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ELECTRICAL BREAKDOWN BETWEEN CYLINDRICAL ELECTRODES IN A PLASMA

ABSTRACT

A breakdown voltage of as low as 40 volts has been observed between
cylindrical electrodes jmmersed in a flowing argon plasma which
indicates that some mechanism other than the usual spark discharge
mechanism is present. There is strong evidence that at plasma densities
in the range 109 to 1016 cm'3, the breakdown is triggered by electrons
ejected from the cathode due to the intense electric field in the cathode
sheath. Another is the high concentration of peutral particles in the
boundary layer around the electrode surface. The exact theory of this
phenomenon is prescnted and ghovs good agreement with experimental
measurenents.

It is hoped that the results presented in this thesis will be
applicable to the reignition mechanism after current zero of a.c.
circuit breakers and to the triggering mechanisms of'unipolar arcs,
vacuum gaps and short gaps.

During the course of this research 2 new technique of measuring
the electrical conductivity as well as new theories for the variation
of the clectromagnetically driven plasma velocity and for the ion
current collection of 2 probe 2ligned parallel to the collision

dominated plasma flow were developed.
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LIST OF SYMBOLS AND PHYSICAL CONSTANTS

In this thesis MKSA practical unitswill be used throughout

unless otherwise stated.

The symbols used frequently are listed

below. Some of them will be used in different specifications, which

will be noted from time to: time,
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CHAPTER I  INTRODUCTION

In the course of plasma density measurements with floating
double Langmuir probes in a high density plasma, it was found that
at an applied voltage between the probes greater than a certain
critical value dépending on the plasma density, a sudden increase
in the probe current,which cannot be explained by the existing probe
theories,was observed. From its current-voltage characteristics it
was deduced that this current increase was due to electrical
breakdown between probes. The breakdown voltage, however, was very
different from that predicted by the well known Paschen's Law (as low
as 40 wvolts was observed), which indicated that some mechanism other
than the Paschen breakdown mechanism was responsible. The same low
voltage breakdown phenomena in high density plasmas have also frequently
been observed at many other laboratories.

We find a similar and a very important example of this breakdown
phenomena in a2 plasmz in a reignition after current zero of alternating-
current circuit interrupting devices. During the post arc period, i.e.,
during a few microseconds after current zero the gas conductivity
between the electrodes is quite high due to the heat generated by
the previous arc. If the jonization of the interelectrode gas is
sufficient the recovery voltage may break down the gap and re-establish
the &zc.

Another izportant example occurs in 2 high density, high



temperature plasma in contact with an jnsulated metal wall. As the
temperature increases,the floating potential of the wall becomes
higher (negatively) than the ionization po;ential of the ambient gas
and the unipo}ar arc (arc which joins a metallic electrode (cathode)
to a plasma (anode)) can be established (1.1).

Electrical breakdown of vacuum insulation is a problem of
considerable practical importance owing to the increasingly widespread
application of so-called vacuum insulation in high voltage devices
such as particle accelerators, x-ray tubes, high frequency low-loss
condensers, etc. Field emission and charged particle accumulation in
front of the cathode are often responsible for this kind of breakdowmn
and so the breakdown mechanism for this case is similar to the one
discussed here. (In the case of vacuum breakdown the neutral gas is

generated by the vaporization of anode material.)

The importance of a study of the electrical strength of gases
with high ionization and high temperature is, therefore, clear.
Nevertheless the works of Sharbaugh et.21.(1.2) and Lee et.al. (1.3)
seem to be the only existing studies on the breakdown pheromena in
the plasma. In their studies, however, the range of the charged
particle éensity was not wide (0.1-&x1010 cm-3), the neutral density
not known, and so an exact theory was not given. Thus it is an urgent
requirement to measure the breakdown voltages as a function of the
plasma density and 2lso to develop 2 theoretical explanation.

As is usual in any electrical breakdown experiment , there are
many factors to be tzkern into account (e.g. surface conditions of the

electrodes, gas-electrode interactioms, charged particle effects,

etc.) for the development of 2 breakdown theory. Comsequently this




thesis deals with the aspects of surface chemistry to solid state
physics, as well as piasma physics and gas dynamics, including the
boundary layer problems.

An elec;romagnetically driven shock tube was used for the
production of the sample plasma. The plasma thus produced had many
desirable properties:

(1) A very wide range of plasma density can be provided (ne=109 -
1016 ca-3). Below ne=109 cm'3, the breakdown mechanism approaches
that of Paschen breakdown; i.e., Crowe's theory (l.4) on the effect
of space charge on the breakdown voltage becomes applicable. The
mechanism in this density region is therefore already known.

(2) A wide range of combinations of plasma and neutral density can
be obtained. Since the plasma density and the ncutral density are
the two ruling factors, this option is important.

(3) Electroms, ions and neutrals are in thermal equilibrium. They
are thermalized at the first stage of their acceleration in the shock
driver and when bejng tested, they are in an "after glow' period whea
a Maxwellian velocity éistribution can be expected.

(4) Rankine-Hugoniot relatioas can be used under some restrictions
to evaluate the densities and temperatures of both ionized and

neutral particles. This simple and relizble method of determining

especially the ncutral density cuts the experimen:al effort considerably.

(5) The plasma has a well defined flouw velocity with respect to the

electrode system. In many plasmes vhere electrical breakdowmn occurs,

such as the plasma in thz circu

.
-

poe

re

wmotor, theta-pinched plasae, plasma created by plasma gun, there is

2 motion of ionized and neutrzl gas relative to the electrode systenm

breaker, £lash over in an electrical



and this flow effect would have 2 considerable jnfluence on the

breakdovm voltage. Thus this property is important.

The contents of this book are as follows:

Chapter II The theories of plasma properties and electrostatic
probes used in the later part of this thesis are briefly summarized.
The first part of the chapter is mainly concerned with the transport
phenomena, and the second part with ion sheath current theory and with
the modified floating double probe theory which applies to our
experimental situations.

Chapter III The apparatus used in this experiment is explained
and the diagnostic techniques used are described. In section 3.2.5
a newly developed technique of measuring the plasma conductivity is
discussed in detail.

Chapter IV The plasma used in this experiment is examined. In
the first half a nevw model of the electromagnetically driven shock
tube is used to derive 2 theory for the plasma velocity in the shock
tube. In the second half the experimentally determined plasma
parameters using many diagnostic techniques are tabulated.

Chapter V Many models of the sheath and electrode configuration
are examined one by omne to provide a solid ground for determining the
most appropriate theory to account for the breakdown mechanism between
electrodes in the plasma.

Chapter VI The various brezkdown measurements are described.

Chapter VII The model of the breakdowm mechanism based on the

~theories in Chapter Vv is developed and compared with the results in

Chapter VL. This is also compared with existing theories and



experimental results.

The numerical solutions which appear frequently in this thesis
were carried out using the IBM 360 computer at the University of

Alberta with either Fortran IV or APL languages.

(1.1) A.E. Robson and P.C. Thonemann: Proc. Pnys. Soc. 13 508 (1959)
D.W. George and P.H. Richards: Brit. J. Appl. Phys. 11171 (1963)
(1.2) A.H. Shardaugh, P.K. Watsoan, D.R. White, T.H. lee & &. Greenwoocd:

A.I.E.E. Trans. Pt. III, 2.A. S. 80 333 (1961)

(1.3) T.H. Lee, A.N. Greenwood & D.R. “White: I.E.E.E. Trans. P.A.S. 8%
1116 (1965)

(1.4) R.W. Crowe, J.K. Bragg & V.G. Thomas: Phys. Rev. 96 10 (195%)



CBATTER II  PLASMA PROPERTIES AND ELECTROSTATIC PROBES

2.1 ELECTRICAL CONDUCTIVITY OF PLASMA

2.1.1 Slightly Ionized Gas

Consider a Lorentzian gas where ions are neglected. Minority
particles (electrons) lose momentum by colliding with the majority
particles (neutrals) having a collision frequency of v,. If vy can be

considered to be independent of electron energy, the mobility (p) and

diffusion constant (D) can be derived from the Boltzmann equation as,

€ vt
—_—— 2.1
me ym and = 3 Vm . ( )

p=

1f the electrons have a Maxwellian velocity distribution, we find that

the mean free path of electrons in neutrals can be expressed as,

Ae = = _v =_\_/8%'12o. (2.2)
nOQe ym ym T Me I

where Qg and ng are the collision cross section of the neutrals for

scattering electrons and the neutral molecule number density, respectively.

Therefore Eq. 2.1 becoames,

__Ixe
F= Tome oo moe )

_ kT ®kT
D=3 e m 0o - (2.4)

Now the electrical conductivity takes the form, C=n.ep. This
AL



was calculated for the case of a slightly ionized gas of rigid elastic

spherical molecules by Chapman and Cowling (2.1) more rigorously with

their results that,

|. 132 XBJTC fle e =2 ne
o= — —-__33 05— { (2.5)
: r___._.e Sxi Rl (mnos/m)

The values of Q_ for argon were obtained b Townsend and Bailey (2.2)
e y Yy

and showvn in Fig. 2.1.

2.1.2 Fully Tonized Gas

If an electron with velocity v encounters an ion, the electron
is scattered by the Coulomb force. The collision frequency for momentum
transfer is obtained by using the laws of comservation of momentum and
angular momentum, as,

- n-.Z’e"' in A

T queEmg v » (2.6)

Yo

where A is the ratio of Debye's shielding distance, XAy, and the impact

parameter, bo. For a Maxwellian distribution,

3
_ X R (eRT)*
A - bo - zesJ-n—e . (2-7)

When the electron temperature exceeds about 4x105°K, A must be reduced

p)
because of quantum mechanical effects by a2 factor of (4.2x105/T)5.
The mobility can be found as in the case of a slightly ionized gas,
except that neutral particles are replaced by ioans, with a different

collision frequency which is now largely dependent on v, 2s,



2 3
647w &5 (kTI= ) g
Z?.eani A . (.. )

‘1:

To obtain an accurate expression for ¢ in an ionized gas, electron-
electron encounters must be taken into account. The result given by

Spitzer and Harm (2.3) may be expressed in the form,

9 63x10% Ye T%
Z A

with the expression of Eq. 2.8, where values of Yg which depends on the

o =-'Tenee|l =

(mhos/m) , (2.9)

jonic charge, Z, are given as,

YA 1 2 4 16 ©

vg | 0.583 0.683 0.785 0.923 1

Thus in the important case of Z=l, we have,

3

- T=
o= .53 xI6°

In A

The results obtained above are based on the assumption that the electric

(mhos/m). (2.10)

field is sufficiently small so that the potential energy gained across

one mean free path is negligible compared to kT.

(2.1) S. Chapean and T.G. Cowling: "The Mathematical Theory of Non-

DUniform Gases™ Cambridge Univ. Press, London Secs. 18.12, 14.12

and 10.53 (1960)
(2.2) J.S. Townsend and V.A. Bailey: Phil. Mag. 43 593 (1922), 44 1033 (1922)
(2.3) L. Spitzer & R. Harm: Phys. Rev. 89 977 (1953)

L. Spitzer: "Physics of Fully Ionized Gases"



2.1.3 Moderately Ionized Gas

For the electrical conductivity of a moderately ionized gas, the
approximation of

.
jé,-'(‘

1.
can be used, where o, is the conductivity of a slightly ionized gas
(Eq. 2.5) where the close encounters between the electroms and the
neutral particles dictate the electron mobility, and %4 is the
conductivity of a completely jonized gas (Eq. 2.9) where the distant
encounters between the ions and electrons dominate the situation. By
comparing the relative magnitude of the close and distant encounter

térms for argon, the two terms o and % will be equal at about 7000°K,

or a degree of ionization of about 10-4. At temperatures higher than
|

i
% (2.11)

-3
about 8000°K @>10 ~), the close encounter term will become so insignificant

that the resultant conductivity will be practically the same as o,-
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2x10°%°

FIG. 2.1 Effective elastic l J '
collision cross section of argon 1.5 -

”~~
atoms for scattering electrons as 5 1+ d

o
a function of electron temperature <4 0.5
(2.2).

0 ] ] 1
0 4 8 12 16x10°

Te (°K)

FIG. 2.2 A(%) of Eq. 2.57 (2.15).
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2.2 TRANSPORT PHENOMENA OF PLASMA

2.2.1 Self-Collision Time

The self-collision time, t., is defined by 1/2V, when the test
particle is the same kind as the field particles, and the test particle
has a velocity of (3kT/mf)%, as (2.4),

2 %, 33 §z’
tom 63 T2 (kT)=  _ udxiocA° T
= =
nZ%% Inll (B75)-GUTS)) nZ¢ Ia/l

Here we have let m equal to Amy, where my is the mass of unit atomic

(seq)  (2.12)

weight. ¢t provides a measure both of the time required to reduce
substantially any lack of isotropy in the velocity distribution and also
of the time required for the distribution of kinetic energies to approach
the Maxwellian distribution. The value of te determines also the value
of ¥ to be used for computing T in an adiabatic compression. I1f the
compression is slow compared to te> v equals 5/3 (three dimensional
compression). For compression more rapid than t ., ¥ will equal 2 or 3
depending on whether the compression is perpendicular to the lines of
magnetic force (two dimensional compression) or parallel to magnetic

force (one dimensional compression).

2.2.2 Equipartition Time for Charged Particles

let us suppose that the test particles and the field particles

(2.4) S. Cnandrasekhar: "Principles of Stellar Dynamics” Univ. of
Chicago Press (1952)
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both have Maxwellian velocity distributions, but with different kinetic
temperatures T and Tf; The rate at which equipartition of energy is
established between two groups of particles is called the time of

equipartition and expressed by Spitzer (2.5) as,

3 3
tea = 3rz'tc3i23mmgk?- -(T +Tf =

Y 2
nZZ¢ AT
3
e AAf (T "ﬁ)'i
=837 xIlO +
SBIx ng 2 Z¢ WA\ A At/ - (2.13)
For a proton-eléctron mixture,
te(proton) =43 Feq =43 “eq =1836
t (electron) t (proton) t (electron) ‘
c Cc [ (2.14)

2.2.3 Equipartition Time for Ions and Electrons with Neutral Particles

In the case of a center collision between an ion and a neutral
particle of the same kind, they exchange their total energies. 1f we
average the energy exchange rate with respect to collision parameterT
between ions and neutrals, it becomes approximately half of the value
of the rate in the case of center collisions. During At, an ion
experiences vilstl)\:.L collisions with neutrals, so that the total ion

energy per unit volume at t+at is,

%—n;kT; (t +At) = %"ik-ﬁ (t) - I—;B‘ %ﬂak -;%'At (2.15)

and for neutral particles,

i im 3 ‘G-i
2 nk T (£ +4T) = 2 nokTmtt) + RE lT k-4t (2-16)

(2.5) L. Spitzer: Moathly Notices, Roy. sstron. Soc. (london) 100
96 —_—
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By solving these equations with the boundary conditions that Ti(0)=TiO

and Tm(0)=Tm0, we obtain,

1?(t)== Oiﬁo;f1;0_+,.ﬁb"lfw Cz-égt{phdrt

(2.17)
o |+

Tty = 2To T _ &llo~Th) o 3k (10T

(2.18)
[+K {+& ]

where a is the degree of ionization. The time of equipartition for ioms

and neutrals of the same kind can then be expressed as,
2\i Tmi _Ai 2[4 \i

te1=‘-_ = = 3¥x0 [o=—F 2.1

Syl e i Eraiale L E (2.19)

The last two terms of the above equation are valid only when ions have

a Maxwellian velocity distribution.

From the classical theory the energy loss of an electron due to

a collision with a neutral particle is (2.6),

=8 Me(, _Tn)3
ok =3 ": (1 Té) =kle. (2.20)

Here, it is assumed that the kinetic energy of the particles is much
smaller than the internal energy. By constructing the same kind of
equations as Eqs. 2.15 and 2.16 for electron-neutral collisions we find

that the time of equipartition for electroms and neutral particles is,

= 3 mqa )ke — AXe
te% B8meVe (1+%) - (+ §T; - (2-21)

2.2.4 Time Dependent Ambipolar Diffusion

For the ambipolar diffusion of ions and electrons in 2 plasma

consisting predominantly of neutral particles, the following equations

(2.6) A.M. Cravath: Phys. Rev. 36 248 (1930)
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can be obtained from the Boltzmann equation,

v of;

T3 = -Divmi +niti& = =3¢ (2.22)
= = -n _ 2 2le
e = “DeVne—nefeE Ve ST : (2.23)
and “-? =[le =T , Ni=Ne=n, (2.24)

By eliminatingf{E, we obtain,

v o0

[ =-Davn - Te T (2.25)
D, = Dite +Detti ,, k(e +Th)
where a e+ i - M; Vi (2.26)
and Vo = Une Umi (Fe* 1)  ,, (2.27)

Imifli +Vme fle Ui

Here D, is an ambipolar diffusion constant and E'is an ambipolar momentum
transfer collision frequency.

Plasma diffusion in a cylinder of radius Ty and length L, as a
function of po#ition and time is now considered. From the law of
continui;y,

an
vl +5¢ =0 (2.28)

and Eq. 2.25 we obtain, in a cylindrical coordinate, with 9/06= 0

ian #n n_1 on 1w
tor " or2 " 2227 p, ot UaD, ot

Vn=

(2.29)

By putting n=R(r)Z(z)T(t) and with the boundary conditions that n=0 at

z=+L/2 and/or r=rg, the above equation can be solved as,
= 2405 < ot
n noJo(&r;—r) CDS(—L—Z){(o(-t-Va)e —(Fwa)el*}, (2.30)

where Jo(x) is a Bessel function of Oth order of the first kind, 2.405

is the first zero of Jo(x) and

oﬁ} _ —Vat Ju2 — D IEEEN+ (13
P 2




15

2 2
if Va>>4ba{(.2-_q;:§: )_%%_)} , then the equation is reduced to,

. t
n=ned, (—Z%ir) cos(;t»z) € T , (2.32)
' - {
where Ta= (2.33)
240512, /& YL
Da{( N ) "'(T)}

is the life time of the plasma.

2.2.5 Thermal Diffusion

1f n, particles at r=0, t=0 are in a temperature gradient field, the

particle density at (r,t) becomes, in the spherical coordinate 2.7),

2
r

nint) =L e @t (2.34)

(¢xDt) .
Generally the life time, L can be approximated by

2
L

Tr 2§D »

where L is the characteristic length and f is the degree of freedom. The

root mean square displacement of a particle from its original position at

[ =2Dt,

or, 85% of L) is confined within r< 25Dt.

t is,

(2.36)

(2.7) H. Racther: “Electron Avalanches and Breakdown in Gases"
Butterworth and Co., Ltd. (1964)
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2.2.6 Electron-Ion Volume Recombination

The rate of change of electron density due to electron-ion recombination

can be expressed as,

dne. 2

dte = —delle _ (2.37)
L= aet 4r-1—-

e fep ! (2.38)

where aé is the electron-ion recombination coefficient and 0.0 is the

density at time zero. By defining the life time of electrons, L as

ne(ff)=ne0/2’ then,

!
Xe Neo (2.39)

In the case of argon, by using the valu

Tr=

e of ae=2x10-16m3/sec measured

by Kenty (2.8),
19 -
Tt=0.5 ms at ngo=10 m 3
and Tr=0.5 ps at ne0=1022 m-3.

(2.8) C. Kenty: Phys. Rev. 32 624 (1928)
The value of «a =3x10-13 m3/séc obtained by M.A. Biondi and S.C.

Brown (Pays. Rev. 76 1697 (1949)) seems to be too large.
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2.3 TON CURRENT IN A COLLISIONLESS PLASHMA

The appropriate theory to use for calculating ion saturation currents
for cylindrical probes in a collisionless plasma is shown in Table 2.1
for various ranges of parameters. ﬁ(=Ei/ZkTe) is a normalized ion energy
and xp (=-eVpIkTe) is a normalized probe potential.

The probe voltage enters here because it affects the distributicn of
the electrons. For xp>>1 the electron distribution may be considered
Maxwellian. For xp less than about 1, the quasi-neutral solution holds
everywhere, and probe theory is particularly'simple. For l<Xﬁ<5, the
deviation from a Maxwellian distribution due to the loss of electrons to
the probe must be taken into account. Although this poses no problem in
principle, it complicates the computations.

For <1, the dependence on ion energy is slight. For >>1, the
probe current depends primarily on kTi and is given by Langmuir's sheath
theory for a Maxwellian distribution. The tramsition case f=~1 is not well
covered by any simple theory. The simple sheath theory fails because the
accelerating electric field outside the sheath is neglected, and the BR
the;ry fails because 2 monoenergetic distribution is no longer a good
approximation.

To avoid the confusion the following notations will be used throughout;

I: current (Amps)
J: current per unit length (Afm)

j: current density (Almz).
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Ion Energy r << r
Tpo > A
Distribution] §f P )‘D p=AD p~ /D
all
X Xp>1 X1 X 21 SIX>L Xp<1
Zero Energy 0 LAM 1AM
&1 L0 |BR Lo LAM LAM LAM
Mono ~1 | Lo |[BR 1o | LaM LAM LAM
Energetic
>1 | w0 |BR 10 Ls 1O
«1 1o BR Lo BR
Maxwellian | =1 Lo BR BR
>1 Lo BR 10 LS 10

Table 2.1 The appropriate theory to use for calculation of iom
saturation currents.
8 and zp are normalized ion energy and normalized probe
potential, respectively. 115' stands for Langmuir sheath
theory (2.11) (Sec. 2.3.1), 'L0' stands for Langmuir orbital
motion theory (2.10) (Sec. 2.3.2), 'LAM' stands for Lam's theory
(2.9) (Sec. 2.3.3) and 'BR' st#ﬁds for Bernstein and Rabinowitzs's

theory (2.12).

(2.9) S.H. Lan: Phys. Fluids 8 73 (1965)

(2.10) H.M. Motto-Smith and I. Langmuir: Phys. Rev. 23 727 (1924)
(2.11) I. Langmuir: Phys. Rev. 28 727 (1926)

(2.12) I.B. Berastein and I. Rabinowits: Phys. Fluids 2 112 (1959)
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2.3.1 Langmuir Sheath Theory

The ion current flowing into a cylindrical probe per unit length

is expressed as,

J=27r j.»

(2.41)
where T is the sheath radius and jr is the ion random current density
which takes the form shown in the section "List of Symbols". The radius
of the sheath can be found from the Child-Langmuir Law,
I= srwio \VJ’( _z._s_e_)
Iq; ?

o G B°

(2.42)

where né=-eVp/in (not T.) and B is the solution of

3P d’T" (dﬁ )+4,3 +[3"-| =0, (2.43)

with 7=1n(r It ) G(O). The value of B as a function of rs/r was calculated
by Blodgett (2.13) and shown in the Table III of her paper. The 1+2. 66/\[—”
term arises from the fact that the ions have an initial energy given by the
Maxwellian distribution. When the sheath thickness, d, is thin compared

to the probe radius, Eq. 2.42 can be simplified to,

v
JBEE[E & Mf‘([ $2) 34259;1 s (+ zj_.%s) 2.0t

and S~7. The potential distribution inside the sheath for the case is,
4

V) =-Vi( -5-—)?, (2.45)

and the intensity of the electric field at the probe surface can be

found to be larger by a factor of 4/3 than the averaged value of the

(2.13) K.B. Blodgett: Phys. Rev. 22 115 (1923)
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intensity in the sheath (of Vp/d).
The ion sheath can be formed within a time corresponding to the ion
plasma frequency, wp, given in the section "List of Symbols". 1Im the

10 - '
case of an argon plasma, this time varies from 0.4 ps (ne=10 m 3) to

22 .
0.4 ns (n,=10" m 3.

2.3.2 langmuir Orbital Motion Theory

The ion current flowing into a cylindrical probe per unit length is
expressed as,

J=2xt 3 F (2.46)
where

F= elﬂ_ +((—erH7(p )EP
§" ——Xp (2.47)

..rr
erf % “f-“j etit.

In the limiting case of rs-rﬁgfrp, F=r /rp and we recover Eq. 2.41. In
the practical applications involving small probes and positive ion

saturation, we have rs§>rp and va/kte‘§>l. With these conditions Eq. 2.46

becomes,

J =21rr;>jr—r,f; et 3. (2.48)

The sheath size is determined by Eq. 2.42. By equating Eqs. 2.42 and 2.48
we obtain the ion saturation current reaching the probe as (2.14),

-02.
9

J=2xhj - °7§

(2.49)

(2.14) G.J.Schulz and S.C. Brown: Phys. Rev. 98 1642 (19553)
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where

Nw

€ . T: 2 - ,
Nr =55 ™ Irlp (kTi) =. (2.50)
When the electron temperature is much higher than that of the ions, the
drift current density, ] a’ reaches the sheath edge, rather than the random
current density, j.- The drift current at the sheath can be taken into

account by replacing jr by jd and correspondingly, N by Nd. With a fixed

probe and discharge conditions we obtain,

. ass (=02 0ss 08
J=2rkja - 0TE Na o< Vp Ne (2.51)

In the thick sheath limit and xp»l, Eq. 2.47 becomes,

=z
F",ﬁf[il’ . (2.52)

and we have,

3 Tt A A
J=2[Z phee®mZ\p* o< Vp ne- (2.53)

2
The slope of J2 vs Vp yields 81:p neze3/mi, hence the value of ng.

2.3.3 Llam's theory

To obtain the ion saturation current when r2>Ap, we have to

2

consider the potential distribution around the probe. The given

equations are:

=
Boltzmann eq. v- of + 'Zec.. of =0
ig m av
i . 2 — _ ¢
Poisson eq vV = ‘-é;('Zn;—ne)
E . . .
nerey <4 EL=3m(F2+ r*9) (2.56)

Ex=3mz*
mrg .

Angular momeatum eq. |,

]
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By assuming that the ion energy distribution is monoenergetic (=Ei)’

Poisson equation reads, in a dimensionless form,

—x sin aryod for §2%0

=-1‘;§-(—1th for €<5%0 (2.54)

£0 is the normalized absorption radius and can be found from,

_ﬁi-. d z Tt"Jz } ,
P*‘X(&o\ goz =0, E(F+X(€o)———é?-)=0. (2.55)

2
an the ion energy is so small that |Ei/evp|(< (rpl)‘i) , Poisson equation

e fg(&%) -JX'7 +‘§€.x=0. (2.56)

Here dimensionless parameters are chosen as,

E= r/)\D (normalized radius)
X= ~eV/kTe (normalized potential)
B= E|/‘Zk're (normalized ion energy)
=xT:/4ZTe ( " for Maxwellian distribution)
J. (ion current per unit length)

J = Ji m; . .
"-6__'::«0‘3}:13 ?n?z?o (normalized ion current)

Ja=2(gneer, [27kTe/m;  (Bobm current)

(g (normalized Bohm current, a function of §

only; tB=1 when T;=0 and 1.25 vhen Ti=ZTe)

T =J; /JB (ion current increment ratio due to finite
sheath thickness).

These equations were solved by Chen (2.15) with $=0-0.1. The VD-J

(2.15) F.F. Chen: J. Xucl. Energy C7 47 (1965)
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characteristics and the shape of V(r) for the cylindrical probes when
F=0 are shown in Figs.. 10 and 6 of his paper, respectively. To determine

the plasma density one uses the following formula,
t

(-2“3‘

-6
T) =389x10 [VpI\" A7z 3 .57
A(), 9 x\ I P‘ AJ?"}" . (2.57)

Having A(7) from the experimental data, one finds T from Fig. 2.2 (page 10)
Knowing 7, we find o, from JB.

When rp and/or n, is so large that £p2J22>9]8,(J§r§2>ZeV3/2mi),
T~1 and the ion saturation current becomes equal to the Bohm current

(Ji=JB) which is independent of Vp. If, in addition, Ti=Te’ then

Ji =Jg =354 fpre€| 7,':, e (=28 X0 pne [ for Ar). @59

{

The ion saturation current calculated by Schulz and Brown (2.14) is,

Jd =21tl$neel/ Z&:? =33l phel I_Z_kn_;]"g . (2.59)

which is only a factor of 1.08 larger than Eq. 2.58. When Vp is not too

large, Eq. 2.59 can still be used as an order of magnitude check of the

plasma density.
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2.4 ION CURRENT IN A COLLISION-DOMINATED PLASMA

When the ionic mean free path becomes shorter than the probe radius,
most of the electric field around the probe is coafined within the distance
of an ionic mean free path from the probe surface. Accordingly the current
is essentially limited by the ambipolar diffusion of charges. The ion

current can_ be expressed approximately as,
. Ne .
j=eDalne ~eDa—5 , (2.60)

where § is a characteristic length such as a probe radius. This formula
can be modified using Da=kui(Te+Ti)/e, #i=e/mivi=ehi/miv and ¥ (average
spoed)=(8KT; frm; )5

—

s i
This expression shows that né7/4 jons enter the sheath, suffer many
collisions and finally a proportion xi/a reach the probe surface. This

)&/6 term can also be expressed, according to Schulz and Brown (2.14) as,

A__3 _ 3N\
d 2T 2d (2.62)

where ve is the collision frequency for positive ioms, and t; is the time
spent by an unscattered ion in the sheath of thickness d.
The rigorous continuum theory shows that the ion saturation current

density is (2.16),

- T [k A
J-—l.’h:m.»e1_“’_‘?_”,i &\-":.
&

~i3 T A
=92.13x{0 Iﬁ% (Alm?)  for argon; (2.63)
13

(2.16) V.M. Zakharova, Y.M. Kagan, X.S. Mustafin and V.I. Perel: Sov.
Phys. Tech. Phys. 5 411 (1960)
C.H. Su and R.E. Kiel: J. Appl. Pnys. 37 4907 (1966)

D.E. Weissoan, W.E. Scharfman and H. Guthart: Phys. Fluids 10 464
(1967) "
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where L is the probe length and L the sheath radius expressed as (2.17)

: 077
X _ R ) (2.64)
e =i Col() ®0)

if ‘x§l=‘evp/kTe‘§>1' C, is a constant that varies slightly with L/rp

and is equal to 0.56 for L/rp=300 and is 0.63 for L/rp=100. The calculated
results of rslrp as a function of V for a range of electron densities are
shown in Fig. 2.3 when T1=Te=104 K, rp=0.05 jrired] ané 1=4 cm. The sheath .
size contains a logarithmic term, so that for cylindrical probes the

effect of variation in r, to the probe current is relatively small.

2.5 TON CURRENT IN A COLLISIONLESS PLASMA FLOW

Electrostatic probes, when used in a plasma flow, show different
characteristics from those in a stationary plasma. The electron temperature
deduced from the electron retarding region, where the electron current is
much larger than the ion current, should be correct as long as rs:xe,
because of the relative insensitivity of electron collection to the
magnitude of the jon-neutral and neutral-neutral mean free paths. Also
Te can be determined uniquely with a probe of any geometry and directional

alignment with respect to the flow. This was experimentally verified by

Dunn (2.18) and Sonin (2.19).

(2.17) W.E. Scharfman: "Operation of Electrostatic Flush Probes in This
Plasma Layers" Stanford Research Institute Project 7712 (Oct. 1969%)

(2.18) M.G. Dunn & J.A. Lordi: AIAA Journal 8 1077 (1970)

(2.19) A.A. Sonin: ALAA Journal & 1588 (1965) T
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FIG, 2.3 The ratio of the sheath radius to the probe radius as
a function of probe voltage and electron density in a continuum plasma.

T;=T¢=10%°K, r,=0.05 mm 2nd L=40 mm.
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In the case of determining the ion density the situation is more
complicated. In the region of the free-molecular (rﬁ(xi_n) to the
transition (rﬁzhi_i) region, or more exactly, as long as rﬁSZ.SAn_n,
the ion current into the probe (Iy) aligned with the flow direction has
the same value as in the case of a stationary plasma. With the larger
probes ion collection is inhibited by the relatively small values of )\i-
and Ai-i (2.18), while with the probes of rp/A{£3, ion current is larger
than expected (2.20).

For probes whose axis makes an angle of # with respect to the flow,

the ion current, Iy, is a function of rp[\i and uxsinO/vs, where u and

v, are the flow velocity and the ion acoustic speed (=J(YekTé+1ikTi)/mi)’
When the ionic mean free path is much larger than the probe radius, Iy /Iy
has been determined by Kanmal (2.21) to be given by the expression, for

cylindrical probes,

Usa .?3,—![6 oD l) T+ G"‘“Z’*ﬂ

(2.65)

\hzsula
C 2kT/m- f-msme = l}"

~t,n-1
r(n,X)=J:e t ¢, Gr,x) = Ie¢tn'ldt (2.66)

If we assume negligible sheath thickaess, this equation reduces to,

2
L2 ¢ %0 3
T=f%-=gwe Smlm @60

In an approximate theory I, /Ig can be found as follows:
I =%neev.27rsL

I =neeusin8.2r L
s

(2.20) S. Lederman, M.H. 8loom and H.F. Widhope: AIAL Journal & 2133 (19638)
W.E. Scharfman & W.C. Taylor: AlAA Jouraal 8 1067 (1970)
(2.21) ¥, Hanal: J. Appl. Phys. 35 1697 (1964%)
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.L_2 usnb _ 2,
Li T fkTm; k. (2.68)

This equation approximates Eq. 2.67 well if C is larger than 2. (I;IIfl

at C=0.)

2.6 TON CURRENT IN A COLLISION-DOMINATED PLASMA FLOW

When an electrical Reynolds nunber defined by

Re = ul. = ul
€ Da Bi(kTe/€)

(L is the length typical of probe dimensions =2rp for cylindrical probe,

(2.69)

u is the undisturbed plasma velocity relative to the probe and Da is the
ambipolar diffusion constant) exceeds unity, the probe current characteristics
begin to be influenced by the flow effects of the plasma. In addition when
the flow is supersonic, 2 shock will be formed around the probe (see Fig.5.4)
and the probe curreat becomes dependent upon the superposed ionization

and recombination processes. In such a case the chemical and dynamical
effects on the probe current can be considered separately if the shock
effects are not very large. In this section we are mainly concerned with
the ion collection effect under the assumptions of frozen chemistry,
frictional heating in the boundary layer and recombination effects.
Stagnation shock effects including new jonization will be treated in

Sec.5.2.
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2.6.1 Thin Sheath

A mathematical treatment for thin sheath case was done by Lam- (2.22)

under the assumptions that

Y o
&= T L, X:—ﬁ.;-»l ’ e)\zE«kTe

2.2
and Reel'x '«1. (2.70)
(The last condition implies that the sheath remains thin at moderate

values of probe bias.) It was found that the electrical perturbations

to the plasma can be divided into three physically distinct and mathematically

uncoupled regions, namely the outer region, the ambipolar diffusion region
and the sheath region. The probe current can be approximated as a current

diffusing into the electric boundary layer (of thickness §) formed around

the probe, i.e.,

Ju=2xReDaVn ~ 2KY'9€D&%§ =[ZTnefepivpukTe, (2.71) .

where & is expressed as,

_ 2% _ [26Da _ ,zt'gl‘ik'fé
S-Jf?'e~] au ~ ] eu ., (2.72)

2.6.2 Moderate Sheath

2
The case of d&1l,X>»1, Riﬁgétl and Rﬁ&zl >1 was treated by Clements
and Smy (2.23). The diffusion current in this case is negligible and also

the sheath thickness, d, becomes dependent on the angle 6 between the radii

(2.22) S.H. Lem: ATAA Journal 2 256 (1964)
(2.23) R.M. Clements & P.R. Say: J. Appl. Phys. &1 3745 (1970)

3
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to the point under consideration and the upstream edge of the cylinder

(see Fig. 5.4). d can be expressed as,

v |
dioy = (Vi gele \F (o —cosf + 27
-( Gnecu Sn b ) 2.7

The ion current to the probe is,

Ji -2neeu(zol smB)e.m —4—(3;1.‘50!}) (neeu)z\/;: i (2.74)

2.6.3 Thick Sheath

When A&1,X>»1 and REuZ))l, the sheath becomes much thicker than
the probe.radius. The current to the probe is,

Ji=2r_n eu, (2.75)

and so by eliminating Trg with the space charge equation the ion current

becomes (2.24),
Grpigo)S (neequ)"'

a= | -
- (h 2(\93\“'?)—. ) @70

2.6.4 Ion Current to the Parzllel Mounted Probe

When the probe surface is parallel to the flow direction, the
expression for the ion current should be somewhat changed. Let us
consider the thin sheath case. The probleam can be reduced to that of
finding the ion current iato a flat plate probe of width 27t and 1engtﬂ
L placed in a plasma flow with 2 flow direction parallel to the probe

surface. The curreat into the sheath can be divided into two componeatss

(2.24) R.M. Clezents & P.R. Say: J. Appl. Phys. 40 4553 (1969)
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ambipolar diffusion current (Id) and convection current (Ic). For
2
RE§?X.4Q1, the diffusion current dominates the situation while for
2

2 . "
Ré& X“3»1 the convection component dominates the current.

The diffusion current can be expressed in the form of Eq. 2.61 as,
ne€VvV i
Tq=2whl—¢ -S—=Lne|2urPuekT|1a, (2.77)

Here the quantity & is taken as the thickness of the electrical boundary

layer, because the supply of ions is large enough there;

g2 [2ulkbikle _IT®VAIR
{Re cu Jd 4u

(2.78)

The sheath thickness, d, can be determined from Poisson's equation for

a continuum plasmz, i.e., by solving dE/dy=3/€3E>

2
j= %‘fof‘i—:’!%. (2.79)

Therefore the convection current can be found to be,
-Ic=2wrpdneeu. (2.80)
The rigorous solution (2.25) indicates that the convection current is,ff

times larger than the above approximate result, thus,
1 3
. va Y
Te = 2 (L el ] (neeu)* Vo™ (2.81)

The actual current to the probe becomes,

I=I4+1.- (2.26) (2.82)

(2.25) R.M. Clements & P.R. Smy: Private Communication (1970)

(2.26) By measuring the current into the planar probe which was aligned
parallel to the plasma flow as 2 function of the applied voltage
and also by measuring ng and u by the methods described in Sec. 3.2,
this equation wes tested and proved to be correct for the plasma
density range of 1010-1016 cm-3.
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2.7 TFLOATING DOUBLE PROBE THEORY IN A GENERALIZED CASE

2.7.1 Potential Difference Across the Sheath

When an electrode is immersed in a plasmé, a sheath is formed aroﬁnd
jt. When the potential across the sheath and the size of the sheath reach
certain critical values, an electrical breakdown in the sheath occurs which
is the subject of this thesis. Two electrodes of approximately the same
geometry were used for this purpose. These were connected to each other by
a variable voltage source, which was completely electrically isolated from
any other systems, e.8., shock driver capacitor bank system, oscilloscope
system., For this reason the electrodes could be regarded as floating double
probes first proposed by Johnson and Malter (2.27) (thus we refer to out
electrodes as probes hereafter), except that in our case the distance
between the two probes was sometimes very large.

Let us find the probe current and the potentials of the two probes
with respect to the plasma. Put S, Vp, ji and je as the sheath area,
probe potential, ion and electron saturation current densities, and Ti’
Te and Vf as the ion and electron temperatures and plasma potential outside
the sheath, respectively. Suffixes 1 and 2 refer to the first (megative)
and the second (positive) probes. Vc=Vfl-Vf2 is the spatial potential
difference of the plasza at both sheaths and Vd=Vp2—vpl ©0) is the
applied voltage across the probes. The potential difference across each
probe sheath is described by V=Vf-Vp. For simplicity we put ¢>=e/kTe,
P=e/kT  and EI.=5,§;,¥5,3;,- Usually V >V | as V _ is the order of

5 volts.

(2.27) £.0. Johnson and L. Malter: Phys. Rev. 80 58 (1950)



33
Four different cases have to be considered depending on the amount
of electron saturation current to the positive probe, Szjez.
< ST -S 3 _ _ ~ST - . .
1) szleﬁZf‘Ii Sl]elexp( ¢1(Vd Vc))“"‘li’ The potential diagram near
the probes is shown in Fig. 2.4-A. We have the following basic equations:

V.,+V =V _+V

177¢ 2 d (2.83)
. . -V
I=S1i5175)9000 ¢171 (2.84)
—e 3 . PV
"L =S,359"5)3e0® 2 (2.85)
From these equations we obtain,
. R
(SR - ( S, ez %, e‘P,(Vd—Vc)
Sdu -Ip  \Szin +1p . (2.86)

This gives us the relation between Ip and Vp. When Vd is large enough to
satisfy exp(él(vd—vc))»jizjelljilje2 and exp(¢1(Vd—Vc))§>Sljel/SZjez,
Ip saturates and becomes independent of Vd explicitly (Ip is dependent

on S1 which may be dependent on Vd), i.e.,

15,35, . T (2.87)

ViFVa Vet 4"9"____1___& (2.88)
Szaez

'y '{Iﬁ"‘ . (2.89)

(2) sljii< Szje2<_ZIi-Sljelexp(-¢1(Vd-Vc))::211: The potential diagram

in this case is whosn in Fig. 2.4-B and the basic equations are,

V2=V1 -Vd-i-Vc «0) (2.90)
< 3 R AS!
Ip—leil-leele . (2.91)
_ R
’Ip—sziize 2°2-S,3 95 (2.92)

« which lead to,

(2.93)

$
_ S (S;J»z Ip) 5 &)
Sﬂu -I? SleZ e

This gives the relation between Ip and Vd. When vd is large enough to
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satisfy
(Va-Vi : 12 :
& (Va-Ve) > 45}32. J.zt]e‘l 2.9
(S|J“ ‘Sz,]ez) ?
Ip reaches the saturation region and then
=S (2.95)
\ S2di2
= Ve - Y 2
Vi=Va-Ve g La Saies = i1 (2.96)

Szjez -SlJ\l ¢

(3) Sije2=51ji1: Equation 2.93 gives the relation of Ip vs V4. When

Vd is sufficiently large as showm in Eq. 2.94, then,

I.P =S|j“ (2.98)
9 5 |
V= o7% (Vg=Ve)+ ¢‘+?zﬁn S;:;:_ (2.99)
Vo =— _ Sider
=73 S"Z(VJ Ve) + ‘P; ﬂ'"szl.z . (2.100)

) Szjefisljilz Equation 2.93 gives the relation of Ip vs V4. When

Vd is sufficiently large as shown in Eq. 2.94, then,

Ip=S2je2 (2.101)
= SiJes

e e .10

Vo =-VitVe ++ Qn Sidex (2.103)

SIJ“ Szkz .

In addition, if szje2<‘51ji1’ Vl can be simplified as,
~ Jet
Vi = g0
[ T (2.104)
The variation of Vl and -V, for 211 the cases is shown in Fig. 2.5

as a function of szje2° When Vd becomes large, the differencebetween
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The

Potential diagram near floating double probes.

FIG. 2.4
dashed and solid lines indicate the plasma potential (Vf) and probe

potential (Vp).

PROBE 1 PROBE 2

mmm—go=—==-Vp
/ $ Vo
Vhl /,:7 } Vp2

FIG. 2.4-A

PROBE 1 PROBE 2

' |V, (<0)

o vf2

FIG. 2.4-B
7z 1
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ZI, and 81311-813elexp(-¢l(vd—vc)/2) becomes extremely small and so vy

can be approximated by,

{ Jei ' e
Viz=—— b~ : (2.105)
' 4’. !h Jil

yaovs g, 8
Vi _Vat Vet 4,'9« ik (2.106)

The calculations carried out above apply only to the case where the
collisional effects of ions and electromns with neutral particles can be
neglected in the sheath. However, even though the ions (only ions) are
collision dominated in the sheath, Eq. 2.106 can be proved to be still

valid.

2.7.2 Analysis of Axially Positioned Double Probe Current

One of the interesting applications of the double probe is to put
two probes at different axial positions in the shock tube, z, and z, with
distance between probes d. Two kinds of plasmas (precursor and shock
heated plasma'(6.5w)) are created in the tube and so ion and electron
saturation current densities at each probe look like Fig. 2.6. According
to the theory in the previous section, the probe current is equal to the
jon or electron current at the negative probe whichever is smaller (when
Vd is sufficiently large) and so the probe current can be observed as
shown by the thicker lines in Fig. 2.6. Line A refers to P1 negative, and
line B refers to Pz negative. |

This type of double probe can measure 2 very low plasma density
(such as precursor plasma) without using a large, plasma disturbing probe
(10 cm'3 can be measured without difficulty). Thne other application of

this probe is to measure plasma velocity very accurately.
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FIG. 2.6 The axially positioned probe current. Ion and
électron saturation currents at probes 1 (suffix 1) and 2
(suffix 2) change as shown by the thin lines, and the measured
probe cﬁrrent changes as shown by the thicker lines. Curve A is

when Probe 1 is negative and curve B is when probe 2 is negative.

le2

) % 0 k time
precursor arrives shock produced
at probes 1 and 2 plasma arrives

a2t probe 1 at probe 2
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CHAPTER III  EXPERIMENTAL APPARATUS AND DIAGNOSTIC TECHNIQUES

3.1 EXPERIMENTAL APPARATUS

3.1.1 Shock Driver and Shock Tube

The shock was created by an electro-magnetic driver which propels the
jonized gas by the jxB force and the thermal expansion of the arc heated
gas. The driver used in this experiment consisted of the discharge chamber
shown in Fig. 3.1. The stainless steel center electrode was a button type
and had a diameter of 1" and a curvature of 3/4". According to Fitch and
McCormick (3.1) the volumetricloss of electrodes in high current discharge
switches is smallest for stainless steel, with copper the second. They
also found that coppér showed least profile distortion and least surface
roughening. For these reasons together with the fact that they are put
in a high vacuum, the electrode materials were selected as in the figure.

This type of driver was studied by Pert (3.2). He found that the
pinched gas column in the center operates as a conventional metallic
central conductor for the coaxial gun during the first 1.5 us, after
which the plasma slug was not accelerated by the current, since the
discharge became unstable and the head of the pinched column could be
seen to break away from the outgoing plasma slug.

The shock tube was made of 8 foot long (changeable), 2" inner
diameter Pyrex glass tubes. At the far downstrezm end the vacuuzm puzps

were connected through an expansion chamber.

(3.1) R.A. Fitch & %.R. McCormick: Proc. I.E.E. 1064 117 (1959)
(3.2) G.J.- Pert: Canadian J. Phys. 46 2055 (1958)
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3.1.2 Gas Input and the Vacuum System

The gas used throughout the experiments was argon and was obtained

from Canadian Liquid Air, who give the following impurity content (%):

Ar N, 02 H, H,0
99.995 0.0033 0.0005 0.0002 0.0001

The vacuum system consisted of a backing pump, Zeolite sorption trap,
buffer, mercury vapor diffusion pump (Edwards High Vacuum Ltd. Model EM2),
water cooled_baffle (CBO2), liquid nitrogen cooled vapor trap (NTM2) and
butterfly valve (QSB2), with a gross pumping speed of 25 liters/sec.

The following vacuum gauges were employed; a hot cathode ionization
gauge (10-9-10-3 mmHg) , Pirani gauges (one 0.0001-0.1 mmHg and two 0.01-
10 mmHg for shock tube and backing system), Vacustat mercury gauges (0.001-
1 mmHg and 0.01-10 mmHg) and McLeod gauge for the calibration of all these
gauges.

A base pressure of .‘7.:{10.6 mnHg was obtained with this system. Just
before taking the measurements the pump was isolated and argon gas was
admitted through the needle valve to bring the system to the desired

pressure. After each firing the entire shock tube was cleaned to

-6
2x10 mmlg.

3.1.3 Power Supply

Figure 3.2 shows the block diagram of the apparatus used in this

thesis. The circuit parameters of the assembled bank discharge circuit
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were:
Bank capacitance
Discharge circuit inductance
Discharge circuit résistance
Maximum bank operating voltage
Maximum bank energy

Ringing frequency

3.2 DIAGNOSTIC TECHNIQUES

3.2.1 Pressuie Probe

43

240 uF
0.13 ¢H
10.4 mQ
5 KV
3KJ

25 KHz.

The Piezo electric pressure probe was flush mounted to the shock

tube wall for the measurements of shock heated gas pressure. The probe

used was type LD-25 (Atlantic Research Co.) with a sensitivity of

0.15 V/psi (=0.717 mmHg/V) and the rise time of 1 us. The sensitivity

was calibrated by using another shock tube (3.3).

(3.3) The shock tube used for the calibration was an electromagnetically
driven shock tube with diaphragm separating the driver and the
test sections. This type of shock tube was introduced by
P.R. Smy: Nature 193 969 (1962), Rev. Sci. Instr. 36 1334 (1965)

and studied extensively by

M.G.R. Phillips: Pa.D. Thesis, Univ. of British Columbia, Canada
(1969) with the conclusion that this type of shock tube behaves

in 2 menner similar to cold gas

-driver diaphragm shock tubes,

in which the Rankine-Bugoniot relations are valid.



3.2.2 Plasma Density Measurements by Electrostatic Probes

For the measurements of plasma density the floating double probe
method (2.27) provides the most powerful tool in our experimental conditions
and plasma density region. The theory for this probe is mentioned in
Sec. 2.7, especially in Eq. 2.86. Since we are not interested in measuring
the electron temperature (see Sec. 3.2.4), the probe was used only under
jon saturation conditions. The probe current in this region has been
treated in Secs. 2.3-2.6.

The probes used were mostly hair pin type tungsten probes which can
be heated and cleaned before each run (see Sec.5.3.7). These probes
had a diameter of 0.1 mm and a length of 4 cm. Many other types of probes
of the same kind were made, e.g., thicker probes, shorter probes and
probes which could be placed parallel with the plasma flow direction.

For the measurements of electrical breakdovn phenomena the same type
of probes were used, except that they had much longe: tungsten wires and
their holders had long sleeves. By doing this the contaminated part
(about 1 mm long which cannot be heated enough) of the tungsten wire
adjacent to the probe holder was well removed from the plasma and did
not affect the measurement of the breakdown voltage. Figure 3.3 shows
the genetal view of the electrode system.

The probe/electrode power supply consisted of D.C. batteries
paralleled with fast capacitors mostly of capacitance equal to 4B F.

(A capacitor of up to 240pF was tested and it was found that as long
as the capacitance was large enough, there was no change in the measured
probe/electrode currents. However , when the capacitance was too large,

the electrode was destroyed at each breakdown due to the intense heat of
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the arc spots. ) The output impedance of the power supply was 0.2Q.

The probe/electrode currents were measured by an A.C. current probe (Sec.

3.2.8).

3.2.3 Plasma Density Measurements by Microwave Cavity

The resonant cavity method of measuring plasma density is a very
sensitive technique because it utilizes the high value of Q of the cavity.
This technique is useful at densities up to about 1011 cm-3, before the
plasma frequency becomes so high that the necessary cavity dimensions
become restrictively small.

When a low loss dielectric of permittivity e is inserted in a
microwave cavity, the resonant frequency shifts. From the perturbation
theory the shift of the resonant frequenc§,<4fd, from the resonmant
fréquency, £y, is expressed as (3.4),

ib; _ L S(l-%\E”J’C
fo 2 [t O

where € is the permittivity of the vacuum and fde is the volume of the

~
()

.
()
o

cavity. If ¢ does not depend on position, the numerator of the right
2
hand side of Eq. 3.1 can be rewritten as, (l-e/eolfﬁ d=*', where‘fdt'
is the volume of the dielectric in the cavity. The permittivity of the

plasma is expressed as, with the notations that

2 X
W
"f:—‘%ﬁ and 'L: E:J':T-Oz 3 (3.2)

e*
E=tot 35 =6t Tom J”wm ::4.3?- =&(i-q HTZ)VEO(I-—'L) (3.3)

(3.4) S.J. Buchsbau=m & S.C. Brown: Phys. Rev. 106 196 (1957)
S.C. Brown: Proc. 2nd Int'l Conf. Peaceful Use of Atomic Energy
32 394 (1958)
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since, the plasma under measurement is usually of low density, low
collision plasma frequency and therefore v Lw. If a plasma of the same
shape as the dielectric is replaced in the cavity, then the resonant

frequency shift, af, is expressed as,

at _ fetdt’

= -, 3.4

io 2 jgxtT 3.4
Here, in order to use the perturbation theory, wp? must be much smaller
than wz .

Having considered the actual plasma geometry (2" diameter, infinite
length), interfering modes, cavity size, etc., a cylindrical cavity of
radius R=4" and length 4.25" surrounding the shock tube (of radius a)
was built (3;5). Further, the TMgyo mode was found to be adequate for

the measurements. For this mode the electric field and resonant frequency

are,
E,=AJg(kz), E,=E =0 (3.5)
k -
and  fgepr— =2.59 GHz (S-band), (3.6)

where ¢ is the speed of light, k=SOZIR and SOZ=5’520 is the second zero of

Jo(x). Integrals of Eq. 3.4 then become,

Jetdr 2t JAatIida
JeMT T R AR =0337 - (3.7

Since an actual resonant cavity has two end holes for the shock tube

to pass through, Eq. 3.7 is not exact. To minimize the consequent error
two improvements were made. One of them was to attach conducting sleeves
which tightly surrounded the plasma container on the outside of both holes
on the cavity. These conducting sleeves were designed to be circular

waveguides whose cut off frequency was beyond the resonant frequency of

(3.5) E.L. Ginzton: "Microwave Measurements" McGraw-Hill Co. pp357 (1957)
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the cavity so that no radiation could escape and hence the cavity appeared
to act as if it had solid end plates (3.6). These sleeves should be a
few attenuation distances long. The 2.375" diameter 4" long sleeves
were attached on both sides of the cavity. The sleeves had a minimum
cut off frequency of 2.93 GHz. The resonant frequency of this assembled
cavity was 2407.5 MHz.

The second improvement was to calibrate the cavity by using a 2"
diameter and sufficiently long dielectric rod instead of plasma and so
eliminate the integrals of Eq. 3.4. The following equations were used

for determining the plasma density,
ot =t

or meo(l £y} of ol

& d OO‘ZQ(l--)'F 3‘ R (3.9)

(3.8)

To know the precise value of e/eo, the same dielectric was coaxially
mounted into a cavity vith solid end plates and the shift of resonant

frequency was measured. From the shift,eﬁeo was calculated by using

Eqs. 3.1 and 3.7.

3.2.4 Electron Temperature Measurements by Single Probe Method

A floating double probe collects only 2 very small amount of
electrons of the highest energies. In our plasma where there possibly
are small amounts of high energy electroms (e.g., TUn away electrons,

photoionized electrons) in addition to the large amount of Maxwellian

(3.6) R.M. Clements: Private Coxmunication (1969)
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electrons, the double probe technique is liable to produce erroncous
measurements of bulk electron temperature.

The original single probe mefhod proposed by Langmuir and Mott -Smith
(3.7) collects electrons of the whole energy range, so that this method
measures the Te of the majority group. However, the single probe technique
has disadvantages, some of which are now discussed:

(1) Sometimes it is difficult to have a proper reference electrode. In
our shock tube, the plasmoid becomes electricélly separated'from the driver
electrodes and so the driver electrodes do not provide a reference potential.
(2) If one uses a large enough probe as a reference, then the geometries
of the reference and the electron collecting probes are very different and
one has to be cautious about whether they are in a collision free or
collision dominated category.

(3) If the larger probe is collision dominated (as is usual), the current
to the probe is mostly determined by ambipolar diffusion; i.e., the probe
potential extends over a distance which is approximately equal to the
probe size. Frequently the smaller probe cannot be put outside this
ambipolar diffusion region. In this ambipolar field the ion and electron
densities are still equal and electroms have a Maxwellian distribution,
although their density and potential are somewhat decreased.

(4) 1f the larger probe is in a collision dominated region, the current
to the probe cannot increase infinitely as the probe area is increased.

This can be proved easily. From Eq. 2.60,

Ne
1=SeDa 5, (3.10)
where & is the characteristic size 2nd is approximately proportional to

S, the probe area. Therefore I becomes independent of S and has 2 finite

(3.7) 1. Langmuir & H.M. Mott _Smith: Gen. Elec. Rev. 27 449, 338, 616,
762, 810 (1925%)
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maximum value. In this case the ion collection by the larger probe is
not enough and its potential decreases because of the surplus electron
accumulation.

(5) The probe draws a heavy electron current from the plasma which

results in a plasma perturbation.

(6) To avoid the large electron currents, the electron collecting probe
must be very small. This causes the probe geometry to be far different
from the ideal planar, cylindrical or spherical probe geometry.

One of the ways to avoid some of these disadvantages (1, 3 and 4) is
to use a third probe (dummy probe) in addition to the electron collecting

probe and reference probe. The current into the electron collecting probe

(of area Sl) is expressed as,

eVe  elu-4)

- e _gvf
I=Sljee kTe(vf VJMV) =S13€ kle € KT ] (3.11)

where Vf is the floating potential expressed by the equation in Sec. "List
of Symbols", Vd is the potential of the electron collecting probe with
respect to the reference probe and AV is the pofential float of the
reference probe. This a4V can readily be measured by applying a voltage
across the dummy and the reference probes. The voltage at which the
current into the dunmy probe is zero is equal to aV. The slope of log I
vs V,-av when Vf>Vd-4V)0 yields the electron temperature.

In our temperature measurement experiment, the reference probe was
made of copper and had an area of 230 cmz. Two types of electron collecting
probes were made of cylindrical tungsten wire and had dimensions of either
0.1 mm diameter and 5 mm long or 1 mm diameter and 5 mam long. The dummy

probe was 1 mm diameter and S c= longz copper wire.
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3.2.5 Two Coil r.f. Determination of Plasma Conductivity

This section describes a new method of measuring the electrical
conductivity of a plasma by utilizing the dependence of the mutual
inductance of two coils upon the conductivity of the medium lying between
them (3.8). 1In addition to its simplicity, this method has several
advantages over previous single coil measurements (3.9). These are;

(1) high speed response ( 20 nsec),

(2) it gives a measure of the average conductivity in the plasma rather
than of that very close to the coil,

(3) it can be used over 2 continuous and wide range of frequencies with
the result that a very wide range of conductivity can be measured

(to 106 mhos/m).

Electrostatic effects can be eliminated by the use of a third coil which
avoids any necessity for electrostatic screening.

Consider a cylindrical plasma-(of radius a) with surrounding field
and search coils (of radius b) placed concentric with the plasma axis with

a separation of zg- The conductivity of the plasma is considered to be

constant throughout, i.e.,

6 = (constart) vwhen dstga
and ¢ =0 when rd>a, ' (3.12)
where r is the radial variable of a cylindrical coordinate system whose
origin is at the center of the field coil. Llet w be the angular frequency
of the magnetic field. By solving Maxwell equatioms the ratio of the
signals induced by the search coil with and without plasma (Vv and Vo) is

found to be (for the case of a=2.5% cm, b=3.00 cm),




L 2L ..,_ 2z
Vv _ C.i95 (0(1'52')2%&“1;)). )”a} + 3987, [(o(- sz)‘a.] 51
Vo (O?‘jf)lijo[(&'jfﬁa] ~ 896J,=3Xy7a) (3.13)

where )\2=wpa', J 0 and J 1 are the Bessel functions of Oth and 1lst order of

the first kind, respectively. Here the magnetic field was approximated
to change exponentially along the axis of the cylinder with the decay
constant of X. (This is a good approximation if zo>b/ 5.) The variation of
‘V/VO‘ as a function of o-f was solved numerically and the results shown in
Fig. 2 of reférence 3.8.

Measurements have been performed upon electrolytes of known conductivity
and plasmas (whose conductivity was measured by Lin's method (3.10)) with
conductivities from 10 to 104 mhos/m at frequencies‘from 0.1 to 50 MHz, and

in every case agreement with theory was excellent.

3.2.6 Conductivity Measurements by Lin's Method

For conductivity measurements of a moving plasma, the method proposed
by Lin et. al. .(3.10) provides 2 useful tool. This method uses two coils
whose axes are aligned with that of the shock tube. The downstream coil
(field coil) provides an axially symmetric D.C. magnetic field, while the
search coil slightly ahead of the field coil picks up the electromagnetic

disturbance produced by the passage of the plasma slug through the magnetic

field.

(3.8) . Mikoshiba & P.R. Smy: Rev. Sci. Instr. 40 1187 (1969)
(3.9) R.A. Olson & E.C. Lary: Rev. Sci. Instr. 33 1350 (1962)
E.J. Stubbe: Proc. IEEE 56 1483 (1968)
P. Savic & G.T. Boult: J. Sci. Instr. 39 258 (1962)
B.E. Xoritz & J.C. Keck: Rev. Sci. Instr. 35 201 (1964)
K.B. Persson: J. Appl. Phys. 32 2631 (1961)
M, Cianpi & N. Talini: J. Appl. Phys. 38 3771 (1967)
£. Tanaca & M. Bagi: Jap. J. Appl. Phys. 6 335, 338 (1964)
K.V. Donskoi & I.A. Prokof’ev: Sov. Phys. Tech. Phys. 7 805 (1963)
D.D. Bollister: AIAA Journal 2 1568 (1964)
(3.10) S.C. Lin, E.L. Resler & A. Xantrowitz: J. Appl. Phrs. 26 95 (1955)

i
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The D.C. magnetic field jnduced by the field coil is’ proportional
to the current, I, through the coil. When a plasma enters the field with
a velocity u, a current is induced in the plasma by its diamagnetic
property. This current has only an azimuthal component, jG’ and is
proportional to oul, where the electrical conductivity of the plasma is
considered to be constant throughout the radial direction (eq. 3.12). The
total magnetic flux, ¢, due to g is,

F o< Jo ¢ cul, (3.14)

therefore the voltage jnduced in the search qoi}, VvV, is proportional to
dd/dt, or

jvat o<o-ul. (3.15)
The proportionality constant can be eliminated by calibrating the system
with a metal rod of known conductivity and velocity. Finally we obtain the

equation for plasma conductivity,

ov= UCI’C Ivdt e
u I SVQ& ] (3.16)

where subscript c denotes the values obtained with the calibrating metal

rod.
In our system the calibration was carried out by an aluminum rod of
2" Jiameter and 6" long, with the results that uc=5.76 n/s, cEfZ.26x107
whos/m, Ic=145 A and.fvcdt=1.6x10-5 V.sec. The searéh coil signal was
integrated by RC-integrator with a time constant of 120 ps- Equation 3.16
can now be rewritten as,
¢ =0 .9-’r.~’;x109 VCROIU s (3.17)

where VCRO is the voltage measured by the oscilloscope. The plasma

velocity was measured simultaneously by 2 photodiode technique.
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3.2.7 Plasma Luminosity Measurements

To measure the radiant energy from the plasma, a photodiode (Hewlett-
Packard Associates, Type 4205) was placed adjacent to the Pyrex shock tube
perpendicular to the tube axis. The sensitivity of the photodiode was
0.75 electrons/photon at 7700 ﬁ, the directional sensitivity was confined
to within 30° (this means that the axial resolution was 3 cm) and the
wavelength response was 0.4-1.1 micronms.

The pictures of the shock heated gas were taken with an image
converter framing camera (TRW Instruments, Model 1D) with a plug-in

unit (Model 26B).

3.2.8 Oscilloscope Assemblies

The following oscilloscope assemblies were used. The numbers in
the bracket show the upper 3 db down frequency in Hz. The lower frequency

limit was D.C., unless otherwise listed.

Oscilloscopes: Tektronix type 555 (33M), 454 (150M), 549 (30M), 321A (23M)

Plug-in units: 1Al (50M), CA (24M), 1A5 (50M), D @), 6 (20M), 0 (23M)

Probes: P6006 (33M), P6012 (33¥M), P6047 (1504), P6015 (50, 4OKV),
P6019 (120Hz-60M, A.C. current probe with passive termination)

Camera: C-12 with Polaroid films.
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CHAPTER IV  PLASMA PRODUCED BY ELECTROMAGNETICALLY DRIVEN SHOCK TUBE

4.1 PROPERTIES OF THE GAS BEHIND THE SHOCK

4.1.1 Incident Shock

The relations between the properties of the gas behind the shock for
a one-dimensional flow of gas are presented, taking into account the
effects of ionization. In a reference frame moving with the shock front,
whose velocity is U, the equation of conservation of mass is,

U =RU-w), (4.1)
where the flow quantities upstream of the interaction region are designated
by suffix "1", downstream quantities by suffix 2", The equation for the
rate of momentum flow takes the form of,

ﬁ+f.Uz=Pz+f’z(U—uz)", (4.2)

The equation for constaant energy flow takes the form of adiabatic flow,

1,42 1
H"‘\"Z'U =H2+—2-.(U-U2$: (4.3)
where H is the specific enthalpy of unit mass of the gas, expressed as,
e kT ,  eVi P -
= o« . .
H= 5w t¢ 7 + P (4.4)

Here we have neglected the excitation of electronic states of the ions
and the neutral particles. The first term of Eq.4.4 represents the
translational energy of the gas particles; the quantity l+a indicates the
increase in the nuﬁber of particles per unit mass by ionization. The
sccond term indicates the emergy of ionization per unit mass. Together
these two terms stand for the internzl emergy so that the addition of the

third term results in an expression for the enthalpy. With the equation

of state,
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f (4.5)

the expression for the specific enthalpy may be simplified to,
H=-L L oteVi 4.6
TAF T Tm -6)

It is customary to introduce the Mach number of the shock,

9] |
M=% .7
\ G

where c1 is the sound speed in the undisturbed gas,

C\-‘-"T-F:- . - (4 .8)

From Eqs. 4.1, 4.2, 4.3, 4.6, 4.7 and 4.8, we obtain,

G (v+) M

- XCTNEV; 2 (4.9
A e =[oae-g+ 225 M ‘
]

naJ;-“ = 1+ 0-)TME (4-10)

B _ nm=0rMe
"l“ - (l‘%‘“) 'l?. (4.11)

and ME% =(.-';L')M| ,. (4.12)

Here, for convenience, we have normalized u, by ¢y and put equal to M.
M must be distinguished from M;.

By assuming thermal equilibrium, the expression for the degree of
jonization was derived by Saha (4.1) using the method of statistical

mechanics,

03 P,\?' % )
a6 F

2
ol =

(4.13)

where go, ge and g; are statistical weignts of ncutral, iom and electron
and are, respectively, 1, 2 and 6 for argon. Especially for argon, with

p expressed ia mlz,

(4.1) Saha: A Treatise on Modera Physics 1 Allahabad and Calcutta (1934)
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s ;
- S .82 x 105 4.14
340 p = e == + l R ( )
Provided that U is given, p2, P and a can be determined. This

results presented in Figs. 4.1~ 4.5,

and at M1=87 approximately 907 of argon is Ar'H'

larger, Ar
Especially when T2

Eqs. 4.9-4.12 can be simplified as,

22 Tzs “2
calculation was done with T1=300 K, Ml=0-50, p1=0.1-100 mmHg, and the

'l= & = ('Y-l-l) Mlz
R @-)ME2
g Pe_ 207M7-Cr)
P Y+I
2 _ (ZYM;('.’-I))(('Tﬂ)M.z-rZ)
T ra))*ME
2 Q(Mlz-l)
G (r+OM,
U-th_ r-OM +2
M= 27 M=)
léz 2 (MI ‘l)
2 J(ff-l)l"iﬁ'Z)(ZYﬂl-é'rﬂ))
('T-H)Ml

Cz mzrm ~(7-10)

For M_>50 ArH

o |

. . + ++
becomes dominant, while Ar and Ar

is so small that the ionization is negligible,

becomes significant

. When Ml becomes much

decreases(4.2).

(: 4-M‘7“ for A) (4.15)
M43
2
(-_-_S.L’h_“l for A) (4.16)
4
_ GM=)(MED)
(“ IGMF for A> (4.17)
3(47~)
( 3, for A) (4.18)
( ‘@ for A ) (4.19)
3('“ ’_)
( = for Ar) (4.20)
] sov—zxw =

for Az) (4.21)

5 ﬁ(ﬁ)(t

For the actual gas % changes its value when ‘1‘2 is raised to certain

degree by dissociation of the molecules and by quantum effects (Sec. 2.2.1).

(4.2) W.A. Menard & T.E. Horton: NASA JPL Tech. Rept. 32-1403 (1969)
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Roughly speaking, dissociation becomes important at 0.3 eV, dissociation
is about complete and ionization sets in at 1 eV and at 2.5 eV, ionization
is of the order of 50%. The general expression for specific heat at

constant volume can be written as (4.3),

k.v
tk k(’h' ”—feﬂ
cy=1k 45 bl |

4.1.2 Reflected Shock

When a primary or incident shock wave reaches the end of a shock tube
it will be reflected back into the gas which has already been heated by
the passage of the incident shock (4.4). This results in a further
increase in the temperature, pressure and density of the gas. To derive
the equations for the quantities in the reflected shock it is more
convenient to do so in terms of thé conditions in the incident shock.
From the equations derived, these properties may then be related to the
initial conditions by way of the Mach number.

With a reference frame moving with the reflected shock front vwhose
speed is UR’ the Rankine-Hugoniot relations can be expressed in the same
form as Eqs. 4.1-4.6, except that the subscripts 1 and 2. of p, p, T and
H are changed iﬁco 2 and 3, respectively, and that U and ¥j changed into

uz' and MR, respectively. In this case MR has the form of,

’
~ Mz _Uptlz
Me=%=""¢ - 4.23)

The parameters behind the reflected shock wave can be secen in Eqs. 4.9-

4.12 and 4.15-4.21, with the same changes in the subscripts. Equations

(4.3) J.K. Wright: "Shock Tubes" John ®Willy & Sons Inc. N.Y. pp24 (1961)
(4.4) A.G. Gaydon & I.R. Hurle: "The Shock Tube in High Temperature
Chemical Physics™ Reinhold Publishing Co. X.Y. (1963)
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4.15-4.21 are applicable when there is no further ionization in the
reflected shock. From Eqs. 4.18 and its equivalent form in the reflected

shock region, we obtain,

=208 M=)

(r+1) My (r+1) Mg (4.24)

_[2yM=be-)
Mr=| G

or (4.25)

From this equation it can be seen that even with M1=a% MRf(ZT/Y-l)%

(=/5 for argon). Therefore the further increase in the density and

temperature in the reflected shock is not very large and Egs. 4.15-4.21

can be used as a good approximation for the properties of the reflected

shock. Also if Mf27 in argon shock, then we can approximate that, |
M =S5, £/pp=2.5, Py/Py=6, T3/T,=2.4, up/cp=3

and UR/U=0.5. (4.26)

4.1.3 Generation of Shock Heated Gas by a Shock Tube

For some shock tube conditioms a contacf surface is never established
and the ambient and driver gases are thoroughly mixed. Several explanations
of this behavior have been put forward; Rayleigh-Tayior instability of the
contact surface (4.5), inertial instabilities (4.6), and turbulent mixing
across the contact discontinuity (4.7). According to Pert (4.8) the flow

is dominated by turbulence and the shock heated gas is thoroughly mixed

(4.5) J.P. Barach & R.E. Vermillion: Phys. Fluids 8 1976 (1965)
G.I. Taylor: Proc. Roy. Soc. A201 192 (1950)
(6.6) G.D. Cormack: Z. Xaturforsch 122 934 (1964)
(4.7) J.P. Barach & T.W. Mayers; Phys. Fluids 11 89 (1968)
(4.8) G.J. Pert: J. Appl. Phys. 39 5932 (1963), J. Phys. D, Appl. Phys.
2

3 203 (1970)
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behind the shock front at low initial gas pressure 0.5 mm) and high
shock speed (>4 cm/ps), so that no separated shock layer is found. The
gas behind the froat is predominantly due to the collected driven gas (for
the axial distance much longer than the length of the driver) and accordingly
the state of the gas is approximately given by the shock relations, if the
turbulent energ} is not too large. However, at high initial gas pressure
(1 mm) and low flow speed K2 cm/ps) a shock structure is formed with a
well developed boundary layer.

The conditionfor onset of turbulence in the flow can be described

in terms of a hydrodynamic Reynold's number,

Re= P{d ) (%.27) B

where 7 is the viscosity (values for argon are given in Fig. 4.6) and d is
the diameter of the expansion tube; i.e., with Re smaller than 9000, the

shock heated gas 1is separated from the driver gas (4.8).

4.1.4 Flow Duration in the Shock Tube

The length L of the slug of the shock processed gas contained between
the shock front and the contact surface satisfies the relation p,l=pPy2,
where z is the axial distance from the driver to the specified point, so

that the ideal flow duration, T, is given by

L 2

T’Tz=m . (4.28)

It is well known, however, that the actuzl flow durations are
shorter than the ideal values; a factor of ¥ has been used as a rule of

themb which is useful at higher pressures S =mHz). At low values of P>




~ FIG. 4.6 Frictional viscosity for argon as a function

of temperature at 1 atm (4.9).
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the factor can be much less than ¥. The severe effect at low pressures

was first noted by Duff (4.10) , who found that, at given pl, there is a
1imiting value of T, i.e., 1T cannot be jncreased infinitely with increasing
2. He gave a qualitative explanation of the loss, noting that the low
speed gas in the boundary layer near the wall "leaks" past the contact
surface. The theoretical values of T as well as the experimental values
are shown in the report of Roshko (4.11). These measured values fall below
the theoretical real-gas curve. The discrepancy increases with increasing

Mach number and decreasing initial pressure.

4.2 THEORETICAL DERIVATION OF THE PILASMA VELOCITY

The model used for the electromagnetically driven shock in this
theory is the "finite energy Snow plough with leakage" model. Let us
consider the energy balance equation so that ionization effects and
frictional energy losses to the shock tube wall can easily be taken into
account. The shock driver emits a driving gas slug (plasmoid) of the mass
defined by mnlL per unit area of the shock tube cross section. L is
determined experimentally from the product of the plasma length at the
driver mouth and the ratio of the particle densities of the shock heated
gas and the unheated gas (=n2/n1) at the same position. (It was experimentally
found that L is very weakly dependent on the driver emergy and ambient gas

pressure, which makes this theory simple and useful. See Sec. 4.3.7) This

(4.9) R.S. Devoto: Pnys. Fluids 10 354 (1967)
(4.10) R.E. Duff: Pnys. Fluids 2 207 (1959)
(4.11) A. Roshko: Phys. Fluids 3 835 (1960)
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plasmoid works as a piston and compresses the undisturbed gas ahead.

By doing so the driving gas feeds its internal and kinetic energies into
the compressed gas. The shock heated gas_is not well separated from the
driving gas by the contact surface, but tends to diffuse into it as
mentioned in Sec. 4.1.4.

In the case of the pressure driven shock tube, the actual length of
the shock heated gas is reduced by a factor k (=0.1-0.5, depending on the
jnitial pressure and Mach number) from the théoretical value. For our
electromagnetically driven shock tube where the mixing is more severe
this factor k is smaller and can be regarded as a ratio of the number of
particles which moves with the driving gas slug to the total number of
particles which are affected by the shock (snow plough rate); i.e., only
knlz particles out of n;z particles start moving with the driving gas
slug, and the others lcse their energies by frictional force between the
shock tube wall and by diffusion to the wall. The mass of the driving gas
per unit area at z can, therefore, be expressed as mnl(L+kz).

By equating the energy joss of driving plus shock heated gas and the
energy gain of undisturbed gas during the period the shock proceeds a
distance 4z, we obtain,

Als n (L+k2) Goy 48, ))=-0n; a2 0y ) 4.29)
where H is the internal energy expressed by Eq. 4.6 with the assumption

of Hi2>H1. This equation can be rearranged to,

Ltke 2 diz dHy \ dM: _
(+k u%+zﬂt(u2dﬂ‘+ de)Tzf'“" | =o. (4.30)

By eliminating u2 and HZ by using Eqgs. 4.6, 4.9, 4.10 and 4 .12, we obtain,

L+k
I+I:Z é((ﬁ) ﬁj +1=0, .31)
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where 3(”“ (‘T“)('l )M((M‘ 'Hl 'z)“'?’YMl’U'l ) *(?’YM' 'Y’U‘ql 'O——

@-)TPeVi da
+ <F m dt’h, (4.32)

and Gr(MQ=—'l (- OME + UT=M =M )‘\' W‘c')} of:\l , (4.33)

By normalizing z as z=(1+k)z/L, equation 4.31 is reduced to,

aMl 2 (i e Z) gg“)) , (4.34)

The first term of J(Ml) arises from the change in kinetic energy, the

" second and third terms from the change in internal energy, and the fourth

term from the energy increase by ionization. In G(Ml) the first term is
kinetic energy and the other terms are internal energies.

Equation 4.34 was solved numerically with the boundary conditions
M1=M10 and u2=u20 at t=0, with k=0.1-1. Figure 4.7 shows how each term in
Eqs. 4.32 and 4.33 affects the plasma velocity. 1=0.4 m and k=0.1 were
used here.

Curve A: dK/dMI#O follows the Saha equation
Curve B: dd/dM1=0 de-ionization energy goes into the shock
tube wall
Curve C: dﬁzldM1=0 internal energy change is neglected
Curve D: H2=0 jnternal energy is meglected.
The initial pressure dependence was found to be very small for p1=0.1-

100 mmHg. Especially for the case of Curve D, Eq. 4.34 can be solved as,

Uy = e = (4.35)
{20 [fenl

In deriving Eq. 4.31 it was assumed that the pressure, deasity a2nd
temperature of the driving gas slug are the same 2s those of the shock

heated gas whose parameters are described by the shock relations. The
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validity of this assumption was verified experimentally by Pert (4.8).
However , when the plasma density is low, the loss of the charged particles
by ambipolar diffusion to the wall becomes larger than the loss by volume
recombination, in which case most of the energy released by de-ionization
is fed into the wall, not into the oncoming neutral particles. Therefore

in the expression of J(Ml), we may set, for the low density plasma,
dat
Wi =0, (4.36)

The crossover takes place when the volume recombination time constant
Ctr) of Eq. 2.39 is equal to the ambipolar diffusion time constant (T,) of
Eq. 2.33. For 1" radius shock tube with the pressure of 1 mmHg, the
crossover density is n;--leO12 cm-3. If the neutrai density becomes higher,
then T, becomes longer, recombination dominates, the uz(z) curve
approaches the curve A of Fig. 4.7 (broken lines of Fig: 4.9), and so the
plasma velocity tends to haye a lower decay rate. On the other hand if
the plasma density become; lower, then tr becomes longer, ambipolar
diffusion beccmes dominating and uz(z) curve approaches the curve B of
Fig. 4.7 (solid-lines of Fig. 4.95. 1t is worth noting that the curve A
can be approximated well by the curve D of Eq. 4.35.

In Fig. 4.8 is shown the variation of uz(z) with respect to k when
ddldH1=0. Curves for uz(z) with various initial conditions, Mjg, are
shown in Fig. 4.9 when da/dnl is zero and non-zero.

In this theory the expansion wave emitted by the shock as it slows
down was neglected. However, this effect becomes important when the shock
Mach number is low and the difference between U and u, are appreciable that
the shock deceleration is strong. Consequently, the theory introduced here

might have an appreciable error at low shock speeds.
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4.3 MEASUREMENTS IN THE SHOCK TUBE

4.3.1 Plasma Velocity Measurements

The velocity of the plasma was measured by both photodiode and r.f.
conductivity probes with the time of flight method. The photodiode measures
the time of arrival of the peak luminosity, i.e., the peak plasma density
(4.12), and the conductivity probe measures the time of arrival of the
peak plasma temperature (Eq. 2.9). The experimentally obtained plasma
velocities by these two methods agree well as seen in Fig. 4.10.

Some of the experimental results are shown in Fig. 4.11 where
[ : theoretical curves are also shown. The agreement between them is very

good except for low plasma velocities (M5).

4.3.2 Flow Duration Measurements

Two methods of measuring the flow duration were employed; the two
coil r.f. conductivity probes (Cases 1, 3, 4 and 5 in Table 4.1) and the
combination of piezo electric pressure probe and electrostatic probe
{Cases 2 and 6 in Table 4.1). The typical oscilloscope traces for the

first method are shown in Fig. 4.12. In the second method the pressure

(4.12) The power density radiated by electrons which are accelerated by
the interaction with ions (Bremsstrahlung) is,

= 2286 nne  [skTe -4
w-slé"fcsgc’*meh tm::l,q- x162°720; 00 [Te (w/ma), (.37)

which is approximately proportional to the square of the electron
density.
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FIG. 4.10 The plasma velocity measurements by two methods. The
upper beam is the signal of r.f. conductivity probe (5 mV/vertical div.)
and the lower beam is the photodiode signal (1 V/vertical div.) Time

base is 50 ps/div. Both signals were taken at z=100 cm with p;=0.15

mmHg in argon and VC=2.5 RV.

FIG. 4.12 Typical oscilloscope traces of r.f. conductivity probe

(case 3 of Table 4.1). Vertical and horizontal deflections are 0.05 V/div.
and 200 ps/div. Time runs from left to right. The upper trace was taken
at z=154 cm from the driver and the lower trace at 2z=146 cm. The pinch

of the upper trace during 0-100 ps is due to the precursor ionization,

the pinch during 600-800 us to the shock heated gas and the pinch during

800-1600 ps to the driving plasmoid.
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probe detects the arrival of the shock front, while the electrostatic
probe detects the arrival of the driver gas;

Some of the results are summarized in Table 4.1 where the measured
values are co%pared with theory. Considering the results of Duff (4.10)

and Roshko (4.11) the agreement can be said to be reasonable.

4.3.3 Pressure Measurements

Measurements of the pressure of the shock heated gas give us
jnformation on the validity of the shock relations. The experimental
values of P, obtained by the piezo electric pressure probe agree well
with that of theory (pz*) when Re<9000, as seen in Table 4.1. When Re
becomes larger, the indicated values are greater than the experimental
values. This is probably due to the leakage of the shock heated gas

through contact surface along the boundary layer on the shock tube wall.

4.3.4 Plasma Density Measurements

In the first measurements with the floating double probes, one of
the probes was aligned perpendicular to the plasma flow, while the other
was parallel to the flow. Some 0of the results are listed in Table 4.2 and
the typical V-I characteristics for these measurements are shown in Fig.
4.13 (which corresponds to Cases 1, 2 and 3 of Table 4.2). With a probe
voltage, Vd,llarger than 10 volts, the probe currents can be seen to be
proportional to Vd%, as expected by the collision doaminated theories (Eq.

2.74).
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ing

Typical V-I characteristics of parallel/perpendicular float

FIG. 4.13

double probe. One of the probes was aligned parallel to the flow while the

other was perpendicular to the flow.
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The ratio of I./Iy was calculated in three ways. Since the parallel
probe also was a hair pin type, there still remained a small portion
(length LZL) which was perpendicular to the flow, besides the large
portion (length LZ“) of the parallel part. The nominal length of the
probe was L2L+L2“. The perpendicular probe (length Lll) did not have
any parallel component to the flow. The radii of both probes were the
same. The three methods were:
(1) Collisionless case: From Eq. 2.68,
(h ___Lu
] .
T Bl .30
where L1=12 mm, L2=56 mm, L2 =4 mm and rp=0.05 mm.
(2) Collision dominant, this sheath case (RE§?X?411): From Eqs. 2.71
and 2.77,
Lo
Sy e
/2 gttt

(3) Collision dominant, moderate sheath case (REQ?X?2>1): From Eqs. 2.74

(4.39)

and 2081,(1&)_ 5'3LILL "’26
C1o )T GEenFLL® +58Lar (4.40)

The aim of the second measurements was to check the electron density
obtained by the double probe method. Cases l1-4 of Table 4.2 are for long
jon mean free paths and cases 5-11 are for short mean free paths. Since,
in all the cases the ratio rp[Ai were not sufficiently different from
unity, electron densities were determined by using three different methods:

(1 lam's theory for collisionless plasmz in which case n, are denoted
by ne(l).
@)

(2) Collision dominated theory with Eqs. 2.63 and 2.64, with
n, (3) Collision dominated sheath with electrical boundary layer
theory of Eq. 2.74, with ne(3).

For large.hi, ne(l) agrees with nc(Z) but not with ne(3), since
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ne(3) does not take into account the current due to ambipolar diffusion.
This makes the calculated density larger than the true value. However,
‘for short Ai’ it is ne(l) that does not coincide with other n.'s.
Electron densities determined by the conductivity measurements, shock
relations and Saha equations agree with ne(l) for largeAi or ne(3) for
small )\i, as long as M is greater than 8. With M8 the plasma density
is too low for the Szha eéuation to hold, i.e., density loss by diffusion
to the wall becomes greater than recombination loss. 1In addition, the
temperature of the sh;ck heated gas is too low for further ionization to
occur. Therefore, for the determination of electron density, the shock
relations are no longer valid and the driving gas alone determines the
electron density.

Figure 4.14 shows the plot of the electron density against time
measured from the initiation of the driver discharge (tarr) for the cases
1-4 of Table 4.2.

The plasma density was measured by the microwave cavity method
in order to check the electrostatic probe method. The cavity was set
at 230 cm from the driver. With Vc=2.5 KV and p1=0.1 mmHg, we obtained
£=0.8 MHz and £/£0=2.03, which yielded that ne=6.3)-:109 cm-3. For
this Plasma‘vmexIOS sec-l,cop=&.5x109 se<:.1 anda)=1;5x1010 sec-l, which
satisfie the conditions that N&1 and V&1 of Eq. 3;2. The measured

point thus obtained is also plotted in Fig. 4.14.
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FIG. 4.14 Plasma density decay with respect to time.

: p1=0.1 mmHg and \(C=2.5 Kv.

10” | 1 ! T I | T
]016 _ Q -
o o electrostatic probe measurements
+ microwave caviiy measurements
]015 -
el;\ 1014 L
£
2
[
c
1013 .
]012 -
]o" |
1010 .
10° | { 1 { { | i
o) 100 200 300 400 500 600 700

tarr (ps)



85

4.3.5 Electron Temperature Measurements

The electron temperature of the argon plasma with VC=2.5 KV, py=
0.1 mmHg and z=80 cm from the driver was measured. The results for
'two kinds of electron collecting probes (Sec. 3.2.4) are shown in Fig. 4.15.
The dotted lines were taken without a dummy probe and the solid lines
were taken with a dummy probe. (4V was subtracted from the values of
dotted lines to obtain the solid lines.) The slopes of the curves yield
2.0 eV for the 0.1 mm diameter probe and 2.1 eV for the 1 mm diameter probe.
The electron density cannot be found because of the ambiguity of the probe
area, since the probe surfaces were badly contaminated after a few shots.
Note that the floating potential has a larger value (-20 volts) than the
expected value by calculation with T =2 eV (9.5 volts), because at the

e

floating potential the probes collect only the fast electrons as mentioned
in Sec. 3.2.4.

The speed of the plasma at the probe position was 0.75 cm/ps (M=23.4)
from the photodiode measurements. From the shock relations it is predicted
that Te=1.4 eV and n2/n1=10. This result is compared with the conductivity
measuremnents in Table 4.3. The mean free path between electrons and
neutrals becomes &.4x10-3 m, which is much larger than the probe radius.
The effect of the plasma flow can be neglected as mentioned in Sec. 2.5.
The electron temperature deduced from the shock relationms is 307 lower
than that measufed by electrostatic probes. This discrepancy is considered
to arise from the following factors; (1) the shock relation is not
exactly correct since the driving plasma slug still has a large effect

on the temperature, (2) the probe current due to faster electrons is

not negligible.
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4.3.6 Conductivity Measurements

87

The plasma conductivity was measured by two methods mentioned

previously (two coil method and Lin's method) and the results are listed

in Table 4.3. The calculated values of ccnductivity as well as the

plasma temperature from Mach number and Shock relations are also listed.

From the table we can find that the conductivity and the temperature can

be determined from the shock relations when M is greater tham 8. With

M less than 8, driver gas rather than the shock heated gas dominates the

plasma conditions and s66” and hence T is higher than expected from the-

shock relations.

4.3.7 Plasma Luminosity Measurements

The pictures of the plasma were taken with the image converter

framing camera to study the overzll luminosity. Typical pictures are

shown in Fig. 4.16 when the initial pressures were 0.1, 1 and 10 mmHg

and the driver capacitor bank voltage wzs 3 KV. From the pictures the

following can be deduced:

P z L " L, Vex Re | FIG.
(mmifig)  (cm) M (i) 1 (cm) (cmfus) 4.15
0.1 30 19 3.4 23.7 5.5 0.2 4000 A
1 30 8.7 3.4 7500 B
10 13 3.4 3.4 — 20700 C

where Lp is the length of the driving plasma slug, LS is the length of
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FIG. 4.16 Framing pictures of the plasma produced by the electro-
magnetically driven shock tube. Time increases from top to bottom.

Each picture has an exposure time of 20 ns and the times separating each
consecutive picture are, 10, 12 and 14 ps for A, B and C, respectively.
The plasma proceeds from right to left. The camera sees a length of
18.5 cm of the shock tube. Initial pressures for A, B and C are 0.1,

1 and 10 ==Hg. Other experimental conditions are listed in the main

paper.
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the shock produced plasma and Vex is the expansion speed of the shock
produced plasma. It was also evident that the expansion speed of the
driving plasma slug was very small (i.e., Lp was constant), which implies
that the snow plough rate, k, of Eq. 4.34 was very small (£0.1). The
shock heated plasma could only be observed at p1=0.1 mmBg. The shape of
the contact surface/shock front was not always planar.

The length of the driving plasma, Lp’ can also be determined from
the electrostatic probe signal (or photodiode signal). This was measured
with VC=2.S-4 Kv, p1=0.05-1 mmHg and z=50-250 cm from the driver. The

results also indicated that L_ was independent of V., p, and z.
d P C 1
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CHAPTER V  THEORETICAL CONSIDERATIONS ON THE BREAKDOWN PHENOMENA

5.1 EFFECT OF THE SHEATH SURROUNDING THE ELECTRODE

5.1.1 Floating Potential in the Collision Dominated Plasma

The potential difference across the cathode sheath, Vp, is,
vp=vd+vf, (5.1)
where Vd is the voltage applied across two floating electrodes and Vf is
the floating potential of the surrounding plasma (Sec. 2.7). Here Vc was
assumed to be zero. In 2n ion sheath around the cathode for our experiments
electrons experience no collisions with ncutrals at all while ions cpllide

with neutrals. Therefore the floating potential can still be expressed

by V¢ of Sec. "List of Symbols", i.e.,

V{;:.Isli Je

3 5 3 (5.2)

where je is the electron random current density expressed by

je‘-"nee —Z%i (5.3)

ji {s the ion saturation current density which can be expressed by Egs.
2.58, 2.59, 2.63, 2.71, 2.74 or 2.76 depending on the plasma/electrode
conditions.

V_ for four important cases will be calculated.

f

(1) Ions are collisior free in the sheath: From Eqs. 5.3, 5.2 and 2.58,

Vg = %g«’;—f=5.3k}; . (5.4)
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g2
(2) Ions are collision dominated in the sheath and the sheath is

stationary: From Egs. 5.2 and 2.63,

Vg =lo—k}, (5.5)
(3) Collision dominated, flowing plasma, REe(ZXZ& 1: From Egs. 5.2
and 2.71,

V{-=8.8l‘;r—°, (5.6)
(4) Collision dominated, flowing plasma, R.E'e(zx,z» 1: From Eqs. 5.2
and 2.74, -

V§=61 -’%—-—_ | (5.7)

5.1.2 Ionization of Neutral Particles by Electron impact

The values of the Townsend first ionmization ccefficient ,X , defined
by the relative increase in the elegtron density per unit length,
dne/nedr, can be approximated as (5.1),

Bp :

&=Ae =, (5-8)
The constants A and B can be determined experimentally. For argon, Meek
and Craggs (5.2) have given,

A=13.6 (ca ! mmig™D), =235 (V/cm-mzfig),
while von Engel (5.3) has given,

A=12 (cn”! matg™l), 3=180 (V/cm-mmlg),
both for E/p=10C-600 (V/cm-mmHg) . & is given in cm'l, p in amHg and E

in Y/cm. At higher E/p, & is given by (5.4), -

E/p (V/cm-mmHg) 500 750 1000 2000 3000

ofp (cm lmmmg-l) | 6.29 7.91  9.02  11.24 12.10

A TN NE ISR PSP SHT S UL SR PR L S cralaaner BEL
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The first ionization coefficient is only meaningful when there are
enough elastic collisiéns between electrons and neutrals so that the
electron mobility can be defined; with the mean free path of electrons
comparable or-smaller than the distance between the cathode and sheath
edge (anode), ¢ cannot be defined. In such a case the collisional
phenomenon has to be treated microscopically.

Let us denote the electron energy by k. If, at x=x in a rectangular
coordinate, electrons have an energy distribution of £(x,k), then the
number density of electrags created at x=x~x¥dx is, ‘

dne =no cx)dxj fuz, Qi k) (5.9)
°
where Q; is an ionizing collision cross section (which is a function of
electron energy) and ng is the neutral particle demsity at x. Normalization
of f(x,k) can be done by
-
jof(x,k)dk = ne ). (5.10)

The function f£(x,k) follows the change of

%:%4—%—& %% = T k) Qe+ Qx+Q4) ©(5.11)
vhere Q, and Q, are elastic and exciting collision cross sections,
respectively.

¥or electrons which are emitted from the cathode and reach the
sheath edge without any appreciable collisions, the following assumptions

are valid:

(1) Emitted electrons have small emough energies in comparison with the

(5.1) T. Kihara: Revs. Mod. Phys. 24 45 (1952)

(5.2) J.M. Meck & J.D. Craggs: nglectrical Breakdown of Gases" Oxford,
Clareadon Press, ppl08 (1953)

(5.3) A. von Engel: "Ionized Gases™ Oxford, Clareandon Press, pp 181 (1955)

A. von Engel & M. Steenbeck: "slectrische Gasentladungen” Springer,
Berlin (1934)

(5.4) T.L.R. Ayres: Phil. Mag. 45 353 (1923)
D.Q. Posin: Phys. Rev. S50 65C (1236)
M.A. Harrison: Phys. Rev. 105 366 (1957)
A. von Engel: "Handbuch der Physik" Springer, Berlin 21 504 (1956)
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characteristic voltage of the system so that £(0,k) can be considered to
be a p-function; i.e., all the electrons are assumed to be emitted from
the cathode at zero initial velocity. (Actual energy distribution of
secondary electrons is shown in (5.21) where it can be seen that the
secondary electron energy at the cathode surface is much smaller than
the ioniéation potential cf argon atoms.)

(2) Electrons experience only few collisions so that

K
___.dﬁ‘;‘k =0. (5.12)

Electrons gain energy from the electric field only, so that k(x)=eV(x).
The velocity of the electrons is then expressed as ve(x)=(2eV(x)/me)%.
It follows from these assumptions that
dn_=ngn,Q; (V)dx. (5.13)
In a cylindrical coordinate systenm, ne(x) must be considered as a
number of electrons per unit length; i.e., by denoting the number of

electrons per unit length at r as Ne(r),

dN =ngNeQ; (V)dr o (5.14)
. nQ; (V) dr
or Ne(ﬂ=Ne(‘})eg:' ) . (5.15)

ng is still the mumber density (in m’3) of the neutral particles.
With the values of E/p and d (interelectrode distance) for the
normal breal;down experiments where « can well be defined,

Sn,Q;dr > S:o(dr, (5.16)
since, in sich a case, there are many elastic collisions which reduce
the speed of electroms, i.e., d£(r,k)/dr¥0, and‘£§oQidr indicates a
larger value than the true value. However for our experimental conditions
when E/p is very large and d (=rs-r?) is very small with the constant
ratio of Ed/p, electrons have to travel 2 large portion of d to obtain

energy sufficient to jonize the necutrals. Therefore,



95

d
gnoQidr < r‘xdr,
° ° (5.17)

and {oldr is larger than the true value. The crossover point when
o
d=1 mm is approximately E/p=1000 V/cm-mmHg. The value of Q; for argon

as a function of electron energy is shown in Fig. 5.1 (5.5).

5.1.3 BREAKDOWN between Cylindrical Electrodes in Neutral Argon

Before proceeding to the study of electrical breakdown phenomena
in a plasma, the breakdown voltage in a neutral gas between infinitely
long cylindrical electrodes is investigated. By denoting the distance
between the centers of electrodes as d and the radius of both electrodes
as rp, and by taking the x axi§ as the line connecting the centers of
the electrodes and y perpendicular to x, with the origin in the center of

one of the electrodes, the potential distribution at P(x,y) can be

expressed as,

| 2
Vig=Ye ;. W (-3 +Jdi5) + (5.18)
2 “ [3+2n +[d-2% (,_,d_ _, g_y—_r';' )z+ ¥ .
Java-Jdzg z"I\z

where V, is the potential differencc between electrodes. The radial

component of the electric field at P has the form, (r=(x2+y2)%),

E$1- y)= V4 I(L‘ f}

fdnp+/d-2k

e o a4 */(’-—_-_ 7t Jo oG]

1f 4 is sufficiently larger than tp’ x and y, then V and E . at P can be

(5.19)

approximated as,

V= k"‘ 2,,,9 (5-20)

(s.5) S.C. Brown. "posic Data of Plasma Physics" M.1.T. Press (1666)
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and

V
Er(r)-_:._ ___d_:d-: .
2r O £ . (5.21)

The condition of breakdown between two electrodes can be expressed

as, r:fr —‘l)g‘

(5.22)

d ]
or S;(dr'xﬁn(l'l',—r') =3 . (5.23)

where ol and 7 are the first Townsend ionization coefficient and the rate
of secondary electron emission at the cathode per positive ion,
respectively. Usually ¥ is a weak function of the incident ion energy,
and so & is regarded as a constant. Since the electric field is strong
only at small r, the breakdown phenomenon is dominated by the conditions
near the cathode and E(r) can be approximated by Eq. 5.21. By denoting
the breakdown voltage by Vi, we obtain for the condition of breakdown,

from Eqs. 5.8, 5.21 and 5.23,

4
285 _2eedln;
®=—"r A, (e “w -€ % ) (5.24)

zelm,,

From Eq. 5.24 the pressure p, which gives the minimum breakdown

voltage, Vm at particular values of d and rp can be determined. By

differentiating Vg with respect to p and putting dvy/dp=0, we have,

4
Vo= e
A _ In(d/m) (dira) b, (d/%) (5.25)
€ Wi -~ e Wip) —|

and

Ve

m = B (=constant). (5.26)

By differentiating Vm again with respect to d/rp, we obtain the absolute

pinimum breakdown voltage, Vo, for any combination of p, d and T This
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is given approximately as,

-2
Vi = —2—26 (e=2718---) (5.27)

when d->71p and p>®.

Equation 5.24 can be simplified when p and d are not too small to,

AVe _ 2sp\rlg)2m%
§ = -—2-@_2,—“?;; e b . (s .28)

This equation shows that all the data can be reduced to one line if
Vblln(d/rp) is plotted against P. This line corresponds to the well

known Paschen curve of Vb vs pd for parallel plate breakdown voltage.

5.1.4 Electric Field at the Electrode Surface in the Sheath

The intensity 6f the electric field at the electrode surface (Ep)
when the electrode is working as aa ion collector will be examined. When
the electric Reynold's number, Rg (Eq. 2.69), is smaller than ome, the
sheath around the cylindrical electrode is axially symmetric and Ep can

be found by solving,

J=2trni(r)evi(r)=~2trnieij(r) (5,29)
2 d n;e
1 i 5.30

J is the ion current per unit length entering the sheath. From these

equations we have,
= Ly
Ep=En|(F]-! (5.31)

and V?=';Em[jm(—’é-+{(—f:)i-|) - [\~(—,r%)i] ‘ (5.32)
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where 2 J
“m = .33

Ep can be found from these two equations by eliminating r_. In the thin
wamlmkEPanMsmﬂﬁmdm,
3
EP——-(—BI—\LL (5.34)
WbHlitp/ 9

and in the thick sheath limit,

Ve 5
= =l

When the plasma flows perpendicular to the electrode surface with
RE>1’ the electric field in the sheath is deformed from a cylindrical to
oval shape. However, as longas x=eVp/ kT, >1, the direction of the current
in the sheath is radial and therefore Ep in Eqs. 5.31, 5.33 and 5.34 is
still valid as far as it is considered to be an average value.

The current per unit area at the stagnation point is larger than the

average current density by a factor of approximately 2wrg /2r =%, and so

the Ep at the stagnation point, Epmax’ is,
Eprax %F
e?.—." —PEAX . 13 =146 (5.36)
for the thin sheath limit and
Epmax t
£ = & zl 557 | (5.37)
Ts
b3

for the thick sheath limit.

. 2
The exact value of E x for the thin sheath and Rigzx >»1 can be

obtained from Eq. 2.73 as,

ae-n - (3 (2552,

4 reu (5.38)
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thus, s A
3Vp T Y
Eomer = (3% )
graax Zd(9=0) ( 4’P‘ £°rP (5.39)
or \
E L
€= -"Ei“—’”‘- = (207) =127. (5.40)

P

5.1.5 Influence of Ionizing Collisions on the Electric Field in the Sheath

When the neutral density in the sheath becomes high, or the
potential of the cathode extends far from it, the collisional ionization
of neutral particles by secondary electrons emitted from the cathode
becomes large and the potential distribution in the sheath has to be
modified.

Around the electrode immersed.in a plasma flow there is an electric
boundary layer in addition to the sheath and hydrodynamic boundary layer.
Usually the thicknesses of these boundary layers have the same order of

magnitude and are,

2rp/f§% for the electric boundary layer, and
2rp/f§2 for the hydrodynamic boundary layer.

Therefore the radial position of the electric boundary layer, T, is

defined by,

2% 2 klep
a=l+ — =10 —_
a=lpt = =t [Te (5.41)

When the sheath is thicker than the electric boundary layer,
there is no apparent change in the clectric field due to the boundary
layer. However, when the sheath becomes thinner than the boundary

laver, the situation is different. Most of the electric field is confined
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to the sheath region as in the case of the thick sheath although there
js a weak field in the region between the sheath and the boundary layer.
In this region the densities of ions and electrons are the same SO that
the particle movement is dominated by ambipolar diffusion; therefore
let us call this region an ambipolar diffusion region. All the jonized
jons in this region come back to the sheath and affect its potential
distribution.

Here we consider the case when r >Tg- For r<r,, all r, should
simply be replaced by rg. If an ion current per unit léngth equal to

J enters the electric boundary layer, then the number of ions per unit

volume at radius r, ni(o), is,

©,\_
NN = Sxrevin) ¢ (5.42)

These ions eventually hit the electrode and emit TJ/e electrons per
second. These secondary e1ectr9ns, while travelling radially towards
the sheath, hit neutral atoms and ionize some of them. For our
experimental conditions the thickness of the boundary layer is much
smaller than the electron mean free path and tke assumptions made in
Sec. 5.1.2 are valid. The total aumber of ions per unit length per

second created between T=T and r+dr can be written from Eq. 5.15 as,
43 onoQidr |
dN;=nQ;z €%  dr. (5.43)
These newly created ions begin to travel radially towards the cathode.
The total number of these secondary ions per unit length per second

passing through r=r is ﬁ;ﬂi, thercfore the secondary iom density at r is,

% r dr
W Vo, I (o { e
()= 2xrvi Sr‘m‘ - 2trev;§rn°Qie S (5.64)
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or, at the electrode surface,

(0] JG& : )
n. =
) (l}) e V() 9 (5.45)

where

noQ.
'rf nQ: € dr. (5.46)
These ions again hit the eiectrode surface and emit‘TZKrPni(l)(rp)vi(rp)
~ =TJG/e electrons per second, which happens to be G times the initially
eﬁitted electrons. These electrons jonize neutrals, and repeat the same
procedure again. Finally the total amount of ions hitting the electrode

is,

g 2=
e (1+G+G+--) 08 » (5.47)
and the total ion density at r is,
nofhdr
niin= m(\-‘f '"c»Qu‘."f ’ ) (5.48)

Before solving Poisson's equation we express the ion velocity in the

sheatb by vi(r)=|FiE(r)l=-PiE(r) (ES0). Then,

r r '
_ 4 _ n;e Em noQidr
* =-1 &oe)=- % = e ”f}: & ) 5.4

where
Emz = ..._\T..__
LT e -

(5.50)
The contribution of the electrons to the field is neglected because of

their large mobility. By integrating from r=r (E=E, V=V) to r=rg

(E=0, v=0) (5.6), we obtain,

163 r
27 2[( 7 SSeRudr 1 4
Bl = (—&)ﬁf”“" a—-e,wjrre"[fr:‘%' Ay

(5.6) 1his assumption of E=0 and v=0 at the sheath edge was shown to
be reasonable when eV /kT >>1 by Schulz and Brown (2.14).
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5 % T

Ep=|Etp] = = \rgndr - °er i (5.52)
pIETR eg) (l-&)rp rE”‘{f nQ .e df} dr '
?
5
and Wb =[vp) = ~f Erdr (5.53)
fp

Since the exact solution of these equations is difficult obtain, we
study two limiting cases depending on the values of r, and re.

(1) r>r;: In this case the neutral density is approximately
equal to n, (suffix 2 indicates the quantity in the incident shock). As
Vp is large (much larger than Vi; the ionization potential of the gas)

for the thick sheath case, Qi can be considered to be constant throughout

the sheath (Fig. 5.1) and

SETOQEJ'\ = lei(r.rP) ’ ot (5.54)
?
where Qi=2.8x10'20 wl. E, 2lso takes the constant value of E, Hi=Hi2)-
Therefore
nQ: (5-%)
G=7(€"" ") (5.55)
L
2
E = _——E""' (1+7) ('.52_ fi;) +7.'T(|~an rS)e ;(f;~l})- I'Y(F anirP) :
4 J-"I'—Q- er (ﬂa.erP) (h;Q;l’r)l (5056)

Era [Tosm) (5= _ 27li-nQiR) o "‘0 (5% oq(i-nQir) Lr-n)
J—-X[ T () T(r@r) Jdr (5-37)

G=1 is the spark discharge breakdown conditiorn. Ep’ Vp ané r_ are
computed with various neutral densities and the results presented by
the thinner lines in Fig. 5.2 in terms of normalized quantities, Ep/E
VplrpEmz and d/rp=(r5/rp)-1. (The notation np is changed to ny in the

graph, as this graph can 2lso be used for the case of raﬁbrs.) rg has

the limiting value of,
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s=lp T A +=},
naQ; v (5.58)

When r, is sufficiently close to the value, the ratio of Ep/EmZ and
Vp/rpEmz becomes constant:
(2) r >rg: The neutral density is now a function of r, as seen i
from Eqs. 5.106 and 5.107,
13 ns(%kirﬂ
(E-)r - (v ")

Since the electric field outside the sheath is very weak, all the

nir) = (5.59)

electrons in the ambipolar diffusion region can be considered to have
an energy of eVp. Thus the ionizing cross section takes a constant

value Q; (V ) and G of Eq. 5.46 can be calculated as,

G\-.—.-'yjre +‘Tj __frf +‘Tf G+ Ga , (5.60)
where

Grs - (r(e"in(E'r?)" ‘) S (5.61)
and fa (;dr

: (3n:@; ra~Tp)
a = 7@;[ ne) GQ ® " ’ l]
%

ar = |(E) -
= .13 n5@Q;(fa~ 1 p)Qf(B ) (5.62)

In the sheath the neutral particle density is considered to be a constant,
n, (suffix w indicates the quantity at very mnear the electrode surface).
Therefore Eqs. 5.52 and 5.53 can be reduced to Eqs. 5.56 and 5.57, vith
the exceptions that A

suffix 2 is changed to suffix w, and

G is changed to GgtG,.

When the sheath is thin or the neutral density is low enough, the

jonizing effect in the sheath can be neglected and we have, from Egqs. 5.52

and 5.53,
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E"“" ( (5.63)

and  Vp= FE—;S[Q,, J+j—'§) -]l-(%z—] (5.64)

The graph of Ep/Emw and d/rp against Vp/rpEmw is shown by the thicker
lines in Fig. 5.2. (The (1-Ga)% term is included in E__ in the graph,
since the ionization effect in the ambipolar diffusion region can be

interpreted as if J is increased to J/l-Ga.)

Especially when r, is very thin, the above equations can further be
8

.simplified to,

A

Ei“’.Zﬂ._.EB Vo _ 37V 3
El’ l P 2 d _(2R&Fiw '}(l-&a)) (5.65)
and
!
Emw sd’ _ 434>  \?
%= el 9 - (‘?Kfof‘iwl}(l-&.}) (5.66)

5.1.6 Seéondary Tons Returning to Cathode from Outside the Sheath/Ambipolar

Diffusion Region

Secondary electrons emitted from the cathode gain an energy of
about eVp at the sheath edge. As they leave the sheath they ionize
neutrals for (vp-vi)/vi times. Since there is no electric field outside
the sheath, these newly ionized ions diffuse
away isotropically, and B/X fraction of these ions happen to fall
into the cathode sheath, where 9=s;n'1(rs/(ré+)é2)). The total number
of secondary ions returning to the cathode per electron, {, is thus,

$= (—-ﬁ-l)

Effective ion current to the cathode is therefore increased to,

(5.67)
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|
—_— —— .
where ¥ is the secondary electron emission coefficient at the cathode

surface per incident ion.

5.1.7 Double Sheath Formation on the Cathode

! If the cathode emits electrons, the potential distribution is
modified by the space charge effect created by them, especially near

the cathode where electrons have rather slow velocities. This modificatién
i . will be discussed quantitatively for a collisionless sheath below (5.7).
Consider an infinite plane cathode at -Vp 0) and a sheath edge at

zero potential at a distance d from the cathode. At the sheath edge

there will be a zero potential gradient and a finite ion current j; per
unit area. When there is no electron emission from the cathode, j. can be
i

expressed by (Eq. 2.44),

3
j=4EZ2[e Ve~

N LA (5.69)

where do is the sheath thickness when the electron emission from the
cathode is zero. Let Ve be the velocity of the electrons at any point

P which is at a distance x from the sheath edge, n, the electron density
at P. The corresponding quantities for the positive ions are denoted by

the subscript i. Then,

je=neeve, ji=nievi (5.70)

and assuming the ions have unit charge,
%mevez=e(vﬁ+v), %mivi2=-ev, (5.71)

where V (£0) is the potential at the point P. Poisson's equation gives,
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4V e(n;—~ng
ax* =" &o ) . (5.72)
We may eliminate n and v and then after substituting |
=3¢ (ie)"’: p=--L and =X (5.73)
J; vMi/ Vp d ?

we obtain,

b 4 d (0 __« =
9 (T"&"J—F'?)' (5.74)

Since the ion current is limited by space charge, we impose the condition

dv/dx=0 at x=0. Integration then gives,

%: %%: (& +(=% -l))"", (5.75)

The ratio d/d0 is found by observing that V=-Vp at x=d, thus,
\ i
d 3 -7
Lo & ({5 +a (=F —1) *d, (5.76)
(o]

The effect of electrons from the cathode in neutralizing the ioa space
charge cannot cause an increase in jj for this is fixed by the plasma,
but manifests itself by changing the sheath thickness as expressed in the
equation above.

According to Eq. 5.75 the potential gradient at the surface of the
cathode is proportional to (l-u)% and so 0£%€1. When X=1 the potential
gradient at the cathode is zero and the electron current as well as the
positive ion current is thus limited by space charge. Maximum electron
current is, therefore, expressed by

- . m %
= 1. [ =L
Jemsy =J; (7o), (5.77)
and in such a case the curve representing the potential distribution in

the sheath is symmetrical about its central point.

(5.7) 1. Langmuir: Phys. Rev. 33 954 (1929)
F.W. Crawford & A.B. Cannara: J. Appl. Phys. 36 3135 (1965)
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The intensity reduction ratio, €, of the electric field at the

cathode surface by electron emission from the cathode is,
¢ :
dA -
e S (U S SO .79
(dX Ja=0
The numerically obtained plot of € and d/d against & is shown in Fig. 5. 3.

There will not be any noticeable change in electric field at the
cathode surface unless #>0.1, or in the case of argon plasma, j 230 j;

1If emission of secondary electrons is due to ion bombardment, then j _=0.1j

e i

and the double sheath effect can be completely neglected. However, for
breakdown due to the electron field emission, this condition appears to

be quite severe for low density plasmas with a small cathode (I;<10 mA).

For an argon plasma, the electron mean free path is much longer

than the ion mean free path. In our normal experimental conditions ions

are collision dominated in the sheath, but not electrons. In such a case
jonic charge contributes to the electric field more than in the collisionless
case, and tends to approach unity and again the double sheath effect on

the cathode electric fiéld is negligible.

5.1.8 Ion-Electron Collision in the Sheath

Since electrons are emitted from the electrode which is in a
positive sheath, electrons may experience collisions not only with
neutral particles but with ions. In this section the collisional effect
between electrons and ions is considered. Average momentum transfer
collision frequency can be calculated by using Eq. 2.6 for y and Eq. 5.115

for clectron velocity distribution function, 2s,

L
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FIG. 5.3 The variation of the sheath thickness and electric
field at the cathode surface due to double sheath formation as
a function of ion and electron current densities (ji and je) to

and from the cathode.

1.6
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: 3
* ~2VZ 2 4
- 1 G.sixi6”) aZefal 12 _2
=15 gvmcv)ch)JV-f = 60310 T
n o) e ZhA.  (5.79)

This equation is valid only when the drift velocity of electrons can be

neglected. For a non-Maxwellian gas, A of Eq. 2.7 takes a different form

(the concept of temperature canmmot be used). However as it is a logarithmic
term, the result has only 2 small error. Electron mobility in the ion

sheath is, from Boltzmann equation,

® 3 .2 23
_‘__g_gz.af L, somTeme 681X
ome”m?" ez b0 2 fh T ML A - (5.80)

(If we assume 2 Maxwellian distribution with Te=2 eV, then we have,
H=5.8Sx1023/nizzlnA,)

In the case where the sheath has an extremely high electric fielqd,
the concepts of F& and F cannot be applied. This is proved as follows.
Let us consider an electron leaving the electrode at initial velocity of
vo- Before it collides with an ion for the first time at tj, it keeps
jncreasing in velocity as,

eE
v=Vo + = C- - (5.81)
At t=t,, the probability of collision with an ion becomes unity, so that
1
we have j?gmdt=1. By solving the equation using Eq. 2.6, it is found that,
0
= IW—— ErmeE V2 , (5.82)
n;Z%e? LA
For t to exist, the term in the square root must be positive, i.e.,
z -'
_g.v_"- S |_3g x(os:
%
In our typical coanditions where E=2x106 V/m and vgp=1 eV (both underestimated),
~3

22
h; > Sx(0 m7,

which is out of our experimental range. Thus, 211 the electrons éjected
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from the electrode "run away" and suffer no collisions with ions.

In an actual case the electrons cannot acquire infinite velocity,
since they are decelerated by collisions with neutrals. Again, by choosing
underestimated values such that Fé (electron-neutral)=4 mZ/V-sec (at 100
mmHg) and E=2x10°0 V/m, the electron-ion collision frequency becomes
0.94x107 sec™l. An electron proceeds, between each collision with an ion,
FeE[Vm;0.8 meters, which is many orders of‘magnitude larger than the

sheath thickness; i.e., the electron runs away again.

5.1.9 Current Pinching Effect

When there is a current through a plasma, the plasma may be pinched
by the magnetic pressure produced by the current (z-pinch). The strength
of this force can be expressed by the ratio (P) of the plasma pressure

which acts against the pinching force, and the magnetic pressure,

o= c(ng%e)kT _ SK"R;:f]i:e:m)kT 5.8
%fo

where ¢ is the compression ratio of the plasma density. This ratio can

be defined as R?/rz, where R and r are the initial and final radii of the
plasma column. The values of the plasma properties which yield the smallest
Fare, in our experimental conditions, R=10'l‘m(=diameter of the electrode),
T=104, ne=10_16 m~3 and I=0.01 A with P=10, i.e., the magnetic pressure is
not strong enough to pinch the plasma column. Therefore the pinching

force acting on the current is always negligible. Current pinching can
oaly be formed in the presence of some other mechanism, e.g., local
heating, non-uniform insulating surface layer, local breakdown of surface

layer.
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5.2 IONIC MOBILITY NEAR THE ELECTRODE

5.2.1 Mobility of Art in the Parent Gas

‘The mobility of the argon ion at room temperature has been measured
by many people (5.8) and the value is consistently 1.6 cmzlv-sec at
760 mmHg, 0°C or,

:=0.12 m?/V.sec at 1 mmHg and°0 C. ' (5.84)
Theoretical calculations of argon mobility (5.9) support this result well.
Unfortunately ionic mobility at high temperature has not been measured
except for Not in air (5.10), where it has been found that the mobility
decreases with increasing temperature slowly (slower than T’%). Mobility
is strictly inversely proportional to neutral deasity.

In our calculations, the ionic version of Eq. 2.3,

338 xi0°" [ 300 2
= V-sec
pi=0d2 —= /T'.(’K) (m7 ) (5.85)

will be used for the mobility at high temperature. When calculating the

electric field at the electrode surface from Egs. 5.34, 5.66, etc., Ep is
approximately proportional to P11/3 or Til/ﬁ, i.e., Ep is almost
independent of T;. Therefore the approximation of Eq. 5.85 is quite

reasonable.

(5.8) R.M.J. Munson & A.M. Tyndall: Proc. Roy. Soc. Al17 187 (1940)
M.A.J.A. Hornbeck: Phys. Rev. 84 615 (1951)
M.A. Biondi & L.M. Chanin: Phys. Rev. 94 910 (1954)
(5.9) E.R. Hasse & W.R. Cook: Phil. Mag. 12 554 (1931)
T. Holstein: J. Phys. Chem. 56 832 (1952)
E.A. Mason & H.W. Schamp, Jr.: Annals of Phys. 4 233 (1958)
(5.10) J.X. Dukowitz: AIAA Journal 8 827 (1970)
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5.2.2 Stagnated Shock Wave

In the ﬁrevious sections it was found that the knowledge of neutral
density is of vital importance in the evaluation of mobility.and hence Ep.
When an electrode is surrounded by a hypersonic plasma flow, a stationary
shock wave is formed around the electrode as seen in Fig. 5.4. If we
denote two regions which are separated by the shock wave as 2 and 5, as
in the figure, then the gas in the reéion 5 is stagnated.by the electrode,
which results in a further increase in the temperature, pressure and
density of the gas. It is more convenient to derive these quantities in
the stagnatedishock region in terms of the conditions in the incident gas,
rather than in terms of the initial conditions where the gas is stationary.
The properties thus derived ma} then be related to the initial conditions
by way of Mach nmumber.

For an ideal gas with constant specific heats, the continuity,
momentﬁm and energy equations relating the flow variables on both sides
of a shock wave can be written as (5.11),

fatan =fsuUsn

. .
B+faten = PstfsUsn N (5.86)
L.&*-u—:-—_‘—-‘r fs"*-gj

and - f& 2 T g 2 ’

by using the notation introduced in Fig. 5.4. We can write also,

U = uz Sin e
Uzt = U, Cose
Usn = Us sSn(E-J) (5.87)

Ugt =Us cos (§-9) ,

(5.11) J.A. Owczarck: “Funcamentals of Gas Dynamics"™ Int'l Textbook Co.,
ppS49 (1964)




PIG. 5.4 The formation of a stagpated shock wave around

the stationary cylindrical electrode.

flow direction
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The angle { can take values between 90° and sin'l(lle). By solving

these equations we obtain,
q+l

P S - (5.88)

fz -1+ ___2.___ 2.

(Mzﬂng)

—%‘;— = [+ -‘2;% [(Mzsmé)z- l] (5.89)
Ts 42 ()
LT [(M‘S‘"g)z'a[q (Mzsmé)] 90,

T+l 2z v
M = (Masing) + 7 (v,%‘(mzs-.ns)c&g o1

(5.91)
2xr 2 . 2
2L (sngy -1 [\ Casefris) ]
vhere M, = _%2_7; . (5.92)

fS’ Ps and TS take their maximum values at §=90°, when the above equations
are reduced to Egs. 4.15, 4.16 and-4.17 if the subscripts 1 and 2 are
changed into 2 and 5, respectively and M; into M,.

There is a limiting value for M,. From Eq. 4.15-4.18,

2(Mx—l) < 2
M= -y L2706 - (5-93)

For argon plasma with M1>5 and §=90°, Hz reaches the limiting value of

3/f5, with

Ps_ E_4 _3 s 2[F
fz“gj Pz-z’ Tz"s ) Mg = 5 "E:'.-'_s_, (5.94)

In Eq. 5.86 it was assumed that further ionization in the stagnated shock
was negligible, since the relaxation time for argon gas in the stagnzted
shock is much longer than rp/'\?, the time spent by particles to pass by the

clectrode.
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5.2.3 Neutral Particle Density in a Boundary lLayer

A cylindrical obstacle in a gas flow has a surrounding boundary
layer. If we.choose the coordinate system as in Fig. 5.4 (x direction

coincides with the surface of the electrode and y direction with the

. pormal direction of the surface), then the gas has no motion at the point

x=y=0, which is called stagnation point.

By using this coordinate system the temperature, pressure and
the density distributions in the boundary layer can be found by solving
the Navier-Stokes equations. In this section we shall examine these
distributions on the y axis only (x=0, d/dx=0), i.e., examine the flow of

normal incidence to the object. The following notations will be used:

u particle velocity with respect to the obstacle

viscosity (shear viscosity,o< T%)

1/p = kinematic viscosity

"

‘L/JRe = thickness of velocity boundary layer

’kL/cpfu = thickness of thermal boundary layer

characteristic length such as electrode diameter

1
y
)
S&
L
k = thermal conductivity

o =7k/(r-1)m = constant pressure specific heat

Re

1]

uL/y = Reynold's number

Pr

1

cpllk = Prandtl number (independent of temperature, Pr=0.67 for Ar).

Firstly, the flow velocity change along the y axis is expressed as,

u= - $¢), (5.95)

where ¢KC) is the solution of the differential equation,

‘Pn + 4’9{’”“4"&*’ | =0, (5.96)
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and C='/;/;y where a is a constant. This equat-ion was solved numerically
by Howarth (5.12) and the results shown in Fig. 5.5. If y is large or
viscosity is small, u can be approximated simply as,

u=-ay. ' (5.97)

The displacement thickness, 51, is,

Y =°-543F5. . (5.98)

The temperature distribution in the boundary layer around the

adiabatic wall is found to be (5.13),

L l+“—>;

2 2 -1 2 _..gf
== ;.E‘I_I'm(u”- )—I+J§—2-ﬂ (i u;)- (5.99)

The subscript ® expresses the quantity at the place where the stagnation

effect is negligible. If the wall is heat conducting, then by introducing

T,» the wall temperature,

_%_‘_-‘%*(‘ T‘:, = P,d" M um(l-'&la?)- (5.100)

This T(u) curve has the shape of Fig. 5.6. With these values of u and

T the pressure can be determined from the Navier-Stokes equation. Especially
for the pressure on y axis,
__ + 2 (g2
= -f u%s v 'Lar)- (5.101)
The approximate solution to this equatiom is,
! 2 _p.loy= Lt
+3{oUo =Przfu =p(1+z7TM). (5.102)

(This equation is valid for a cylindrical coordinate system, too.) For the

stagnation point, we have,

Ps =P (1 +“5_‘TM<§). | (5.103)

(5.12) L. Howarth: ARC R M 1632 (1935)

H. Schlichting: “Boundary-layer Theory" McGraw-Hill, 6th ed. ppd8 (1963)

(5.13) H. Schlichting: ibid. pp31l6
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With the knowledge of the temperature and pressure we can immediately

deduce the gas density from the relation of p=nkT. The Prandtl number

which appears in Eqs. 5.99 and 5.100 is expressed by the square of the

ratio of the thicknesses of the velocity and thermal boundary layers,

R =2l =(§_)2 (5.104)
k Sr/

Our experimental conditions will be considered for the rest of the
section. The typical properties of the gas in our experiments (at M=18,
T=1.2 eV) of

=2.2x10"% (Kg/m-s)  (Fig. 4.6)

L=1x107% (m) (electrode diameter)

m=40x1.67x10'27 (Kg) (argon atom)

n=3x1023 (m'3) (neutral dé;;ity in the stagnated shock

with p1=1 mmHg)

and u=5x103 (m/s)
yield

Re=46,

§ =1.5x107 (m)
and §.-1.8x107> (). (5.105)
With this neutral density znd wall temperature (300°K) the mear free path
of argon is 8.4::10'6 (m) and more than 887 of argon atoms suffer at least
one collision in the thermal boundary layer (1l-exp(-d3/A\)=0.88). Thus,
a boundary layer can be defined and the Navier-Stokes equations can be
considered as good approximating equations.

M is Eq. 5.103 is equal to Mg in Eq. 5.91. Since Ml (Mach number
of an incident shock) is usually larger than 5, H5=3/5 and pg in Eq. 5.103

becomes, ps/QD=1.3. As p(u) is a slowly varying function, we can say




approximately that p=1.3p; near the wall of the electrode.

temperature in the boundary layer, the condition of

vl 2 _dw
f%-jz-Pq ~o.l KL | ;%; |

shows that the linear distribution is 2 good approximation.

approximatin
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For the
(5.106)
Also by

g the linear change of u with respect to y, T(y) can be

expressed as,

Yorlos = Yoo lw

The average neutral density can now be obtaired as,

| =
kOo=Y )y, T ' 7~ k(Ta-T

Since Ng=Pp/kTn, Te» Ty and lnﬂnp/Tw)zin(IZOOOI300)=3.7,

(5.107)

(5.108)

(5.109)

(5.110)
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5.3 EFFECT OF THE ELECTRODE SURFACE

5.3.1 Field Fmission of Electrons

When an intense electric field acts on the cathode surface, then
an electron current flows out. This '"field emission" electron current

can be expressed by the Fowler-Nordheim equation, (5.14)

i $,,%
SE? _sxlm 7 _2xi0°9” $p72
J= l““‘f 4“"“1’ = C 3he€  =gy0 ]{‘:TE € (Afe®), (5.111)

where E is the intensity of an electric field at the surface, ¢ is the
thermionic work function and P is the energy of the Fermi level inside the
metal relative to the bottom of the conduction band. In the last term

of the above equation ¢ and P are involts and E is in V/em.

For tungsten ¢=4.5 V and the exact values of j are,

E (V/cm) 2x107 3%107 4x107 5x107 6x10’
j@/ea?) | 4.7x10% 3.9x10 1.x10% 3.9x10°  4.2x10°
E (V/cm) 7x10 8x10’ 9x10’  10x107  12x10’
jafem?) | 2.3x107  8.7x107  2.5x10°  5.7x10%  2.1x10°

If the temperature of the body is very high, then the current
emission is enhanced (5.15). This is called thermo-field emission and

the approximate current takes the form of,

. xkT/d 8 T¢ 3
(M= mj@) o~ (|+ 1.28xi —Es:) J0) . (5-112)

(5.14) R.H. Fowler & L.Nordheim: Proc. Roy. Soc. All9 173 (1928)

T.E. Stern, B.S. Gossling & R.H. Fowler: Proc. Roy. Soc. Al24 699(1929)
"Handbuch der Paysik" Springer, Berlin 21 188 (1936)

(5.15) T.H. Lee: J. Appl. Phys. 30 166 (1959)
"Handbuch der ”hysxk" Springer, Berlin 21 191 (1956)
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- -For tungsten at E=4x107 V/em, j(T) is given by,

T (°K) 300 1000 2000 3000

5(T)/3(0) 1.03 1.5 10 144

5.3.2 Electric Field Enhancement due to Surface Irregularities

Microgeometry of the jrregularities of the cathode surface increases

the electrical field by a factor we shall cal].}s, i.e.,

___actual surface field
ﬁ applied field (5.113)

®

Shottky (5.16) has shown how large values of/gtnay be accounted for by
a superposition principle. For example, if the emitting area under
consideration is really a hemispherical boss on a cathode which on the
scale of the boss is effectively an infinite plane, it is easy to show
that F=3. If the area lies on a second hemispherical boss lying on the
first and is small compared with it, then.p=32=9, and so on.

Since field emission varies exponentially with E, it is evident that
an intensification as small as 10% because of surface projections would
cause most of the field emission current to flow from such points. This
results in local temperature increase and enhanced secondary effects which

lead to instability. Usually, for field emission, it has been experimentally

found that (5.17),

(5.16) Shottky: Z. Physi 14 63 (1923)

(5.17) W.S. Boyle, P. Kisliuk & L.H. Germer: J. Appl. Phys. 26 720 (1955)
W.J.R. Calvert: Proc. Phys. Soc. B69 651 (1956)
C. Germain & P. Rohrback: Vacuum 18 371 (1968)
R.N. Bloomer & B.M. Cox: Vacuum 18 379 (1268)
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it S MR

p=3-10 (5.114)
and the electron emitting area is 1010107 cm? for reasonably clean | ;

electrodes.

5.3.3 Argon Ion Interaction with a Tungsten Surface

An argon ion with a kinetic energy less than about 1 KeV incident on
a metal surface undergoes two processes; (1) it becomes neutralized by %
an Auger transition a short distance in front of the surface, (2) the
resulting gas atom transfers momentum to one or more metal atoms in
predominantly elastic collisions. During both processes electron ejection
can occur, while during the latter neutral metal atoms which have absorbed
sufficient momentumn may leave their lattice sites producing disorder,
damage, apd/or sputtering. The gas atom finally either comes to rest
within the getal (i.e. becomes trapped) or escapes through the surface with
reduced kinetic enerxgy.

Argon ion trapping efficiency into tungsten at 20°C is, 107 at ion
energy of 72 eV (experimental threshold of trapping), 0.0007 at 100 eV,
0.01 at 250 eV and 0.04 at 500 eV (5.18). Sputtering yield for tungsteﬁ
bombarded by argon iom is, 0.001, 0.1, 0.2, 0.5, 0.7 and 0.8 atoms/ion at

jon energy of 50, 100, 150, 200, 250 and 300 eV, respectively (5.19).

(5.18) G. Carter & J.S. Colligon: "Ton Bombardment of Solids" Heinemann
Educational Books Ltd., London pp363 (1968)
(5.19) G. Carter & J.S. Colligon: ibid. pp321
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5.3.4 Secondary Electron Emission from the Metal Surface

Secondary electrons can only be ejected from the surface of a metal
by a positive ion if the sum of its kinetic (Ki) and potential enefgy (eVi)
exceeds 2e times the work function ¢ of the metal; this follows from the
conservation of energy and the fact that for each ejected electron another
electron has to escape to neutralize the positive ion. In the case of Ai+
falling on the negatively biased probe made of tungsten, the above equation
is generally satisfied and the secondary electron emission coefficient Y

for various impinging ion energies is, (5.20),

v (ev) 10 100 1000

o 0.096 0.095 0.099

It is important to know the energy distribution of the emitted
electrons. These electrons fall into two distinct groups;
(1) small energy of 1-3 eV irrespective of primary ion energy, and
(2) a relatively narrow group of greater energy dependent on the
nature of the target material and the energy of the incident ions
(energy =K +eV; -2 e?).
Mainly electron emission is caused by Auger de-excitation of an excited
atom (first group) and the theoretical electron emergy distribution for
this gr;up was obtained by Hagstrum (5.21). 1In the case of Art interaction
with tungsten, the theoretical electron yield can be approximated by a

velocity distribution function of

-2 2
- -26ixl Vv
fo) =1.03x0 Ve . (5.115)

(5.20) H.D. Hagstrum: Phys. Rev. 104 317 (1956)
(5.21) H.D. Hagstrum: Phys. Rev. 96 336 (1954)
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In the presense of intense electric field on the metal surface, 7
has been observed to change its value. For imstance, if Hé+ hits steel,
o increases to about twice as large with increasing E field while for H+
and steel there is not an appreciable change in 9 (5.22). The variation
of‘T‘for Art W is not known.

It has been found that ¥ may become larger with ion energy of 1000 eV
or more when the metal surface has adsorbea gas layers. This can be
explained as follows. Since the ion has to expend energy in penetrating
the adsorbed layer it has more chance of losing energy to atoms near the
surface of the metal. The electrons are thus formed nearer to the surface
and their diffusion through the adsorbed layer is easier than through the
corresponding thickness of metal so that their escape is easier. In our
case, however, the voltage applied across the sheath is usually the order

of 200 volts and so the gas adsorption does not have much effect to the

breakdown.

5.3.5 Ionic Charge Accumulation in the Sheath

If the charge exchange efficiency,ll, between impinging ions and
the electrode surface is not unity, the ionic charge is accumulated and
the ion density increases in the sheath. If we denote the ion density and
velocity at the electrode surface and sheath edge as ni(rp), vi(rp), n; (rg)
and vy(rg), respectively, then (for a planar sheath),
nj (rg)vyérg)=fn; (rpdv; (zp) N (5.116)

and so it can be understood that the ion deasity in the sheath at

(5.22) E.W. Webster, R.J. Van de Grazaff & J.G. Trump: J. Appl. Phys.
23 264 (1952)
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equilibrium is 1/q times the ion density when 1=1. The equilibrium
is attained exponentially with a time constant of Zd/{VE, where d is
the sheath thickness and.?& is the mean ion speed in the sheath. (The
time constant is of the order of one to ten nanoseconds for our experimental
conditions.) |

The charge exchange efficiency of ArT on W is approximately 80% (5.23)
and so the ion density should be considered to be 1.25 times larger than
the value obtained withQ=1. If W is covered by an oxide surface layer,
q‘becomes smaller, and the density becomes higher. In the course of
calculation of the electric field in the sheath, the charge accumulation
effect can in effect be considered as if the ior current flowing into

the sheath is increased by a factor of lﬁl.

5.3.6 Adsorption and Chemisorption of Gases on the Metal Surface

The number of monolayers, N, formed on tungsten is (5.24),

7 Do %

N="7xI0 P[A_T_C (5.117)
for N<1. Here p is the pressure in mmHg, A is the molecular weight, T
is the surface temperature and Ed is the heat of adsorption/chemiscrpticn.

For 10 mmHg argon, Ed=1.9 Kcal/mol, tbexp(Ed/RI)=10-12

sec (sojourntime)
and so N=6.4x10°6 monolayers. In other words, 6.4x10'4 % of the electrode
surface is covered by 3.2:-:109 argon atoms. Therefore the physical

adsorption of argom is negligible except when T is extremely low.

(5.23) R. lawson: Private Co—unication (1970)
(5.24) G. Lewis: “Fuandamentals of Vacuum Science and Technology"
McGraw-Hill, pp45 (1965)

S ]
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In the case of an oxygen molecule, Ed=194 Kecal/mol and so even
at p=10'10 moHg, N>1, which means that every oxygen molecules hitting
the tungsten become trapped by chemisorption until a monolayer is formed.
;f the system is evacuated to 10'6 mmHg, the density of oxygen in the

system is 6x10° em™3. At 300°K, 2.7x1014_oxygen molecules hit an area of

2

1 cm® per second. If it takes 10 seconds to fire the shock driver after

ceasing to heat the electrode (actually it takes more than that), 2.7x1015
oxygen molecules per 1 cm? hit the tungsten. For tungsten trioxide (WO3)
monolayer to form, about 1015 oxygenmolecules/cm2 are necessary and so
after 10 seconds tungsten electrode has a complete oxide monolayer. After
the monolayer is formed, E4 decreases and the rate of chemisorption
decreases exponentially. It is hard to find the number of layers formed,
but it should be around 3-30 layers (5.25).

E4 of Hy, CO, COpy and Np on tungsten are 46, 100, 122 and 85 Kcal/mol,
respectively and the chemisorption of these gases can be neglected in
comparison with that of 02. Adsorptions are, of course, much smaller
than chemisorptions.

The surface structure of W03 formed by the chemisorption of oxygen on

tungsten is (5.26),

0 0
° c‘{ a "

w W W
VV;>VUZ<::: >>\M <:\“’:>\h,<: w

[

WO, is unstable at the room temperature and is not formed.

(5.25) R. Lawson: Private Comnunication (1270)
(5.26) N.XK. Adam: “The Physics and Chemistry of Surfaces" Oxford (1941)
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5.3.7 Cleaning of Electrode Surface b§ Heating

When the shock tube is drivenm by an intense arc discharge, small
parts of the electrode and insulator are melted, accelerated downstream
and contaminate the surface of the electrodes (or probes). Besides the
exposure of the electrode to any gas leads to an adsorption or chemisorption
of gas on the surface. The surféce layers thus made form an electrical
insulator along the electrode surface and affect the electrode functioning
in many ways;

(1) Contamination affects the area of the electrode surface. The
reduction of the effective area by 1/10 or more was experienced.

(2) As will be discussed in Sec. 6.3, the electrode currents tend to have
spikes even at low electrode biases (as low as 15 volts, depending on

the surrounding plasma density and temperature), since on the surface

of the contamination are accumulated the electrical charges which, with
sufficient quantity, result in electron avalanches inside the contamination.

Most of this surface contamination can readily be removed by pre-
heating in vacuum the electrode to a sufficiently high temperature. (It
is for this purpose that tungsten was chosen as an electrode material.)
Tungsten can be repeatedly heated, cooled and air admitted without damage
to its properties, although heating renders the tungsten brittle. Espe
and Knoll (5.27) have given for tungsten wire of circular cross section
and of various diameters the current required to bring the tungsten to
various temperatures. As the melting points of tungsten and tungsten
trioxide are 3370°C arnd 2130°C, respectively, the heating to about 2230°C

(1.3 A for 0.1 mm diameter wire) cleans the surface perfectly. The life

(5.27) Espe & Knoll: "Werkstoffkunde der Hochvakuumtechnik" Springer,
Berlin (1936)
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time of tungsten at 2230°C is 200 hours for 0.1 mm diameter wire and

150 héurs for 0.05 mm diameter wire (5.28). The electrode was heated
under high vacuum before each run for about one minute. The electrode of
0.1 mm diameter, therefore, can be used for at least 1000 times without any

reduction in its diameter.

There is another advantage in heating the electrode, i.e., smoothing
jts surface. At about a quarter of the absolute melting temperature,

surface migration allows the atoms on the rough tip to rearrange themselves,

reducing the free surface energy. Perfect smoothness is achieved after
a few minutes at 2/3 of the absolute melting temperature, provided that
no oxides or other contaminations still stable at this temperature are
present.

The hair pin type electrodes as seen in Fig. 3.3 were made so that
they can be heated white hot.  McLaren et. al. (5.29) reported the
successful use of this type of probe but with shorter tungsten wires. If
the probe is long, it disturbes the plasma and also degrades the spatial
resolution. On the other hand, the short probe has more ambiguity in the

probe area because of the small unheated part of the tungsten feed-through

joint.

5.3.8 Cleaning of Electrode Surface by Ion Sputtering

When the electrode is surrounded by jonized gas, high energy ions

hit the negative electrode, which results in the sputtering of oxide

(5.28) M. Pirani & J. Yarwood: "Principles of Vacuum Engineering”
Reinhold Publishing Co. (1961)

(5.29) T.I. Mclaren, J.N. Fox & R.M. Hobson: 6th Int'l Conf. Ionization
Phen. in Gases 4 311 (1963)
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surface layer on the electrode. An empirical gormulation for the time
during which N layers of tungsten are destroyed by argon ions is, ‘
t=16° N o o (5.118)
ip ’

where j is the current density into the electrode in A/cmz and p is the
ambient préésure in mmHg. By substituting our typical experimental
conditions of N=10, j=1 (A/cmz) and p=10 (mmHg), we obtain t=0.1 psec.

On the other hand, oxidation of the surface continues during this
period. This rate, however, is only 1.5x10'5 monolayers per sec with
shock processed oxygen molecules of 104°K and 10'4 mmHg, and so further
oxidation can be completely neglected. Thus with the arrival of plasma at
the electrode, the WO, surface layer on the surface is destroyed within
about 1 psec and after that the electrode can be considered to have a
tungsten metal surface. ‘

After a long pe£iod of sputtering (a time long enough for over 100
layers to be removed), tﬁéféléppear on the electrode surface many

irregularities which have a strong influence on the electric field at the

surface (Sec. 5.3.2).

5.3.9 Breakdown of W03 Surface Layer

Although most of the WOj3 will be destroyed by ion sputtering, there
still may remain some on the electrode surface. The conductivity,o, of
W05 was measured to be 5:{10’8 mhos/m at an electric field of 106 V/em in
W03 (with higher field, the conductivity becomes lower) (5.30). By denoting
the current density to the WO layer as j, the electric field in the %03

can be expressed as jfo. If exceeds 0.01 A/cmz, the field becomes higher

(5.30) A. Cuntherschulze & H, Betz: Z. Paysik 71 106 (1931)
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than 2x107 V/cm which is sufficient for field electron emission. 1In
such a case the spikes.may be observed in the electrode current and this

may sometimes lead to the full path breakdown.

5.4 EFFECT OF THE TEMPERATURE OF THE ELECTRODE SURFACE

5.4.1 Thermionic Electron Emission

Thermionic electron current is expressed by the Richardson-Dushman

equation,
5 [34
1=AT e ki (Afem?) (5.119)

where A is the thermionic emission constant and ¢ is the thermionic work
function. A=70 Alcm2°K2 and P=4.5 V for tungsten (5.31) and A=5x1011a/ cm? °K2

and =9.22 V for WO5 or W-0 film (5.32).

5.4.2 Basic Theory of Hot Cathode Arc Discharge

In the case of an arc discharge the secondary electron emission
constant due to positive ion jmpact, 7, must be replaced by"Tﬁ which
gives the number of electrons, thermionic and secondary by bombardment,

1iberated per positive iomn at the cathode. Thus we can write,

(5.31) D.A. Wright: Proc. Inst. Elect. Engrs. 100 pt. 3, 125 (1953)
(5.32) V.S. Fourenko: "Handbook of Thermionic Propertxes Plenum
Press Data Division ppl29 (1966)
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T=£, 5.120
where I, and I; are the electron and ion currents at.the cathode. If
we take I, as Fhe current due to-thermionic emission specified by
Richardson equation (Eq. 5.119), the total electron current at the cathode
is then, IgﬂIi+It, and the total current, I, is, I=Ié+Ii=(L¥7)Ii+It. From
this we can evaluate ' as,

1+

T=T+-5

(5.121)
It '

If a current IO is emitted from the anode (or in our case if IO

enters from the cathode sheath edge), then,

&
- - «dr
--‘[oﬂe(e -l 1,,ef’:’(1 +1(1-€ ). (5.122)

By eliminating I. and I we obtain,

é . (+7
1= Ie + S5

p —r(ela=e-1)
The condition of breakdown is determined by I/Ig->0) or,
S odr

Ic. .
‘ ‘T(egt;“r ) (5.124)

L

. (5.123)

By using "T of Eﬁ 5.121 this condition can be rewritten as,

v (eS -1y =1 (5.125)

When ionization effects in the sheath are negligible, Eq. 5.123 can

be reduced to I=It:+10 and the condition of breakdown is simply,

I=1,. (5.126)
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5.4.3 Self Sustaining Arc Discharge

To see how a self sustained arc can be established, we will examine
the simplified case where the energy input to the cathode is due to ion
bombardment (=IiV, V=pot;htia1 difference across cathode sheath) and the
output is due to the radiant energy emission. More precise discussion of
the energy balance will be done later. The basic mechanism of the
discharge, however, does not change from this simplified case. The
cathode temperature can be determined by equating the input and output as,

IiV=SvT4 s
where black body radiation was assumed. o is the Stefan-Boltzmann
constant (=5.67x10'12 W/cm2°K4) and S is the area of the cathode surface

jnvolved. The Richardson equation takes the form,

1, =F(1w) =SAT*e” w =salk )e ng-,j:

80.8
=3,03x[0 fINe OVB¥F  (A), (5.127)
From Eqs. 5.122 and 5.123,
o
g’«a

+7 [ -@d ]

ve' e
Ly o Ty S #in],
If jonization effects in the sheath are very small,

rs
I~Lo+FlIV* IVJ;;,W ] (5.129)

Equation 5.128 will be examined further. Let us put the left hand side
of the equation as y; and the right hand side as y,. ¥; and y, as
functions of I have the shapes of Fig. 5.7. Fig. 5.7-A is valid when I,

is small. Initially I stays at I1 (which is a stable solution). If Ig

RN PR
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FIG, 5.7-A The right and
the left hand side of Eq.
5.128. The solutions are

I, and 13 .

FIiG. 5.7-B The condition
of breakdown for I (=10b).

I jumps from I, to 13.

v
lo: small
FIG. 5.9 V-1 character-
istics of an arc discharge |0=0
of Eq. 5.128.
o)
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is increased, 2(I) curve floats up and with IO—IOB (Fig. 5.7-B) I jumps
from IB(=Il=Iz) to I, (13 is also stable but I, is unstable). Now if Io
is decreased, y,(I) curve sinks down to Fig. 5.7-A with I staying at I,
and even with IO—O 1 does not become zero. This indicates a self
sustaining discharge.

The relation of I vs I0 is shown in Fig. 5.8-A, B and C for three
cases of V.
(1) small V: With increasing IO, I(Io) curve féllows O->E, and E-»0 with
decreasing Io. I is increased slightly more than-Io by the thermioric
electron current.
(2) intermediate V: If Io is increased from zero, I vs I0 curve follows
0-»>A->B and jumps to D, then to E. If I is decreased from that point,
I changes as E->D->C->(jump)->A->0 and I cannot be self sustained. However,
i at point D usually exceeds 1010 A/cmz, in which case I is restricted by
an external circuit and is practically considered to be a breakdown.
(3) large V: If I, is jpcreased I follows 0-»B->(jump)->D->E and if it
is decreased, E->D>C., At point C, a self sustained arc is being formed
and the condition of Eq. 5.125 is satisfied.

Let us denote the values of I and y, which give d2y2/d12=0 vwhen I5=0

as I and ypp. Then,

Sc-

’\

_Kﬁ) 9.‘?3xl055

8
‘*g = —(Ts .130
TS T (S T N
2 -2 9
Yam -_-SA(_@;—"l E‘:-p-) e -1 =235xI10°S (5.131)
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FIG. 5.8 I vs I, of Eq. 5.128

at various values of V.

' 5
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A. Spall V, 'r'(eg"" — 1)<,

ﬁo breakdown occurs even with IO=00

B. Intermediate V, ‘(é%di l)(l .
Current jump occurs at IOB' This
is not a self sustaining discharge,
since I becomes zero with Ig=0.
However, if ID is larger than the
current available from the external
source, then this can be considered

as an actual breakdown.

s
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C. large V, fre‘rp -):l.
Self sustaining breakdown occurs if
I0 is increased up to IOB and then

decreased to zero.
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The last terms of these equations were calculated for the case of a tungsten
electrode. The condition for a self sustaining discharge is that Eq. 5.128

has three solutions when IO=0. By ;onsidering that F(IiV) is an exponential
function, this condition can be replaced by the condition that F(I;V) becomes

larger than I at some value of I. Therefore as a sufficient condition,

993 x10°
(1-€ 52 )V

Yom =235 xtoq >Im= (5.133)

Ts
-\, &d ~
or (|-eg‘? r')V > 4.22x10 %, (5.134)

- Even with the severest conditions that X=0.09 cm! (at 100 mmHg) and

_ -4
rs-rp—5x10 cm,

V210 volts
is the condition for a self sustaining discharge. This is always satisfied,
since V never becomes smaller than the ionization potential, Vj.
The V-I characteristics of an ‘arc discharge of Eq. 5.128 are seen
in Fig. 5.9 with Io as step functions of various amplitudes (not impulses).
Since Iy in the figure is the order of 105-A/cm2,”the practical experimental

range lies on the left hand side of IM and the N shaped curve cannot be

observed.

S.4.4 Energy Balance at the Cathode

The cathode temperature can be determined by equating the input

energy to the output energy at the cathode, where (5.33):

(5.33) K.T. Compton: Phys. Rev. 37 1077 (1931)
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Energy input = I(l-f)(aVﬁ+Vi-?0)+Pj+PHfPF+PN
Energy output = IfQI+Pﬁ+Pc+Pn+PR
and f = fraction of current carried by electron at cathode.
a = accomodation coefficient (fraction of kinetic energy of ion
delivered to cathode, a=0.9-1)
V = cathode potential drop
Vi = jonization potential of gas
{gp = normal work function (work function at E=0)
qﬁ = effective work fumction (work function at E present, for
thermionic electron emission, ;=9 and for field emission qﬁ=0)
PJ = Joule heating ‘
Py = F(f(vp-(,')0+ipi)-(1+$)(1-f)Vi-V o) = heating by enmergy derived by

electrons in the cathode fall space and indirectly returned to

cathode

?i = Vi-WI+L = heat of neutralization of ion

1 = heat of condensation of peutrals of cathode

F = fraction of the energy acquired by unelectrified carriers from
the electrons which have moved through the fall space, which
returns to the cathode as by radiation, metastable state, etc.

Vo = electron mean kinetic energy in plasma

Pp = radiation heating

Py = heating by neutral particles

Pp = cooling by evaporation

Pc = cooling by conductign through cathode
PD = cooling by gas conduction and convection

PR = cooling by radiation.
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5.4.5 Heat Conduction into the Metal !

The basic equations of heat transfer are,

q=-AkvT (5.135)

.136
and ift 1-'+ Cf’ R . & ) :

where T(r,t) = temperature (°F)

A = area (ftz)

rate of heat flow (Btu/hr)

heat generation per unit volume per unit time (Btu/hr'ft3)

mass density (=1208 lbm/ft3 for tungsten)

n ~p = £
T

specific heat (=0.032 Btu/1b,°F for tungsten)

k = thermal conductivity (=87 Btu/hr.-ft. F for tungsten)
and a= k/cr thermal diffusivity (=2.430 ft2/hr for tungsten).

(1 watt/cm2=3171 Btu/hr-£ft2, 1 cal/sec-cm-°C = 242 Btu/hr-ft. °F)

Equations 5.135 and 5.136 are solved for the four cases below.

(1) Constant heat flux coming into a semi-infinite body (one dimensional)

(5.34).
X2

29 a‘t
t 4a.t {5.137)
Txt)= Ak e

(2) Q is suddenly generated on each unit are; of a plane in an infinite

body at x=0, t=0 (one dimensional).
y 3

T t) = % ;a:'g e @t (5.138)

(5.34) L.R. Ingersoll, O.J. Zobel & A.C. Ingersoll: "Heat Conduction”
McGraw-Hill (1954)
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(3) Constant heat is generated ijnside the body (uniform).

T¢) = -W—-‘C. (5.139)

f

(4) Constant heat flux is emitted at r=0 (three dimensional) (5.35).

R §
T(rt) = Z{‘T‘? (l -ert —2—";—-?) o (5.140)

For our electrode, when immersed iﬁ a plasma, ions of energy eVp
hit the cathode surface and transfer an energy of about jin. In the
typical case of ji=10 A/cmz and Vp=100 V, the temperature rise of the
tungsten electrode at the surface is from Eq. 5.137, only 19°C after
1 msec, which is far too 1ow for thermionic electrons to be emitted.
1£f the surface of the electrode is covered by 2 layer of W03, then

P=448 lbm/ft3, =0.073 Btu/1b,°F, k=0.1-1 (5.36) and Eq. 5.137 yields

a temperature rise of 9-30°C.

5.4.6 Local Heating due to Current Focusing on the Electrode

When the sheath breakdown voltage is about 100 V, the current into
the electrode is the order of 1 amperes. If this current is focused
into a small area of the electrode, for say 10 Psec, then the temperature

rise around the point is, from Eq. 5.140,
T = 23T (1 —ert 227)
n=—r { ) (5.141)

where r is in cm and T is jn *C. At r=1000 A from the current injectiom

point, the temperature rises to T=S.37x105°c.

(5.35) M. Jakob: "Heat Transfexr 1" John Wiley & Soas, %.Y. pp229 (1949)

(5.36) "Gmelins Handbuch der anorganischen Chemie" Verlag Chemic, Bergstrassc.
54 (1962)
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At the cathode spot in the arc discharge the current density was
shown to be between a few thousand and more than a million A/cm2 (5.37).
The temperature obtained above is sufficiently high to emit that amount

of current density (Eq. 5.119).

5.4.7 Local Heating of Electrode by Ion Bombardment

The rate of the heat flow in our experimental conditions is enormous
(even though the temperature rise is very small) and it is quite possible
that thermal equilibrium is not attained in the metal. If it is so, then
a microscopic treatment should be used.

The average depth, T, of atoms (of atomic number Zl, mass my and
jnitial energy E) penetrating into metal (of atomic number Z,, mass my and

density n) is expressed as (5.38),

\ 3,06 (1tM2/m)E
+5m  4&%An QA7 Ze% (5.142)

L=

where a=0.8853aol(212/34-222/3)}5 and ao---"(’nzlmeez=0.523x10.8 cm is Bohr's
critical radius. The 1+m2/3m1 term is for the projected path length.
In the case of 100 eV argon (atomic diameter=3.82 K) penetrating into
tungsten (atomic diameter=2 .52 K),
T = 0.478 &.
The relaxation time for phonon-phonon collision is (5.39),
'(‘:pp=10"11 sec

and that of electrons for electron-phonon collisions is,

Tpe=10711 sec.

(5.37) J.D. Cobine & E.E. Burger: J. Appl. Phys. 26 895 (1955)
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1f the heat flux input is, as before, 100 W/cm2 which is confined into
a 0.478 R thick layer along the metal surface, then the temperature rise
of the layer in 10'11 sec is, from Eq. 5.139, 0.9°C. After this time the
energy of the layer begins to be diffusedbinto the metal by phonons, and
T is specified by Eq. 5.137. Again this temperature is very low.

1f an incident atom hits only one metal atom, then the atom is
heated to the temperature of eVp/k for 10"13 seconds, after which it
begins to cool off. If ion current with jon energy of 100 eV flows into
an electrode, then each ion heats electrode atoms to 1.16x106°K. Thermionic
electron current from one atom of1Lx(1.41x10'8)2x9.7x1013 (Amps) flows for
10713 sec (l.l;1x10'8 is the radius of tungsten atom), SO that the ratio of
secondary electron current to primary ion current becomes 3.8x104.

Although this current increase rate looks quite impressive for
the explanation of breakdown phenomena, we have to give up this idea because of
the fact that the current ratio thus obtained is independent of the plasma
density (i.e., ion current into the electrode). From “the—expcrimental
results, the breakdown voltage is a function of plasma density. The fault
of this theory might be the use of Richardson's equation, which is not

proved to be correct in the thermally non-equilibrium state.

(5.38) G. Carter & J.S. Colligon: '"Ion Bombardment of Solids™ Heinemann
Educational Books Ltd., London pp97 (1968)

(5.39) C. Kittel: "Introduction to Solid State Physics"” John Wiley & Sons
Inc. N.Y. (1967)
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CHAPTER VI  EXPERIMENTS ON THE BREAKDOWN BETWEEN CYLINDRICAL ELECTRODES

IN A PLASMA

6.1 BREAKDOWN VOLTAGE IN A NEUTRAL GAS

The breakdown voltage (VB) between two cylindrical tungsten electrodes
in an unionized argon gas was measured. The radius (rp) and the length of
both electrodes were 0.05 mm and 35 mm, respectiveiy. The interelectrode
distance (d) and the ambient pressure (p) were varied. Im Fig. 6.1 is
shown the measured breakdown voltages. Theoretical Vy obtained from Eq.5.24
and A=13.6 (cm'lmmﬂg'l), B=235 (V/cm.mmHg) (5.2) andv=0.1 are shown in
Fig. 6.2.

Curves of Fig. 6.1 are replotted in terms of Vblln(d/rp) in Fig. 6.3,
together with fhe theoretical values obtained from Eq. 5.24. As expected
from Eq..5.28, all the curves tend to coincide with one line except for
small p and large d. When p is small the last term of Eq. 5.24 becomes

significant and Eq. 5.28 is no longer valid; when d is large the streamer
mechanism takes place and changes the picture of the breakdown phencmena
greatly. Also in Fig. 6.3 the results of Meek and Craggs (6.1) are plotted.
In their case a cylindrical wire and concentric cylindrical electrodes
were used; the wire electrode was negative (electrode material unknown).

The constancy of Vﬁlme(d-rp) of Eq. 5.26 from our data is examined

jn the Table 6.1. The experimentally obtained B is approximately 30%

(6.1) J.M. Meek & J.D. Craggs: "Electrical Breakdown of Gases" Oxford,
Ciarendon Press pp60 (1953)
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smaller than the value given by Meek and Craggs (=235) and 7% smaller
than the value given by von Engel (5.3) (=180) except for large d. When
d is large Vb and hence B is reduced by a stréamer mechanism. 1In addition,
-the 35 mm long wire electrode has to be approximated by a point electrode
rather than a cylindrical electrode. The theoretical absolute minimum
voltage, V  can be calculated from Eq. 5.27 to be 225 volts for Meek's
values of A and B, and 195 volts for von Engel's values. The minimum
sparking voltage for parallel plate electrodes was found tolbe 195-275
volts (6.2).

It should be noted that contrary to the remarks of von Engel (6.3)
that in the case of breakdown between two concentric é;iin&rical electrodes
the equivalent formula for Eq. 5.24 does not agree with observations, fhe

experimental results in our case agreed reasonably well with the theory

developed here.

6.2 SHORT GAP BREAKDOWN EXPERIMENTS

The hair pin type electrodes used in the plasma breakdown experiments
were mounted face to face in a specially made electrode holder with which
the distance between the tips of the electrodes can be adjusted within
an accuracy of 1x10~> inches. This device was put into the vacuum jar

(pressure=0.05 mmHg) and the breakdown voltage between these two electrodes

was measured.

(6.2) L.B. Loeb: "Fundamental Processes of Electrical Discharge in Gases™
John Wiley & Sons Inc. N.Y. pp4lsd (1939)
(6.3) A. von Engel: "Tonized Gases™ Oxford, Clarendon Press ppl9i (1965)
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d(cm) pm(mmHg) Vﬁ(V) Vm/2pm(d~rp) B from (6.1)

0.1 5 255 260 235

0.25 2.5 265 210 "

0.5 2 340 170 ' "

1.1 1 350 160 "

2.1 0.5 380 180 "

5 0.3 410 140 " E
10 0.18 450 130 "
20 0.14 600 110 "
50 0.1 780 80 "

TABLE 6.1 The minimum breakdown voltage, Vm’ and P, which

gives Vﬁ at various values of d. In the table the experimentally
obtained B (=Vﬁ/2pm(d-rp)) and the value of B taken from Meek (6.4)

are also compared.
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The electrodes used were bombarded by argon ions in the shock tube
for various times beforehand. The measured breakdown voltage as a
function of electrodé separation (d) yielded straight limes (d=0-3x10.3 cm,
. V,=0-800 V) which showed that the electric field at the electrode
surface, Ep, were constant. The value of Ep changed with the degree of
bombardment and was, from Eq. 5.19,

Ey =2 - 4x10° V/cm.

The same kind of short gap vacuunm breakdown has been investigated by
many people, espéecially Kisliuk and others (7.4), and the breakdown was
found to be triggered by electron field emission from the cathode surface.
This theory applies to our case. For our hair pin type electrodes,
E=2-4x105 V/cm is necessary to extract eclectrons from the cathode. The
field required for the field emission is, from Sec. 5.3.1, 4x107 V/em,
and the discrepancy is attributed to the field intensification by the
surface irregularities. By using the notation of Sec. 5.3.2 F for our
case is calculated as,

p = 100 - 200.

F ijs large due to ion bombardment.

6.3 THE EFFECT OF ELECTRODE CONTAMINATION ON THE BREAKDOWN VOLTAGE

Two cylindrical electrodes were immersed in the plasma and the
electrical breakdown voltage between these two was measured. The plasma
was produced by the electromagnetically driven shock tube mentioned in the
previous sections.

After some trials it was found that in addition to very bad reproduci-

bility of the breakdown voltage, there were no correlations between
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breakdown voltage énd plasma density, neutral particle density, electrode
separation, etc. However, by integrating the electrode current with |
respect to time until breakdown occurs (tb) it was found that

Ty
Idt =2 -4 ( pcoul)

0
for most of the cases at various experimental conditionms. Detailed
examples are listed in Table 6.2-A. The reason of the constancy of the
integral can be considered as follows. Due to the intense arc discharge
in the shock tube driver, small portions of electrodes and insulator
materials of the driver are meltéd, pughed downstream, and some of them
stick to the surface of the electrode, forming an insulating surface layer.
In the presence of oxygen, the oxidation of the electrode surface also
makes an insulating layer. Now, if a potential difference, Vd’ is applied
on two electrodes in a plasma, these electrodes act as a floating double
electrostatic probes and begin to collect ions and electrons. However,
because of the insulating surface layer, the electric charge starts
accumulating on the surface of the layer, making an electric field of the
order of ((Sidt)ﬂfos inside the layer, where S is éhe electrode surface
area. When this electric field becomes large enough ( - 3x106 V/cm) an
electron avalanche starts inside the layer, which produces enough electrons
to trigger the breakdown between electrodes. The same effect was reported
by Hancox (6.4), who made an artificial surface layer and found that
Ty
Soldt was constant.

To eliminate this effect, the electrodes were heated to approximately
2300°C for one minute before each measurement (Sec. 5.3.7). With cleaned

electrodes j:idt was measured again with the results in Table 6.2-B. In

this case the integral did not tz2ke constant values. For contaminated

(6.4) R. Hancox: Brit. J. Appl. Phys. 11 468 (1960)
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t
Date z(cm) VC(KV) pl(mmHg) Vb(V) goldt (A.PseC)
Mar. 18 68 2.5 0.1 110 2
Jun. 25 | " " 0.1 130 2.5
" " . " 0.05 150 3
" " " 0.5 125 4
Juiy22 | " " 1 350 2
" " L] 10 350 2.5 :;
b
TABLE 6.2-A °Idt with contaminated electrodes.
o
DATE |z(em)  Vo(kv)  p (mlp) V()  [Tar (a-psec)
0
July 22 68 2.5 0.1 600 0.2
b " " 0.1 200 20%
" " " 1 600 0.7
" " " 10 600 1.3
"’ 111 " 0.1 600 0.1
" " " 0.1 200  20%
" " " 1 600 0.56
" " n 5 600 0.6
TABLE 6.2-B goIdt with clean electrodes.

* indicates that no breakdown was observed.
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electrodes to breakdown, the integral, not V4, is important and V4 can be

much smaller than the true breakdown voltage.

Besides leading to an interelectrode breakdown, electric charge

M
1
i
3
1

accumulation often causes small, successive electron avalanches in the

contamination layer of the electrode surface. This effect can be seen
in Figs. 6.4 and 6.5. In the following sections electrodes were»always

cleaned before taking measurements, unless otherwise mentioned.

6.4 PRE-BREAKDOWN CURRENT CHARACTERISTICS

If the electrode potential, V, is increased without changing the
plasma properties, the electrode current, I, experiences Ehree stages,
i.e.:

Stage (1) When V is far below the.breakdown voltage, V, the electrode
works as a Lang@uir probe, and I can be expressed by the equations in
Sec. 2.7.

Stage (2) When V is increased, electron avalanches begin to take place
in the cathode sheath, which cause an increase in I.'

Stage (3) At V>V, , I is dominated mainly by the external circuit.

In actual cases, it has been known from the experiments that there
are two types of I vs V characteristics, as seen in Figs. 6.6-A and B.
Three stages are clearly shown in Fig. 6.6-A, whereas in Fig. 6.6-B, stage
(2) is unnoticecable and stage (3) follows jumediately after stage (1).

In Fig. 6.7 are shogn the C.R.0. traces of Ip with various values of
V. Constant V was applied from t=0 to infinity. The plasma surrounding

the electrodes was a weak precursor plasma (6.5). It reaches the electrodes
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FIG. 6.4
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. FiG. 6.4 Oscilloscope traces of the currents flowing into a
contaminated electrode. p1=0.1 mmHg , VC=2.5 KV and the negative
and positive electrode positions = 70 cm and 140 cm from the driver,
respectively. Vertical and horizontal deflections = 0.2 A/div. and
20 psec/div. Time runs from left to right. Upper beam: V=80 V,

middle beam: Vd=70 vV and lower beam: Vd=50 V.

FIG. 6.5 The change of the electrode current with different
degree of contamination. Vd=400 V. Vertical and horizontal deflections
= 10 mA/div. and 20 psec/div. Upper beam: clean electrodes, middle

beam: lightly contaminated electrodes (after 2 shots without cleaning)

—

and lower beam: heéﬁily contaminated electrodes (after 10 shots

without cleaning).
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FIG. 6.6 Pre-breakdowvmn V-I characteristics.

A. Stages 1, 2 and 3 can be
clearly distinguished.

Stage 1: V-Ip curve follows

the probe theory.

Stage 2: Electron avalanches
increase the electrode current.
Stage 3: Ip is mainly dominated

by external circuit.

B. Stage 2 cannot be observed,
or hidden by an experimental

error.
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electrode current with various

FiG. 6.7 Oscilloscope traces of

V=800 v values of electrode bias voltages.
p1=1 mmHg , Vc=2.5 KV and z=111 cm. |
The precursor plasma (6.5) was
tested. _
700
610
y | i l ] !
30 40 50

t(ps)
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within 1|1sec and changes its density as shown approximately in the

=200 volts wave form, where the electrodes were working as floating double
probes. The current gradually increases with increasing V and when V=610 V,
a large secondary process occurs with a time lag of 24 Psec-(6.6) from the
time of the first peak current ( at 6 psec). At this time (V=610 V, t=30 Ms),
the relation of ’fﬂ;dr=l holds, since I/I, approaches infinity, where Ij

is the current when electron avalanche effect can be negligible. With
higher V, I goes to infinity with a certain time lag, depending on the
magnitude of overvoltage and the plasma density.

An approximate theory expressing the relation of I and V will be

presented when the jonizing effect in the sheath by secondary electrons
is considerable. Since V is.applied across the cathode sheath, I can be
considered as a current flowing between concentric cylindrical electrodes
with inner and outer electrode radii of rp (electrode radiﬁs) and rg (sheath

radius), respectively. I can be expressed as,

-
Le egl’:‘dr

= — 6.1
L | -(ele~1) ©-L
\E L
SE. AV _.BFTigﬁﬁ§ ‘_I?P’EQﬁ?%
here  (ondr =—2 (e v -¢ ) (6.2)
ere rp B%—:;P

(6.5) The precursor plasma in our shock tube is produced mainly by the
photoionization by the intemse radiation of the arc discharge in the
driver. This precursor plasma has a high velocity (10-100 times the
velocity of the shock produced plasma), a low density (109-1012 cm=3)
and a slow density decay along the axis of the shock tube ( - 10 times
the decay time of the shock produced plasma).

(6.6) Vhen the breakdown voltage was measured with shock produced plasmz,
the breakdown occured at or before the density peak arrives at the
electrode. The time lag mentioned here was observed ornly in the case
of precursor plasma. This may be due to the incomplete surface layer
cleaning by ion sputtering.

JETCRTLOP ORI PPRTESS
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and Ie is the initially emitted electron current from the cathode. Here

8
d .._.-e .
P=Ae & and gw S A o o (6.3)
Fin

were employed. Also it was assumed that the field perturbation by space
charge was neé}igible. Equation 6.1 was computed with A=13.6 cm'lmmHg-l,
B=235 V/cm-mmHg (5.2), rp=0.05 mm, rs=0.01-100 cm, V=0-2000 V and p=0.01-
100 mmHg and the results presented in Figs. 6.8 and 6.9. From Fig. 6.8

we can see that I/Ie becomes 2 maximum at a certain combination of p and

Ty given by

v

————— = B = constant.
P (rs—1p) = (6.4)
At small rg in Fig. 6.9, exp(g;xdr) does not reach the value of

’ 1 4

1+1/y (i.e., breakdown) even with V=0 . However, at large V, the electric

field at the electrode surface becomes very intense and electron field
emission begins to take place which leads to the voltage collapse in the
sheath. 1In this case of field emission, stage (2) in Fig. 6.6-A will
never be observed, since the field emission current is a very strong
function of electric field and so V-1 curve takes the form of Fig. 6.6-B.
In other words, V-I curve is of type Fig. 6.6-A when p is large and/or
L is large (ne is small) and of type Fig. 6.6-B when p is small and/or
r, is small (n, is large).

In our experiments V was kept constant, while n, was increased with.
respect to time, i.e., T, was decreased. In this case, too, I-rg curves
experience qualitatively the same curves as shown in Figs. 6.6-A and B.
These two types of the current change, observed in the experiments at
various values of p and n,, were in good correspondense with the theory.
Fig. 6.7 belongs to the Fig. 6.6-A type. In most of the cases, however,

the type of Fig. 6.6-B was observed.

it A b SR AT T
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6.5 MEASUREMENTS OF BREAKDOWN VOLTAGE vs ELECTRODE SEPARATION

According to the floating probe theory mentioned before, it is

shown that

Vi=VqtVe-V. (6.5)
at sufficiently large Vd (Sec. 2.7). 1If Vd is increased, then only V;
is increased while V2 and Vc stay constant. Therefore the breakdown
should always occur in the sheath of the negative electrode no matter
what the positive electrode condition is.

To examine this statement the breakdown voltage was measured with
cathode set stationary while the anode was moved along the shock tube
axis. Under these conditions the plasma density and the temperature at
the anode decreased'as it was moved away from the shock driver.

The measurements were carried out with the initial pressure of the
shock tube of 0.15 mmHg in argon and with the cathode kept at a2 distance
of 100 cm from the driver, where the plasma density was 2.Sx1012 em™3. By
increasing Vd while observing the change in electroae current, the
breakdown voltage was measured 2s a function of electrode separationm, with
the results shown in Fig. 6.10. From the figure it is evident that the

breakdown voltage was always constant and independent of the electrode

separation and anode condition. In the figure the breakdown voltage in

the absense of plasma is also plotted. On the other hand, when the cathode

was moved, the breakdown voltage showed a change depending on the plasma
density, etc. at the cathode. These facts clearly show that the breakdowm
took place at the cathode.

When the electrical conductivity of the plasma becomes low, there

exists a voltage drop in the plasma a2ad V; is decreased by some amount.
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Let us examine this effect by taking the example of the severest case, as,

A (degree of ionizatioh) = 10’6,

T, = 1000 K,
Q = 310721 u? (Fig. 2.1)
and n, = 10t! cm’3,

then from Eq. 2.5 the plasma conductivity becomes,
¢ = 40 mhos/m.
1f the electrode distance is 10 cm and the effective cross section of

the plasma cylinder is 10 cm2, then the resistance of the plasma between

two electrodes is,
R=12.59Q.

With the electrode current of 0.1 amperes the voltage drop is only 0.25 volts,

which can be neglected.

6.6 MEASUREMENIS OF BREAKDOWN VOLTAGE vs PLASMA DENSITY

| Breakdown voltages between two electrodes were measured at various

plasma and neutral densities. Electrode currents at the same ambient
conditions as well as the plasma velocities were also measured to
facilitate the calculation of the plasma and neutral densities (Sec. 7.2).
The electrode current variatioﬁ with respect to applied voltage at various
shock driver conditions is shown in Fig. 6.11. The breakdown voltage
against plasma density at initial pressures of 0.1, 1 and 10 mmHg in argon
is also shown in Fig. 6.12 (see Table 7.1).

It should be noted that in Figs. 6.11 and 6.12, Vb decreases to 2

value much lower than the Paschen minimum voltage in Sec. 6.1 and Eq. 5.27

o 8 Fonsd B R T
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FIG. 6.11 Electrode current-voltage

characteristics for the breakdown voltage

measurements at various z and V.. p1=0.15
Gﬂ» mmﬂg. The numbers in the parentheses

indicate the breakdown voltages.
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of VﬁmfZOO volts. 7This shows that the breakdown phenomena is not as
simple as the breakdown in a neutral gas. The surrounding plasma is .
causing a large influence on the breakdown voltage.

The shot-to-shot method was used for the voltage and current
measurements. The reproducibility was sometimes not very good. After
some trials, however, it was found that if the data was interpreted as
a function of time after firing the driver, instead of as a function of
axial position of the shock tube, the reproducibility was fair to good.
This indicated that d/dt of the plasma properties (e.g. recombination,
ambipolar diffusion) was quite reproducible while v(3/9t) of the plasma
properties (e.g. heating the oncoming neutfals by the shock, frictional
force between the wall and plasmoid) was not. Therefore the data was taken
as a function of time, and then normalized into a function of axial

distance whenever necessary.

6.7 EFFECT OF THE ELECTRODE EDGE ON THE BREAKDOWN EXPERIMENTS

With our electrode configuration there was a limit to ﬁeasurements
of the breakdown voltage. Since the electrodes used here traversed the
shock tube as seen in Fig. 3.3, the tip of the electrode obviously
measured the highest plasma density, while the bottom part of the electrode
measured somewhat lower plasma density. This density variation can be

approximated by (Eq. 2.30),
ne(R)= ne®J, (2405 5-), (6.6)

where Ro is the shock tube radius and JO is the Bessel function of Oth
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order of the first kind.

In Fig. 6.13 are shown the V, -n, curves wt;ich would have been
measured at various positionms of the cathode if we could have separated
the cathode into small segments. For instance at R=0 (cathode4 tivp) s Vp
follows the curve F-E—-C as n, is increased ffom zero, coinciding with
the Paschen curve of Eq. 5.24. With ﬁigber n,» electron emission from
the cathode becomes dominant over electron creation by collision ‘and Vp
becomes smaller again, as C-B-A. However, at the demsity of n.s for
instance, Vb at the position of R=Rc on the cathode is only Vmin and so
all we can detect as a breakdown voltage is Vp;,, Dot \ Consequently if
the plasma density is increased gradually, measured Vy changes along the

thick line as F- E-D-B-A. The E -C - B curve can never be observed.
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FIG. 6.13 The breakdown voltage at various positions of the
cathode as a function of plasma demsity. R=0 at the cathode tip
and R=R0 at the cathode bottom (RO is the radius of the shock

tube). Measured Vg changes as A-B-D-E-F as n, is decreased.
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CHAPTER VII ‘ DISCUSSIONS ON THE BREAKDOWN THEORY AND EXPERIMENTS

T L R

A ks B Al

7.1 PROPOSED MODEL OF THE BREAKDOWN MECHANISM

By having checked all the theofetical possibilities which the author
could have thought of on the breakdown mechanism and by having done many
experimental investigations, the most likely mechanism of the breakdown
between the electrodes immersed in a plasma is now proposed.

THE MODEL OF THE BREAKDOWN MECHANISM: There are two independent kinds

of mechanisms for the breakdown between two electrodes in a plasma; one is

the "Cold cathode-;rc discharge" and the other is the "Spark discharge".
(1) Cold cathode arc discharge takes plaée at relatively high plasma
densitieg. A very thin sheath is formed around the cathode due to the
high plasma density and low ionic mobility. Also the current enhancement
by the ionizing effect of electrons inside the sheath causes the reduction
of the sheath thickness. Because of the thin sheath thus created the
electric field at the cdthode surface becomes strong enough to cause
electron ejection by field emission, which triggers the discharge. After
the triggering the current is concentrated into a small area of the cathode
and, due to its local heating, thermionic electrons dominate the field
electrons as a main current source for the full path brezkdown.

(2) Spark discharge occurs at lower plasma densities. The secondary
electrons emitted from the cathode ionize neutral particles in the cathode

sheath and this ionization causes the instability of the electrode system.
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When the anode is contained in the sheath, the breakdown mechanism is
similar to that for zero plasma density (which is the extreme case in
which the sheath is infinitely large); except that due to the space
charge accumulation first jonization coefficient becomes larger and the
breakdown voltage decreases.

In the following part of this section the equations which should be
used in executing the proposed models will be listed. TFor the investigation
of thé cold cathode arc mechanism, the following equations and figures
should be~employed:

(1) Applied voltage across the cathode sheath
Vg: Egs. 5.1-5.7
V_: Eqs. 2.83-2.106, Fig. 2.5
(2) Ionic mobility near the cathode
vi: Eq. 5.85
n: Fig. 4.2, Eqs. 5.88 and 5.110
T: Fig. 4.4, Eq. 5.90
(3) Cathode sheath and electrical boundary layer thickness
r : Egs. 5.52, 5.53, 5.56, 5.57, 5.63, 5.64, 5.65 and 5.66
r,: Eq. 5.41
(4) Effective current in the sheath
W}cbarge accumulation): Sec. 5.3.5
G: Eqs. 5.46, 5.55, 5.60, 5.61 and 5.62

Q Fig. 5.1

(5) Electric field at the cathode surface

E

P Eqs. 5.52, 5.56, 5.63 and 5.66

p(field enhancement factor by surface jrregularities): Secs. 5.3.2
and 6.2, Eq. 5.114
Ei(field enhancement factor by stagnation): Sec. 5.14, Egs. 5.36,

5.37 and 5.40.
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(6) Field emission current

j: Eq. 5.111
(7) Cathode spot temperature by local heating

T: Eqs.5.140 and 5.141
(8) Thermionic electron emission current

j: Eq. 5.119
(9) Self sustaining arc di;charge

Egs. 5.120-5.134. |

As there is no collision between ions and electrons in the sheath
(Sec. 5.1.8), the ion density in the sheath is not decreased due to the
boundary layer effect although its temperature is decreased. This effect,
therefore, need not be considered.
For the spark Qischarge,G and rg are given by Egs. 5.55-5.57 and

Fig. 5.2. In the figure, if VplrpEm becomes large and d/rp becomes close
enough to its final value, then even a very small perturbation to the
sheath thickness can lead the system to the breakdown (i.e., G=1); therefore
this is the condition for breakdown. If Ty becomes‘larger than éhe inter-
electrode separation,.then the modified form of Eqs. 5.22-5.24 should be
used. (There is a change in potential distribution due to the formation
of sheath.) In our experimental conditiomns, however, rg is much smaller
than the spark discharge criterion and the discussion on these mechanisms

will not be conducted any further.

7.2 COMPARISON OF THE BREAKDOWN MODEL WITH THE EXPERIMENTAL RESULTS

In this section the experimentally obtained values will be examined
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according to the model theory of the previous section. If the sheath
~thickness is small for the spark discharge criteriom, then the electric
field at the cathode surface should be strong enough to cause field emission,
or in other words the applied field at the cathode surface should be

2’4}(105 V/cem (Sees. 5.3.1, 5.3.2 and 6.2). Therefore the intensity of the
electric field at the cathode surface will also be calculated.

In Table 7.1 the expe';imentally obtainc;_d values of M, J;, Vi) and many
other calculated values are listed. (ng vs V, curve is shown in Fig. 6.12.)
The relation of Aiw<<d<<)\ew in the table implies that, in the sheath, the
jons are collision dominated while electrons are not. For the ion saturation
current to the electrode, collision dominated theory, especially Eq. 2.74
should be used since REo(z)(2>>1 (not listed). For the floating potential
of electrodes, the argument of Sec. 5.1.1 is correct. )\iw<<5E is an
important relation, which indicates that Navier-Stokes equation is
applicable to our case and the bounaary layer is formed around the electrode.
In all the cases G,&K1 and also /198 ~1 (not.:mllisted) show that the
jonization effect in the ambipolar diffusion region as well as that outside
the ambipolar diffusion and sheath regions is negligible.

Epz and dzl T, are obtained with the assumptions that the boundary
layer effect is totally negligible, i.e., SE<<)S'.V and S§<d. On the other
hand Epw and d./ I, are obtained with the assumptions that the boundary
layer effect is dominating, i.e., ;E»’\iw and ‘;E>>d- From the tzble it
can be found that 8 E>>)\iw and J ~sd, which means that Epw and dw are
more correct than EpZ and d?.' Especially for the calculation of Ep, the
assumption of S;})d is not very significant to the value of Ep, since the
Poisson's equation was integrated inm the cathode region and also the

charge density is the largest at the cathode surface (Eq. 5.48). Howcever,

Ri AN &
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TABLE 7.1 Calculation of the electric field at the cathode surface

Fxperimental and calculated results according to Sec. 7.1 are listed here.

The notations used are:

pj = initial pressure in the shock tube é
2z = axial distance from the driver mouth

Vg = capacitor bank charging voltage

M = up/cj = normalized plasma velocify

tare= arrival time of plasmoid at the electrodes
Ji = electrode current just before the breakdown (7.1)

Vp, = breakdown voltage

nz/n0 the ra;io of the neutral particle denmsity in the incident shock
to the neutral density at 1 mmHg and 0 C (n0=3.22x1022 n-3).

ng/ng = the ratio of the neutral particle density near the cathode
to the neutral density at 1 mmHg and O C

xiw = ionic mean free path near the cathode

Aey = electron mean free path near the cathode

Rg = electrical Reynold‘'s number

Stlrp= the ratio of the thickness of eléctrical boundary layer to
the electrode radius

G, = jonizing effect in the ambipolar diffusion (Eq. 5.62)

n, = electron density in the incident_shock

T, = electron temperature in the incident shock

0- = electrical conductivity in the incident shock
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Epz = electric field at the cathode surface when rs§>ra (Eq. 5.56)
d2/rp = ratio of the sheath thickness to the electrode radius
when rs>r, (Egs. 5.55-5.57)
Epw = electric field at the cathode surface when rp>>rg (Eq. 5.56
with G and suffix 2 changed to G§+Ga‘and suffix w, respectively)
dw/rP = ratio of the sheéth thickness to the electrode radius
when £ Pr, (Eqs. 5.55-5.57 with G and suffix 2 changed to

G +G, and suffix w, respectively).

(7.1) "“Just before the breakdown"” means that the current at the end of

stage (1) of Figs. 6.6-A and B. In most of the experiments, the
V-I characteristics were of type B and Ji could be measured
clearly.
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TARTE 7.1 - cont'd. 177
case <m§§g> () <§%> L 2325 (i}m) ¥%>
1 0.1 3 1.6 6.2 300 0.025 610
2 " 5 2.9 9.4 280 0.1 530
3 " 5 3.2  15.5 250 0.25 400
4 o 3 1.7 7.7 240 0.7 230
5 " 3 2.0 9.3 170 2.5 125
6 " 3 3.1 25 150 4 70
7 " 1 1.5 28 80 20 50
8 " 1 4.0 31 38 200 55
9 1 3 1.5 2.5 900 0.0015 340
10 " 3 2.3 4.7 800 0.02 310
11 " 3 3.0 9.4 480 0.1 265
12 " 1 1.3 3.1 340 0.2 260
13 " 3 4.2 15.5 260 0.5 207
14 " 1 1.5 3.1 250 1 135
15 " 1 2.1 9.4 131 5 75
16 " 1 2.5 12 120 20 65
17 " 1 2.8 14 96 40 60
18 0 1 3.5 22 85 100 95
19 " 1 4.5 31 68 200 90
20 10 1 2.5 1 260 0.00667 175
21 " 1 2.9 1 220 0.0166 95
22 " 1 3.2 2.1 250 0.05 65
23 " 1 3.3 2.1 300 0.1 65
24 " 1 3.5 2.65 260 0.5 60
25 " 0 2.8 7.2 62 5 40
26 " 0 4.0 9.35 50 30 60




TABLE 7.1 - cont'd. 178

case —Ir%—' _Irll%- >\(1:;Llw )E:S Re "§f%‘ Ga
1| 0.39  22.3 3.77x10~% 17.9x107> | 5.10  0.887 1.11x10°2
o | o.s6 43.7 1.92 " 9.15 " 9.47 0.650 1.26 "
3 | L.02 " 98.1 0.856 " 4.08 " 25.8  0.394 1.47 "
4 | 046 33.5 2.51 " 119 " 6.57 0.780 1.22 "
s | 0.s6 45.1 1.86 "  8.87 " 9.18  0.660 1.29 "
6 | 1.47 175.7 o078 " 2.28 " s4.1  0.272 1.5 "
2 | 1.51  196.4 0.428 " 2,04 " 59.2  0.260 1.5 "
g | 040 230 0.365" 1.74 " 5.31 0.868 3.06 "
9 | 3.2 131 0.643x10~6 3.07x10™ | 30.2  0.364 2.11x1072
10 | 3.8 198  0.424 "  2.02 " 46.9  0.292 3.11 "
11| 5.3  4ss.7 o.8s . 0.880 " g5.7  0.216 4.07 "
12 | 3.4 148 0.570 " 2.71 " 42.7 0.306 1.87 "
13 | 9.0 983  0.0855 " 0.407 " 211 0.138 4.68 "
1% | 3.4 148 0.570 " 2.71 " 42.7 0.306 1.87 "
15 | 5.3 454.7 0.185 " 0.880 " 85.7  0.216 4.07 "
16 | 6.9  663.4 0.127 " 0.603 " 133 -0.173 4.38 "
17 | 8.2 852.4 0.0985 " 0.469 " 178 0.150 4.58 "
18 | 12.2 1556 0.0541 " 0.257 " 379 0.103 4.89 "
19 | 12.4 2256 0.0372 " 0.177 " 453 0.094 4.92 "
20 | 23 617  0.136x107 0.649x107° | 157 0.160 2.23x1072
21 | 23 617 0.136 " 0.649 " 157 0.160 2.23 "
22 | 31 1200 0.0702 " 0.33% " 320 0.112 4.66 "
23 | 31 1200 0.0702 " 0.33% 320 0.112 4.66 "
26 | 33 1380 0.0610 " 0.290 " 352 0.107 6.16 "
25 | 41 ,982 0.0282 " 0.136 " | 548 0.0854 11.9 "
26 | SO 4680 0.0179 " 0.0855 " 767 0.0722 13.1 *




TABLE 7.1 - cont'd. 179
el By G | G if, B —i"p—
1| 1.11x10%6  0.66x10% 1.18x10 |5.30x10° 38 2.12x107 2.3
s 1615 " 0.0 " 2.46 " |5.92 * 157 4091 " 1.3
3 | 1.93x1017 1.11 " 3.00 " |6.18 " 7.0 4.28 "  0.53
s | 16721018 0.84 " 5.78x10%4.59 " 4.6 1.50 " 1.3
5 | 1.19x101° 0.93 " 1.42x103|4.48 " 1.8 1.24 " 0.67
e | 1.83 " 1.83 " 0.942 " |5.47 * 0.68 1.55 "  0.235
71 1.75x102° 1.50  2.72 " |7.75 " 0.32 2.00 "  0.116

8 | 2.53x1021 2.0 " 4.32 " [12.9 " 0.21 2.49 " 0.0145
o | 1.61x105 0.6 " 2.59x107} 4.01x10° 20 4.86x107  0.44
10 | 3.42x101® 0.6 " 4.60 445 " 9.8 6.06 "  0.265
1 | 2.10x20t7 0.99 " 7.65 5.60 " 4.2 11.3 " 0.13
12 | 1.06x10"® 0.6 " 1.35x102|5.10 " 5.0 4.15 " 0.37
3| 1.56 *  1.26 " 2.16x10 |7.53 " 1.8 10.7 " .06
1 | 14021019 0.6 " 6.81x102|4.83 " 1.88 2.10 " 0.3
151 8.93 " 099 " 1.29x103|8.23 "  0.46 3.52 " 0.1
16 | 5.42x1020 1.11 " 2.25 " |13.2 " 0.24 4.55 " 0.072
17 | 1.32x102Y 1.2 " 2.85 " |16.9 " 0.167 5.7 "  0.052
w8l 240 v 1.47 " 3.57 " 316 " 0.142 141 " 0.032
wla27 m 21 v s22 v a7 " o010 208 " 0.022
20| 7.30x101® 0.6 x10* 1.63 5.85x10° 2.4  10.8x107  0.09
21| 3.67x107 0.6 " 8.13 . 322 " 2.3 5.93 " 0.09
22 | 1.21x101% 0.6 " 1.96x10 {3.16 " 1.3 8.43 " 0.047
23] 3.06 " 0.6 " 4.78 " |3.68 " 1.08 8.23 "  0.047
2e | 2.36x1019 0.6 " 2.71x10%|s5.41 " 0.61 8.13 "  0.040
25 | 3.42¢102° 0.8 " 1.02x10%}11.8 * 0.6 9.8¢ "  0.020
26 | 2.40¢1021 1.08 " 2.10 " }28.1 " 0.10 27.9 " 0.012
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the invalid assumption of é%ﬁg)iw does affect the values of E

significantly and Epé gives smaller values than the true values. Therefore
the values of Epw can be regarded to be cl?se to the true values. There
is one defect in calculating Epw; that is, Epw has to be calculated with
a few more steps‘than EpZ' Consequently Epw might have large calculation
errors. (An error 6f 30% in M gives 6% error to Ep2 and 40% error to E_ .)

In Figs. 7.1 and 7.2, Epz and Epw are shown as functions of electrode

current. It can be understood that Epw (c£5x105

V/cm) is not only
sufficiently large for field emission of electrons (Secs. 6.2 and 7.4)
but also is independent of the values of Ji and n, over more than five

orders of magnitude as well as of the values of initial pressure of 0.1-

10 mmHg. These facts strongly support the validity of the proposed model

of the breakdown mechanism.

7.3 POST FIELD ELECTRON EMISSION PHENOMENA

When the field emission takes place at a particular spot (whose area
is usually 10“14-10-'7 cm2 because of the size of the surface irregularities,
Sec. 5.3.2) the ions coming from the plasma tend to be concentrated into
that spot in order to neutralize the electronic space charge. Also iomns
are produced near the area due to the ionization of neutral particles by
field emitted electrons. These ionic effects increase the electric field
at that spot. On the other hand, the emitted electroms form a double

sheath around the emitted area (Sec. 5.1.7) which reduces the intenmsity

of the field at the area. If, during the time electrons are emitted, the
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spot is heated enough by the bombardment of these energetic ions according

to Eqs. 5.140 and 5.141, then the thermionic electrons can take the place

of the field electrons even though the field electrons are suppressed by

the double sheath after that period. Once a hot cathode spot is established,
the stable self sustaining arc discharge is formed as mentioned in Sec. 5.4.3,

and this arc discharge leads the electrode system to a full path breakdown.

v

7.4 COMPARISON OF THE RESULTS WITH. EXISTING THEORIES AND EXPERIMENTS

Varney et. al. (7.2) as well as Crowe et. al.(7.3) carried out a
one-dimensional analysis on the influence of the space charge on the
spark discharge. In their calculations (Crowe) the space charge is so
small that the cathode sheath extends much further than the anode. This
means that the upper limit of the integral of the Poisson's equation is
the anode position, not the cathode sheath edge. (Sec. 7.1, spark discharge)
They have found that the influence of the space charge on the threshold
voltage is negligible unless the initial current is significantly larger
than 1078 A/cm?.

The cathode mechanism of extremely short arcs at atmospheric pressure
(A>>d) has been studied by Kisliuk, Boyle and others (7.4). They
observed a breakdown voltage as low as 30 volts at small electrode
separations of the order of 2000 A. The phenomena are shown to be
consistent with the hypothesis that (1) the arcs are initiated by field
emission electrons, (2) after the initiation the anode material is
evaporated by the secondary electrons and then ionized, and (3) the space

charge thus formed emhances the electric field at the cathode, and increases
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the field emission current until the breakdown occurs. Because of the
steep increase in current with field, this process is able to build up
to breakdown even when the probability of any particular electron
having an ionizing collision is extremely smgll.

Their case is very similar to ours, i.e., breakdown is triggered by
field emission electrons, which modifie the potential distribution
between the electrodes and cause instability. The main difference is,
of course, that we have a sheath edge instead of their anode. Also the
vaporization of anode material (this makes it difficﬁlt to calculate the
neutral particle density between the electrodes) is -substituted for the
dense neutral gas in the boundary layer of the stagnated shock.

The modification of their breakdown theory to fit our case will be

presented briefly. Consider the field emission equation (Eq. 5.111),
B
s 2 -
35—-AE e &, (7.1)

where A and B are constants. Let E=Ep+E', where Ep is the initial field
and E' is the field due to the additional positive ion space charge (ions
created by ionizing collisions of field emission electrons) measured at

the cathode surface. Because of the steepness of the dependence of

current on field, E'Q(E and by expansion we find,

B-—l
ke =APEE €. (7.2)

From the Poisson's equation,

3+
(r(EP E))’ €& - ZurE, fi(EptED @-3)

12
or -‘-fF(szPE,) =TEm 3 (7.4)
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where E‘I'IZ=J'/2KSOHJ-_, J; is the initial ion current per unit length of

the cathode and J' is the extra positive jon current arising from.Jj.

Since the change in sheath thickness is negligible,

2 2
Em_ (53
E’:- 22? (-—",éi"’l) : (7.5)
or at the cathode surface, _
12 2 . . .
[} Em I _pe!
EPz_z_é':(_éi-') =CJ, (7.6)

where C=f(rs/ rp)z-])'mtfol-lih".p. The breakdown condition is,

T (™) =7 .

From Eqs. 7.2, 7.6 and 7.7, we obtain,
B 8
B 1 ﬂaQi(r:‘f'i’) ]
2epAEs e e (€ -1) =73 (7.8)

Breakdown occurs when the plots of the right and left hand side of Eq. 7.8

are tangent, i.e.,

nol: (r;-l'p)
ABr.€(e

W& =) -
YA e & =, (7.9)

Equation 7.9 is a very strong function of Ep and the exact value of Ep
required. In our experiment, however, Ep is obtained after lengthy
calculations and might have a considerable amount of error. In addition,
this theory neglects the double sheath effect. Therefore it does not seem
worth while to test our results with the condition of breakdown of Eq. 7.9.
The effect of temperature in the range of room temperature to the
neighborhood of 1000°C was studied by Bowder (7.5) and Alston (7.6). Im

this temperature range, if the gas density is kept comstant and if the

electrical field is uniform, the breakdown voltage was rather insensitive
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to the gas temperature.

In 1961 and 1964,‘Sharbaugh, Lee and others (7.7) measured the
breakdown voltage of a plasma produced by a pressure driven shock tube,
and observed a breakdown voltage as low as 50% (at &4000°K) of that
predicted by Paschen's Law. Exact theoretical analysis has not been made.
The electron density was the order of 1010 cm'3 which indicated that the
thickness of the cathode sheath across which most of the potential
difference was applied became comparable to the hydrodynamic boundary
layer formed along the shock tube wall. However, the neutral particle
density (to which first ionization coefficient is proportional) imside
and outside the boundary layer was not known.

Lee et. al. also have concluded that for a high density plasma
(J>2x1010 cm'3), thermal breakdown takes place instead of dielectric
breakdown, i.e., after the jnitiation of breakdown and while the breakdbwn
process is developing, a great amount of energy ( - 160 KW) is supplied to
the gas and further ionization takes place which leads to the complete
f&ll path breakdown.

The electric field at the cathode surface of - 2x105 V/cm may seem
a bit low for the field emission. This field strength, however, is
enough as supported by existing experimental results by many people other
than the results obtained in Sec. 6.2. The value of electric field of
the order of 104—10S V/em was reported by Llewellyn Jones and Morgan (7.8)
and Morgan and Harcombe (7.9) in studies of enhanced electron emission
from cold electrodes in gases, in agreement with the estimates made on the
basis of the Fowler-Nordheim equation by Kerner and Rzether (7.10) from
their mcasurcments of electron emission from cold metals under electric

fields of the order of 10% V/em. Calvert (7.11) also reported 2 cold
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emission of electrons under electric fields of 3-8:~:104 V/cm. His

a of the eiectrorswas 10"14 cmz.Peﬁiiing and Mulder

estimated emitting are
(7.12) and Lamar and Compton (7.13) observed the field emission at

2.5x104 and 7,6);1(')4 V/em or more, respectively.
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CHAPTER VIII  CONCLUSION

The electrical breakdown phenomenon between two electrodes changes
drastically when there is a plasma surrounding these electrodes. One of

the results of this change is the lowering of the breakdown voltage (it

decreased to 40 volts or less which was much less than Paschen's minimum

breakdown voltage (Secs. 6.1 and 6.6)). It was assumed that this breakdown

phenomenon was due to_electrode surface contamination. Experimental work

proved that this assumption was correct (Sec. 6.3). If the total charge

accumulated on the electrically insulating surface layer reached a

certain amount, then the field in the layer became intense enough to cause

the electron avalanche, which led the system to the full path breakdown.
Therefore the breakdown condition was that the integral of the pre-breakdown
electrode current from time zero to the time when breakdown occured was some

constant value and was independent of the applied voltage.

Consequently if the electrode surface had been clean the breakdown

voltage should have been higher than Paschen's minimum value. Therefore

the electrode was cleaned well by heating to 2300.C (Sec. 5.3.7) and the

measurements were carried out; the breakdown occured at 40 volts again.

There must be some other mechanism to cause the breakdown. The next
hypothesis was that this phenomenon was due to the hot cathode arc

discharge. The plasma density (which is roughly proportional to electrode

current) against breakdown voltage curve of Fig. 6.12 nicely coincided

-

with the well known V-1 characteristic of the breakdown, especially with

the transition region from abnormal glow discharge to arc discharge. If
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this was the case then the negative electrode (or cathode) should have
been heated by the ion.bombardment to a temperature high enough for
thermionic electron emission. In some cases the energy input rate, I;V,
into the 0.1 mm diameter cylindrical electrode reached 1000 watts, which
appeared abnormally large. After some calculations, however, it was found
that the energy loss by heat conduction into the metal was so large that
the cathode temperature rise was only 10°C at most (Sec. 5.4.5). Thus

the hot cathode arc hypothesis was proved invalid.

Many effects happening in the sheath region such as current pinching,
oxide surface layer, local heating by ion bombardments, etc. were tested
(Secs. 5.1.6,5.1.8, 5.1.9, 5.3.9, 5.4.6, 5.4.7) to.explain this peculiar
breakdown phenomena, in vain. The last hypothesis was to assume cold-
cathode arc where the field emission of electrons from the cathode
dominates the situation. From rough calculations, the iﬁtensity of the
field at the cathode sufface was only approximately 104 V/cm, which was
too low for field emissiom. However, after careful examination of the
neutral density change in the incideht'and stagnated shock as well as in
the boundary layer around the electrode, the ionic mobility was found to

be considerably lower than that used in the rough calculations, and this

{ncreased the field intensity by approximately ten times. Also this increase

in neutral particle density enhanced the ionizing collisions of neutrals
by secondary electrons and brought the resultant field to about leO5 v/cm.
This intensity could be considered to be stromg enough for field emission
by looking into the supplementary experiments (Sec. 6.2) and many reports
of vacuum breakdown experiments (Sec. 7.4). Inm addition, this electric
field strength at the cathode was constant over a wide range of plasma

density (109-1016 cm'3) and initial pressure (0.1-10 maHg). Thus the
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breakdown mechanism was finally made clear.

The application of the theory of the breakdown mechanism developéd
~ in this thesis is virtually limitless. The most important application
arises, as mentioned in Chapter I, to the reignition phenomena after
current zero of an alternating-current circuit breaker where the electrodes
are surrounded by the high density post-arc plasma. Also this theory is
applicable ﬁo the mechanisms of the unipolar arc discharge as well as
the vacuum breakdown and tﬁe analysis of electrostatic probe current in
a dense plasmé.

During the course of this research work many‘bther valuable results
were also obtained. One of them is the development of a new technique of
determining the electrical conductivity of plasma by using radio frequency
magnetic fields (Sec. 3.2.5). 1Im section 4.2 a new theory which predicts
the variation of the plasma velocity is introduced, with good agreement
with the experimentally obtained values (Sec. 4.3.1). Also in sections
4.3.2-4.3.7 many properties of the plasma produced by the electromagnetically
driven shock tube were carefully examined by many diagnostic techniques‘

and the validity of the shock relations was tested.

Section 2.7 describes a generalized floating double probe theory as
well as an interesting application of the double probe to measure a low
density plasma (--107 cm~3). The ion current to the probe which was
aligned parallel to the plasma flow was measured in the case of continuum

high speed plasma flow and an explanatory theory was developed (Sec. 2.6.4).




