temperature 7 and the gas velocity ug indicated
in the table, refer to the position of the 16th electrooe pair. The

value of Dg is measured at that location. Tg and ug are calculated by

Run LR TS ps B Tg pg ug Pth Pel
[m) (K2 (bar) (T) (K) (bar) (m/sec] [MW) [kW)
3064 0.02 233B5 727 2.7 1442 0.59 1415 28 82.5
30869 0,85 3907 F.80 Z2.84 1329 0,58 1358 3.0 73.5B
3058 0.07 3084 7.23 2.49 1322 0.4B6 1354 2.8 77.86
3060 0.16 2802 7.32 Z2.49 1291 0.45 1280 247 19.3
3063 Ovie: (25377, 2.38 Z.39 1104 0.46 1238 2.0 13.4
3061 | »>0.45 2562 7.33 2.06 1098 D0.50 1234 2.0 3.3

Table V-1.
Main parameters of the rune for the investigation of the dischavge

behaviour in the relazation region.

using @ one dimensional pasdynamical program (4]. The value of the
magnetic induction. the thermal input power Fth and the electrical

power output Pel are also listed in the table. The current distributions
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Figure V-3-A.
Curvent distributions along the channel for the runs of Tab. V-1.
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alopg the channel are given in Fig. V-3-A. From the figure it can be
seen that the relaxation length increases both with the decrease of the
stagnation temperature and with the decrease aof the magnetic induction.
{Similar results are found in Ref., 1). The Hall voltage distributions

along the channel are plotted in Fig. V-3-B. The Hall voltage distribu-

¥ T _l_. T T T =3 T T L
400 run
4—a 3064 »

= 3069 "
o—o 3069 .
0L ——. 3060 : -

a
= 3063

a—a 3061 %

(v}

I

100

I 1 M ] i

24 28 32
electrode pair number

Figure V-3-B,
Hall voltage distributions along the channel for the runs of
Tab, V-1.

tions are obtained from the voltage differences betwsen 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 and the relaxation length.
In Fig. V-4 the discharpe structure shown by frame photography, is
presentéd. The discharpe is stronply inhomorenecls in the relaxation
region (Fig. V-4a) as well as downstream of the relaxation region (Fig.
V-4b). Apparently the streamers are 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.

Framing pictures of the discharge:
a. in the relaration region,

b. downstream of the relazation region.

hendirg of the discharges. In the relaxation region the discharges are
displaced over distances comparable to the channel height which is in
agreement with the results of two dimensional calculations (3). In the
downstream area the bending is substantially smaller. The streamers,
however, do not zlways start from the first electrode, so that the re-
laxation length can be longer than the channel height.

Streak pictures of the discherge 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 constricted. The streamers grow by increasing
their diameter. Further the pictures confirm the results of the framing

pictures that streamers do not always start from the first electrode

pair. The relaxation length is determined by two processes: the growth
of an individual streamer and the characteristic time necessary to the
formation of new streamers. However, the characteristic 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 these parameters. The comparison of the streak
pictures with the current distributionsalong the generator (Fig. V-3-A)
shows that streamers sppear as soon as a corresponding minimum current
of about 1 A is measured (see Runs 3060 and 3063). Belaw this minimum
value the development of the streamer becomes difficult. As a current
constriction in streamer is observed to be approximately 1 cm2 a current

y 4 >
density JT % 1 x 10 Am 2 corresponds to the minimum current.
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Figure 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 wvelocities given in Tab. V-1

, lcompare 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 (8). ke

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 . The other electrode pairs are operated under open
circuit conditions. The eguivalent network of the circuit at the 33rd

electrode pair is given in Fig. V-B. The induced voltage huPE (h is

2
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FPigure V-8.
Equivalent network for the measurement of the current-veltage

characteristic.

the electrode distance] is introduced in the network as 3 virtual

pattery. The voltape between B and C is given by:

v* - hu 8 + Vg - R 1. (V-2)
Here VB is the voltsge of the external power supply. The current I is
calculated from the measured voltage over the laoad. The value of

hugB is derived from the results of the guasi-one dimensional eal-
culations mentioned 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 channel entrance and at the very channel exit

approximate hUFB']
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Figure V-7.

Faraday voltage distribution along the channel when the 33rd
electrode pair is connected to an extermal power supply.
B=2FT, ug = 1480 m/sec, VB =74V, I =6.34, R. =1 4.

L
The induced voltage hqu ig . caleulated to be 360 V.

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 applied.

The resulting 1-v* characteristic are given in Fig. V-8 for several
values of the magnetic induction. From the figure it can be seen that
a minimum voltage V: is pecessary to sustain the discharge. Minimum
currents IT of approximately 2 A are measured. Taklng as reference the
value of IT found for B = 0 and assuming for the discharge cross
section the cross section of the generator segment, a current density
JT = 2 . 103 A/mz corresponds to the minimum current. The transition
voltage V# is strongly affected by the magnetic induction. The value

of U? obtained by extrapolation, is plotted as a function of B in Fig.
V-9,
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Figure V-8,

Current voltage chavacteristics at several values of the magnetic
induction. The 33rd electrode pair is connected to an extermal
power supply and the other electrodes are operated under open

cireuit conditions (errors determined by the error in ug).
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Figure V-9.

Transition voltage versus magnetic induction.
V-5 LOAD RESISTANCE VARIATION

The aim of the experiment described in this section, is to examine
the relation between current and voltage [V = RLI) in real MHD generators
(the applied voltage is now equal to zerol. Especially low currents are
considered 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 R . By changing the

L
load RL, an I-V characteristic is pbtained. Applied values of R are:

1, 3, 25, 30, 42, 71, 123 2 and =. Channel 1 has been used for this
experiment. The stagnation temperature is 2400 K, the inlet static
pressure 1 bar and the magnetic induction 2.7 T. The main plasma con-
ditions of each run are listed in Tab. V-2. Here ug, Tg and pg refer
to values at the entrance of the generator. The Hall voltage VH is

measured between the 1st and the 51st anode.



Run RL TS B UH ug Tg pg Pth Pel
Q) (Kl (m (V] (m/sec)] (K) (bar] (M) (kW]

2733 1 2380 2.55 570 1043 1024 1.18 3.3 74
2740 3 2320 2.82 471 1136 094 1.16 3.6 122
2745 25 2432 2.8B5 381 1210 1042 1.08 235 42
27489 123 2400 2.80 302 1200 7m12 118 3.8 a]
2742 = 2432 2.20 181 1260 1042 1.19 3.7 =
Table V-2.

Main parameters of the runs of the experiment with variation of

the load resistance.

In Fig. V-10 the values of the currents are plotted agasinst the measured
voltages between anode and cathede. The currents and voltages indicated

in the figure, are the averaged values from the 20th up to the 40th
glectrode pair. For load resistances lower than 25 Q the current decreases

continuously with increasing RL while the valtage increases. For values

5 v
0 T ~ T

a0 L

1(A)

30 =
20 L aa

) 100 200
Figure V-10,

Current voltage characteristic obtained by variation of the load

resistances.
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of RL between 30 and 123 @ the current as well as the voltage, becomes
very small. Apparently under these conditions the non-eguilibrium 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 this experiment it can be concluded that
again a transition in the discharge characteristic is found. In this
case the minimum current measured IT iz 6 A. Assuming a constricted

4
discharge with & cross section of 1 cmz a current density JT =8 x 10

A/rn2 corresponds to the minimum current.
V-8 ENERGY CONVERSION EXPERIMENT WITH PRE-TONTZATION

It has been demonstrated that the development of a sufficiently
high conductivity is strongly dependent on the stagnation temperature,
the magnetic field, as well as on the load resistance, Experiments at law
values of the stagnation temperature show a oonsiderable inlet ionization
relaxation length, which increases strongly with a further decrease of
the inlet stagnation temperature. In order to enhance the nen-equilibrium
conditions at the inlet of the generator, pre-iaonization 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 9 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 is used as anode. Here the initial electron

shack tube end Figure V-11.

i alactrudﬁ pair

Electrical eircuit of the

pre-ioniaer.

600

1000V
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density is relatively high due to the high gas density; further the
electron temperature equals the stagnation temperature. An electrolytic
capacitor of 2 mF charged to 1000 V before the run is used as external
power source. Ouring the run the capacitor is discharged over the plasma.
The discharge current flows from the stagnation region through the nozzle
to the first electrode pair over & distance of 40 cm. The pre-ionization
current Ip is derived from the mesasured voltage between the locations

A and B. The voltage between the locatieon C and A represent the pre-

ionization voltage UD.

Run | Tg BT Py iy I. Po P, P

(K] () (K1 (bar) (m/sec) (A) (kW) (kW) (MW

3140 | 2547 2.B6 10891 0.B5 10892 50 19 13 L)

3142 | 2025 2,28 868 0.54 1097 85 34 15 2.2

3143 | 1811 2.73 776 0.59 1037 91 50 8 i

3150 | 1810 2.31 630 0.83 987 939 57 3 Z:A
Table V-3.

Main parameters of the runs for the pre-itoniaation experiment.

The main parameters of the runs of this experiment are listed in
Tab. V-3. The electrode 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. The inlet gas
temperature is 680 K. The current at the 2nd electrode pair is 5 A.
The figure shows that long relaxation lengths do no longer occur for
TS > 1811 K when the pre-ionization is applied. The pre-ionization current
used to realize the non-eguilibrium conductivity during run 3150 is IP =
899 A. As the pre-ionization current is along the flow direction outside of

the magnet, it is assumed that I_ fills the whole gernerator cross

P
section at the entrance. Hence a corresponding current density JP =

2

2 x 107 Am © is calculated. The current at the 2nd electrode pair is

perpendicular to the magnetic induction and a discharge cross section

of 1 cmz is assumed. Hence a current density J = § x 104 Am_z corresponds
to the current measured here. As can be seen from Tab. V-3, the pre-
ionization power PP is still a factor of 40 smaller than the thermal
input power.
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CGurrent distributions along the channel in the pre-ionization
experiment, The main parameters of the runs are listed in Tab. V-3.

V-7 DISCUSSTION AND CONCLUDING REMARKS

The experiments described in this chapter are made in order to get
information on the onset of the discharges under non-equilibrium con-
ditions in the MHD generator.

In Sec. V-3 an increase of the relaxation length is observed when
the stagnation temperature or the magnetic induction are decreased. For
currents lower 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 pew streamers.
Fram the observation that the characteristic time of the streamer growth
does not vary for different relaxation lengths it can be cancluded that
a long relaxation length is caused by the time to reach the conditions
necessary for the development of streamers rather than by the dsvelopment
of an individuel streamer. Minimum values of the current necessary to
sustain the discharge, are observed in the experiments of Secs. V-4 and
V-5. In the battery experiment a minimum current of 2 ¢ SA is found.
1t corresponds to different voltages depending on the magnetic induction.

In the load experiment in the MHO generator, by increasing R, up to 25

o
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the current corresponding to a given induced voltage dscreases. For RL =

30 £ 1230 the current is lower than I_ and the non-sguilibrium conducti-

vity does not develop. The internal rlsistance is then much larger than
the load resistance. In the open voltage experiment [RL = ®] a voltage
equal to hugB iz measured between anode and cathode.

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
values of to the minimum current density derived in the experiments of

this chapter are indicated. In the table the values derived from the

Exp. Type J B a nE
4 : =
(10 Aazm?) (100 Wl (whe/md 40" )

Bat. exp. G.2 0.8 p &z

RL variation B 2.0 30 33
Relax. exp. 1 2.9 4 4
Pre-ionizer 2.2 15 15 16

2nd el, pair 5 ARG 20 21
Table V-4.

Characteristic parameters at the transition from low to high

current.

pre-ionization current and from the current of the Znd electrode pair
in run 3150 are also indicated. For all experiments, except for the
battery experiment, the electric field E is derived fram V¥ = hu B +
UB = RLI. For the battery experiment E is darived from the I-v¥ gha-
racteristic at B = 0 (V¥ = UB - RLI]. The value of the electrical con-
ductivity is obtained from J/E. The electron density is then derived
from g by assuming the momentum collision frequency between electrons
and heavy particles equal to 3 x 1D10 SBC-1 {value corresponding to
Te = 2000 K]. The value of Ng 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 critical value
Hzs 2 9 % 101B m-3 is found as the threshold between non-Maxwellian

and Maxwellian regime in an Ar-Cs discharge for a seed fraction of 10'3.
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From Tab. V-4 it can be seen that the values of n, corresponding to the
minimum current measured in the MHD generator approximate or are larger
‘than Mo Hence indication is found that the minimum current density
ohserved in the MHD generator experiments is related to the transition
from non-Maxwellian to Maxwellian regime. An electron density higher
than Mac is obtained, for instance, by means of the 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. III, for non-Maxwellian conditions the re-
laxation time increases with respect to the Maxwellian case. When for
the latter case a relaxation time of 1.2 x 10_4 is caleculated, the non-
Maxwellian condition yields a relaxation time of about threes times larger.
The corresponding relaxation lengths in these cases are 14 and 36 cm
respectively for a gas velocity of 1200 m/sec. The non-Maxwellian dis-
tribution used in the calculations is derived from the data of the
stationary discharge (Chap. II). In the ionizing plasma even stronger
deviations from the Maxwellian shape of the slectron distribution have
to be expected (Chap. III). This results in a further increase of the
length of the relaxation region which can fill the whole generator as
in run 3081.
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Chapter VI

CONCLUSTIONS

A self consistent model for a statiopary discharge has been set
up. It predicts deviations from the Maxwellian electron energy distribu-
tion for electron densities below a critical density nBE which is ge-
nerally between 1&15 and "ID19 nf3 . Then the high energy tail of the elec-
tron distribution will be depleted when radiation escapes. As a con-
sequence the ionization degree will be lower when compared to the
value given by Maxwellian models.

The main cause of deviations from the Maxwellian distribution is
represented by the non-elastic collisions resulting in the transitions
between the ground state and the first excited state of cesium. Faor
electron densities larger than Noe? the energy transfer to the teil due
to electron electron interaction is much larger than the energy loss due
to non-elastic collisions:; then the electron energy distribution is Max-
wellian. For electron densities lower than nec both energy transfer pro-
cesses are of the same order and consequently the electron energy dis-
tribution is non-Maxwellian.

When the electron density decreases further below the critical
value, the tail of the elsctron distribution 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 calculations of the ionization process, which in-
clude deviations from the Maxwellian electron distribution, show at
low electron densities relaxation ionization times longer than thaose
resulting from Maxwellian models. This 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 initilal conditions as well as the rate

integrals for 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 + 3 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 obhserved.

Conditione for deviations from a Maxwellian electron energy distri-
bution are realized during the afterglow of the discharge. For low values
af Ny & 1EI19 m‘3] the electron interactions are not efficient enough
to thermalize the esnergy gained by the tail electrons owing to the de-
excitations from the first excited state. Conseguently the tail of the
electron distribution becomes overpopulated. As the values of ‘I'E and
g 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 slectron energy distribution have to be expected there too. During
the ionization of the plasma the energy loss caused by the excitation
to the first excited state of cesium is not thermalized by the electron
glectron interactions and the tail of the electron distribution becomes
depleted.

Minimum values of the current are measured in MHD generator experi-
ments. They correspond to a current density JT and related electron den-
sity, where a transition from the non-Maxwellian to the Maxwellian regime
is expected. When the current density is larger than JT, the electron
distribution is Maxwellian, When the current density is lower than JT.
the electron distribution is non-Maxwellian. In the latter case the elec-
tron distribution is underpopulated at 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 ¥ and a stagna-
tion pressure of 8 bar, electron densities of 3.4 x 102D. 4.5 x 1019
and 1.2 x ﬁﬂ1g m‘:‘l are obtained in the stagnetion region of tha shock

g’ 5.6 x 1018

tube. These values lead to electron densities of 4.2 x 101
and 1.5 % 1018 m_s 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. V), a short relaxation
length (% 1 cm) has been aobserved for TS = 2400 K. The relaxation
length increases to 15 em for TS = 2000 K. A limitipg case is given

for TS = 1800 K where LR is A5 cm. The value of nen caleculated for a
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seed fraction of 10-3 is 5 ¥ ?D1B m-3. In the first case [TS = 2400 K)

the inlet electron density is larger than nac and the discharge develops
fram a Maxwellian initial condition. The non-egquilibrium conductivity

is easily built up. For the second case [TS = 2000 K) the inlet elec-
tron density 1s asbout egual to the critical electron density rlEC where
the transition between non-Maxwellian and Maxwellian regime is expected.
The onset of the discharge is more difficult than 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 Ny

is smaller than s {TS = 1800 K] the onset of the non-equilibrium
regime becomes critical. Below 1800 K it is not possible to obtain a
sufficient nop-equilibrium conpductivity without increasing the inlet

electron density by means of a proper pre-ionizer (Sec. V-6].



SAMENVATTING

In dit werk wordt het begin wvan de gntwikkeling van het niet-eyen-
wichtsgeleidingsvermogen in het ingangsgebied van een edelgas-MHO-genera-
tor zowel theoretisch als experimenteel onderzocht. Het relaxatie-proces
dat uitmondt in de niet-evenwichtstpestand hangt hoofdzakelijk af wvan het
aantal ionisaties per volume per tijd. Bij lage pastemperaturen wordt het
ionisatie-relaxatieproces de beperkende faktor voor de werkinpg ven 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
gerste aangeslagen toestand van het cesium atoom veroorzaken, leiden tot
een verlies van electronen met hoge energie&n. Bij lage elektronendicht-
heden is de thermalisatie door elektron-elektron botsingen niet efficient
genoeg om dit verlies te compenseren, zodat de staart van de elektronen-
verdeling ontvolkt wordt. Het gevolg hiervan is een afname van het aantal
ionisaties per volume per tijd, dat immers volgt uit het aantal botsingen
van cesium atomen met elektronen van hoge energie. Hierdoor bouwt de elek-
tronendichtheid zich minder spel op dan verwacht wordt volgens theaorieén
die een Maxwellse verdeling gebruiken.

Eerst wordt een in zichzelf consistent model opgesteld van een ontla-
ding in een mengsel van argon en cesium bij atmosferische drukken. Vol-
gens het model ontstaan afwijkingen van de Maxwellse verdeling van de

I8 + 1019 1'n-3 indien

elektronen bij elekironendichtheden lager dan 10
straling kan ontsnappen. In hoofdstuk IIT worden afwijkingen van de Max-
wellverdeling van de elektronen opgenamen in 2en model waarmee berske-
ningen warden uitgevoerd aan het tijdafhankelijk gedrag van de elektro-
nendichtheid en van de bezettingen van asangeslagen toestanden zoals dat
volgt op een verandering van de elektronenenergie. Er wordt door deze the-
orie een toename van de karakteristieke tijd voor ionisatie-relaxatie
verwacht.

In een ontladingsexperiment zijn twee omstandigheden onderzocht: esen
stationaire boogontlading en het nalichten ervan. De hoogste waarde van

de elektrondichtheid die is verkregen onder stationaire condities is
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4 % 1020 m-a, de laagste is 1 x 1[)20 m_a. Gedurende de statianaire ont-

lading is L.T.E. waargenomen. Lagere elektronendichtheden zijn geme-
ten gedurende het nalichten van de ontlading. De waarden van ng en TB
die dan gerealiseerd worden komen overeen met die welke zich voordoen in
het ingangsgebied van de MHD-generator. Gedurende het nalichten ven de
ontlading komt het plasma in een toestand die aanleiding geeft tot afwij-
kingen van de Maxwellse vorm van de energieverdeling van de elektranen.
Een experimenteel onderzoek naar de overgang van lage naar hoge
stroom in de MHD-generator wordt in hoofdstuk V beschreven. De omstandig-
heden bij het ontstaan van de niet-evenwichtstoestand komen oversen met
die welke zich voordeen bij de overgang van de niet-Maxwellse naar de
Maxwellse toestand. Voor een lage ingangswaarde van nafé o 1018 m_gl
wordt een niet-Maxwellse elektraonenverdeling verwacht waardoor de niet-
evenwichtstoestand moeilijk opgebouwd kan worden. Het gevolg hiervan is
dat de relaxatielengte groter wordt. Bij een magnetische induktie van
3 T en een ingangswaarde van nE kleiner dan 5 x 1015 m—ﬂ worden relaxatie-
lengten gevonden die groter zijn dan 50 ocm. Als de ingangswaarde van na
gelijk is aan 5 x 1018 rn_3 dan is de relaxatielengte 15 cm. Hopere in-

gangswaarden van N, leiden tot kortere relaxatielengten.
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STELLINGEN

-1~

The building up of the non-eguilibrium regime in noble gas MHO
generators is achieved through a transition from a regime where
the electron energy distribution is described by a non-Maxwellian
function with a depressed tail to a regime where the electron

energy distribution is described by a Maxwellian function.

=-2-

When the non-equilibrium has been built up in a noble gas MHD
generator, the plasma is in a state of local thermodynamic

equilibrium.

-3~

Due to the large line broadening compared to the optical resolution
of the monochromator, in many experiments the observed line inten-
sities resulting from the high states of cesium appear to be low.
This is not caused by the depletion of the high states as stated
by several authors.
Por excmple: E.E. Antonov et al., High Temp.,
Vol. 14, p. 1032, 1975.

-4-

The strongly non-linear dependence of the ionization process on
electron density, favours the growth of the current constricted

in streamers observed in noble gas MHO generators.

_S_
It is possible to describe the establishment of the nen-equilibrium

conductivity through volume relaxation phenomena assuming charge

neutrality.

_E-
The main difference between apen cycle and closed cycle MHD generators
is the way to achieve the necessary electrical conductivity of the

flow. In open cycle the required conductivity is realized at the gas

temperature and is already present at the inlet of the penerator



whereas in closed cycle the non-equilibrivm conductivity has to be

built up by the Joule heating inside the generator.

_7-
The order which man attributes to natural phenomena is only s means

of man to know them. The consciousness that nature does not know

that order is the basis of scientific work.
See also:r A.M.S. Boethius, "De consolatione
philosophice", ca. §84; L. Wittgenstein, "Tractatus

Logico-Philosophicus", 1921,

-f-

The evolution has no aim.
See also: C. Davwin, "On the evolution of species”,
185689.

-g9-

The worth of a man for the community in which he lives depends on
the contributions of his sentiments, his thoughts and his actions
to the development and the life of the other men.

4. Einstein, 'Mein Weltbild", 1834,

-10-

The shortage of energy is one of the major problems that modern
technology tries to solve. On the other hand modern techpnlagy

requires larger and larger quantities of energy.

-11-

At present, Ttaly is struck by two kinds of terrarism; the terrorism
of weapons and the terrorism of information. The latter is mueh more

dangercus as no police can fight it.

-12n

To do something new within a tradition is a contradiction but

somatimes new ideas can arise from traditional practices,

Eindhaven, 1 juni 1882, C.A, Barghi



