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ABSTRACT

The cdnductéhce of a small electric probe has been deter-

mined for radial distances (Zﬁ-AIS cm) from a recovering spark
gap as a function of time after discharge initiation. The

times investigated were from 0.2 to 15 ﬁs and the gas pressure
was varied from 22 mmHg down to 0.1 mmHg. The voltagé applied

to the probes was a sawtooth pulse whi¢h rose to about 80 volts

~in 10 pus.

.It is shown theoretically that the probe conductance should
be proportional to the three-halves power of the gas temperature.
From a known value of the'temperature, deduced from recovery
measurements,_and the known probe conductance the constant of
proportionality ﬁas deduced. Hence it was possible to determine

the temperdture from the probe conductance.

The probe conductance measurements show that at 200 mmig
pfessure the spark channel is only 2 cm in radius and that
ﬁhere is no detectablse ionization‘leftlz ms after the discharge.
As the gas pressure decreases the spark channel increases in
size and takes longer to deionize, until at 1 mmHg pressure the
.chgnnel fills the whole spagk chamber (spark channel rddius is
15 cm) and requires almost 15 ms to deionize. At 1 mmHg gas
pressure there is a radial temperature gradient, while at 0.1

mmHg pressure the gas everywhere in the channel recovers at the
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same rate.

In this experiment it is theoretically predicted that
volumé recombination should be the dominant recovery method and

this is experimentally verified.
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INTRODUCTION -

The spark gap is extehsively‘employed as an electrical
switch in various pulsed plasma generation devices;;'lt is
also useful as absource of high temperature plasma. Fischer
(1957) reports that, using an especially developed 1ow induct-
ance capacitor, he obtained temperatures of about 2S0,000:QK'
in a helium plasma at atmospheric pressure, The character-
ispicsueﬂﬂphe.reOQVering_plasmaﬂfopmedffrom the passage of
the spark, are of'interest to engineers; not only in fhe_
design of circuit‘breakers‘but also in the possible use of
spark gaps as recurrent switches in:.some thermonuclear devices.
From a more fundamental point . of. view, a “knowledge of the
.properties,'especially particle densities and temperatures,
would lead to a better understanding of the basic processes:

:responsible for the decay of ‘the plasma. ’

Due te the usefulness of“spark gaps as»switches, the

1 feignitiop voltage characterisfics for surge currents as high
as 235 kA have been experimentally determined (23 1A - McCann
and Clark; 1943; 235 kA - Churchill, 1960; LO KA - Chah, 1963).
‘The later two investigators heasured thebreignition voitage
as a function ef the radial distance from the main:spark gap

as well as a function of the ‘time after spark initiation. By
assuming that the spark reignited in‘accordance to Paschen's

law, the gas temperature was derived., - This assumption,-however,
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.is only true during the later part of the recoverj, since
during this period there is little or no ionization present,
i,e., reignition voltages are lowered mainly due to the dedreased
gas density. Poole, Parker, and Churchill (1963) confirﬁed

the temperatures derivéd from reignition‘meaéurements by using
a plane shock.wéve to probe the. recovering gas, .By measuring
the velocity'df this shock with Schlieren techniques the radial
temperature distribution of the spark channel was determined. |
This technique has also been used, under different experimental
conditions, by Allen, Edels, and Whittaker (1961)., Some time-
resolved spectroscopic investigations oflrecovering spark
channels have also heén made. Vanyukov, et al, (1959) made
time resolved measurements in a system where the energy stored
in the capacitor bank was quite small (leés than 2 joules) and
the gas pressure was equal to-or greater than atmospheric
pressure. Craggs (1963) obtained oscillographic traces of

line intensities for a humber of spectral lines of argon and
helium. The pressures investigated were from 760 to 50 mm.Hg
but the spark current was much lower than that employed in this
experiment. Both Craggs and Vanyukov found that the spark
chanel was luminous only for a few micro-seconds although the

period of luminoscity increased when gas pressure decreased.

Up to the preéent time it does not appear that temperatures

"have been ‘deduced on the basis of electric probe measurements.

In these measurements the probes are irmmersed in the piasma and



=3

a voltage applied between the probes, This voltage is small
enough so that spark breakdown between the probes does not occur
and the current flow between the probes 1is dependent on the
plasma conductivity., In the present investigation it was
originaelly planned to use the classical'double floating proBe
of Johnson and Malter (1950) to determine the electron tempeﬁ-
ature., However, due to difficulties in isolating the probes
from ground while still ensuring that the obgerved current was
the actual current flowing in the probe circpit, this approach
was abandoned and probe impedence measurements werse made. From
these measurements it was péssible to deduce the temperaturee.
For a spark taking place in a relatively high pressure gas
équilibrium between the electrons, ions, and the neutral gas
particles is rapidly established 8o that the electron (To),

ion (ii), and gas (Tg) temperatures all have the same value
which is referred to as the temperature (T) i.e. TgxTj*Tg>T.

This point is considered in some detail in'section l.1.

Electric probes have certain advantages over the above
methods of temperature determination. Compared to the spect-
roscopic and shock wave measurements the propes have a high
degree of spatial resolution, and unlike the reignition
measurements the temperafure can still be determined when there
ié‘appreciable'ionizatioq. As these probe measurements depend'
on th9 electrical conductivity of the gas, low gas pressures

(below 200 mmHg): were used in order that a reasonéble current
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(greater than l‘pamp) flowed between the probes. Unfortunately,
in all works previouély referred to; the gas pressures have been
greater than those used in this experiment so that direct com-

parisons are difficult to make.,

The next main section of this thesis discusses, theor-
etically, the procésses by which the spark chamnel recovers, “the
formation of ion sheaths, and the temperatgré from probe con=
ductance measurements. Following this, the apparatus used in
the experiment and the methods by which the measurements were
made are presented. Samples of the data taken are reproduced
énd discussed. In Chapter l the temperature is determined from
the probe conductance measurements, These results are discussed
in Chapter 5 and the limitations on them pointed out. It is
concluded in Chapter 6 that probe measurements yield a great
deal of data andg even using the relatively simple analysis
proposed here, information about temperatures of the recovering

plasma can be obtained.
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CHAPTER 1: THEORY OF SPARK GAP RECOVERY AND THE THEORY
OF PROBES

In this section a brief survey of the mechanisms which
effect the recovery of the spark gap is given. As the math-
ematics yield equations which cannot be solved without making
aﬁproximations when there is a combination of mechanisms in-
fluencing the‘recovery, each mechanism will be dealt with
singly, as if it werc the: only mechanism responsible for the
recovery. FProbe theory and gas conductivity are discussed in
the second section and the relationships necessary to cal-

culate the temperatdre from the probe impedence are derived.

l.1 RECOVERY AND DEIONIZATION

Upcn the passage of a high current through a spark gap,
the test gas becomes highly ionized. The degree of ionization
is probably about 100 per‘cent, as Vayukov, et al, (1959)
have observed spectra of doubly'ioﬁized atoms in a low energy

spark,

Craig and Craggs (1953) have ostimated that thermal
equilibrium is rapidly established,<but they considered only
- cases of high gas pressure. If times of iﬁterest are much
greater than the characteristic relaxation times for electron-

electron (Tfl), ion-ion ( T é), and electron-ion ("CB)
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collisions, then the plasma can be assumed to be in thermal
equilibrium. The ion temperature will be esséntially equal to
the neutral gas temperatﬁre, as both theﬂion and the atom

have essentially the samé mass, From Delcroix (1960), and

Spitzer (1956), one finds that:

7, ~ 3.8.x 10 13/2

ng ln A (sece) :
1/2 :
T =~ (M T ‘
2 (m) 1 (Se%)
T3 & % 51 (sec,)

where: M = ion mass (kg)
m = electrdn mass (kg)
T = ﬁemperature :(OK) '
n,= electron ooncéntfatibn (electrons,meter“3)
A = Ap
Do
Here: :AD = Debye shielding distance = ;EQ%Z_ {meter)

de Dg

ba = impact parameter for 90° deflection

2
%

12 € kT

(meter)

where : 60 = pérmitivity of vacuum (farad meter“l)
k = Boltzmann's: constant ( joules °K‘l)

qe = electron charge (coulombs)

Table I shows order of magnitude values of Ti, T, and [5)
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assuming 100 per cent ionization and a temperature of lO5 °k.,
For the value of M, the mass of the nitrogen ion is used and

the. values of 1lna are from Spitzer (1956; table 5.2).

TABLE I RELAXATION TIMES FOR ELECTRON-ELECTRON, ION-ION, AND
ELECTRONnION COLLISIONS -

Pressure | n meter™> T ln-1L T 1é ?3
(mmHg) . (°K) approx. | (sec.) (sec.) (sec.)
760 - | 3-x 1025 100 | g 10‘13 1073 1077
23 5 : -12 -9 =7

10 3 x 10 10 7 10 10 10
- =8 -6

1 3 x 1022 10° 8 1071 | 10 10
0.1 |3 x 1021 10° 9 10730 | 1077 10°°

From this table one sees that at atmospheric pressure
thermal equilibrium is established very rapidly but at lower
pressures for certain types of measurement, the gssumption of
thermal equilibrium may not be valid. In this experiment the
éhannel was allowed to recover ffeely for at least 200 ps
before any measurements were made, and by this time, even for

low pressures Té& Tiﬁng.

The hot, highly ionized gas recovers to a neutral gas at
room temperature by & number of processes. During the actual
discharge there is a large current and hence an associated
magnetic field. It is then possible that cyclotron radiation

from electrons could be an important energy loss mechanism.
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This mechanism is probably not very important as the current
pulse, and hence the associated magnetic field is of very
short dufation (about 10 ps), Also detailed consideration of
the powér radiated per unit solid angle (see for example

Rose and Cléfk, 1961, section'll;B) shows that the cyclotron

radiation is only important for relativistic elsctrons.

‘.Ahqthervpossible energy loss mechanism is bremsstrahlung
radiation produced by electron acceleration in the field of )
an ion. By assuming that the_elecﬁrons have a Maxwell-
Boltzmann distribution, the power density radiated by all
electrons‘(see forfexample Rose and'Clérk, section 1l.2) is
proportidnalvpo the product of. the eélectron and ion densities,
Te%, and Z2 where Te is the electron temperature and Z the
ionic charge number. During the spark discharge a considerable
amount of electrode material boils off, which gives rise to
high Z' impurities. 1In practice, howéver, bremsstrahlung rad-
iation losses are ndt important,Aeven in the presence- of high
Z: impurities, for ﬁemperatures less than thermonuclear temps
ératures. In the present expériment'maximum temperatures are

well below these valuese

The preceding two energy loss mechanisms do not decrease
the electron density, i.e. little, or no, deionization takes
places In this expseriment deionization occurs in two ways.

First, the electron will recombine with positive ions., This
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process, when it occurs remote from the walls, is called
volume recombination or simply recombination. Secondly, the
electrons will diffuse to the walls, and because of the presence

of a third body, will disappear by wall recombination.

Recombination between positive ions and electrons may
take place in a variety of wayse The two most important are
direct recombination of an ion and an electron in which the
excess electron energy is given off as radiation, and three-
body recombination. In three-body recombination the eleetron
approaches an ion which is in .the neighbourhood of a third
body and the electron gives up.its excess energy to this third
body before combining with the ion. This mechanism, -although
occurring, is not very probable, except near the walls of the

spark chamber.

If the plasma is‘assumed'to'be approximately neutral
(n, Arnez:n)”then the effect of recombination on particle

concentratioh can be described by:

_ %_%.: "‘(ni‘ne = axn | _ soe L
where: t = time (sec.)

n, = ion concentration (ions meter=>)

n

o .electron concentration (electrons meterf3)

recombination,coeffieient '(meter3 3600—1)

From equation 1 one sees that the relative loss rate;%‘%%
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is proportional to the electron density. Hence volume recomb-
ination would tend to meke the deﬁsity uniform since the re-
lative 1oss,rate is greater in regions of higher concentration.:
Since the rate of electron loss by volume recombination is
proportionalJto n2, volume recombination will Rfédominate over»
diffugion 1qsses when there is a high degree of ionization
 present .or at high pressures.  In th;s.experiment where rel=
ati?ély”high”pressures are used and the initial degree of
ionization is very high, volume recombination is the dominant
deionization mechanism, at least in the early part of the
feébvéry period., The radiation emitted by the direct recomb-
ination of an ion and a free electron accounts for the
continuﬁm!radiatiOn of_the spark channel.

1

“_:ifﬁéﬁevDebye shielding distanéq;is much smaller than the
dimensions of the vessel, then'the chafged particles will.
diffuse by ambipolar diffusion. For the densities and temp=-
eratures in,this experiment the foregoing criterion holds.
Recombination takes place readily at the walls since the étoms
or molecules of the wall materials_are available to act as

a third body and take up the liberated energy. This results

| in a density gradient aﬁay from the walls, Because of the
difference in masses, fhe electrons diffuse more rapidly than
the ions. This leads to charge separation which results in e.

space charge field., This field retards the diffusion of the
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electrons and increases the diffusion of the ions. Hence one
would expect that eleétrons and ions diffuce at the same rate.
Assuming that this is true, that the plasma is quasi neutral,
that both electrons and ions have a Maxwell-Boltzmann dis-
tribution; that the plasma is isothermal and composed of one

type of ion. then the diffusion is described by:

ﬁ - = “’Davn ' : ' 000 2
where: [ = particle flux (number meter=2 sec.’l)
. Dg = ambipolar diffucion coefficient
=2 gT (meter> sec.™t) coo 3
6

and: A, = positive ion mobility -

'S

velocity/unit field (volts sec.”

Substitﬁting equation’ 2 intouthe'continuity equation
yields a description of the time and spatial variation of

densityk
= 2
<% = D¥n | | | ceo It

From l it is seen that a large value of D, will meke:
diffusion the predominéht recovery mechanism, The conditions
fbr this, as,the mobility increases as the pressure decreases,

are low pressure.and high temperature.

In this experiment the éarly part of the recovery 1is
controlled primariiy by recémbination, especially at high

_pressures, but at lower pressures diffusion should become more
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important. When both these effects are taking place simultan-
eously it is, however, véry difficult to say which, if either,

is predominant.'

Cpmpeting against the processes of deionization is the
process of thermal ionization. ?his term applies to ioniza-
‘tion produced by molecular or electron collisions and by ra-
diation. Especially at high prdssureé, where the mean free
path is very short, this may beban important factor in the
determination of the over-all recovery, and it is the prime

source of ionization during the recovery period.

" The latter part of the recbvefy, where ionization is low,
is controlled primarily by gas convection and thermal conduc-
tion. Here the hot gas transfers its enefgy to the cool
walls and cool electrodes. The electrode tips may be hotter
than the gas is, in which case the process will be reversed in

this region of space.

The gas is fully recovered when it returns to its un-
jonized state at ambient temperature.
1.2 PROBE AND CONDUCTIVITY THEORY

As was shown in Section 1.1, for the conditions of this
experiment, the plasma is in thermal eqﬁilibrium. BEven under

these circumstances the electron velocity will be much'éreater
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than the ion velocity, due to the smaller mass of the electron,
and many more electrons, per unit time, will strike the walls
of the chamber than ions. These electrons build up a negative
surface charge on the walls. This surface charge repels those
electrons near the walls and results in a small region next to
the wall where there is an excess of positive ions -- the posi-
tive ion space-charge sheath. The thickness of this sheath is
approximately the Debye shielding distance. This point of view
yields a .physical interpretation of the Debye distance, as that
distance over which charge neutrality is not necessarily main-
tained. The preceding arguments are not then in contradiction
to the'assumption of plasma nsutrality, over large distances
from the electrodes compared with the Debye distance, which

was made in the discussion on ambipolar diffusion.

‘The result of the positive ion sheath is that the plasma
potential will be slightly above the floating wall potential.
If is assumed that the sheath potential, or in general any
external potential applied to the plasma, has little or no
effect on the ion motion., This assumption is due to the fact
that the elecfron mobility is much greater thén the ion mobility
On the basis of the foregoing arguments,>the expected potentials

near to a wall of the spark chamber are shown in Figure 1l.1l.
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.Plasma Potential
Neutral

+++! )
Plasma

Wall T - - = 7
) | ‘1\——-WalI'Potential

Positive Space-Charge Wall Sheath

FIGURE 1.1 POTENTIAL DIAGRAM FOR PLASMA NEAR A WALL

Two probes, of equal area and with no voltage between:ﬁh&@'
when inserted in the plasma, will be aléo Sﬁrrounded by‘a pdsi:
tive ion sheath in the same way that the walls are. Figure 1.2
shows a schematic diagram of the double probe circuit where one

probe is grounded.

| P/{O///Z//;/V%/l/////7// /r/.//{ // {7 7
Gt izl il

()1 |
Earth d}__d. :;j
il Vs

/rl Variable Voltage

FIGURE 1.2 DOUBLE PROBE CIRCUIT WITH ONE GROUNDED PROBE
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No current will flow between the probes since the random elec-
tron and ion currents to each are the same, assuming that‘there
is no temperature gradient between the probes, which is 1likely
to be trué'in a decaying plasma. If a voltage V is applied
between the probes such that probe‘l becomes positive, the
electrons are attracted to probe 1l. This leaves a deficiency
of electrons in the region‘between.thé probes, hence the plasma
potential rises. In other words, the plasma assumes a poten-
tial approximately.thé'same as the most positive electrode with
which-it makes contact. This means that the grounded probe
(probe 2) islgt a negativé potential with réspect to the plasma.
éy Kirchﬁoff's»laws, the current registered by the ammeter will

be controlled by the number of positive ions striking probe 2'
. 3

or the number of electrons striking probe 1 and flowing in the
external circuit tQ probe 2, whichever is smaller. As the vol-
tage between probes 1 and 2 is increased, eventually voltage Vg
is feachsd when enough electrons strike probe 1 to equalize the
number of ions striking 2. This is not necessarily the posi-
tive ion drift current because probe 2 is connected to ground,
i.e. the probe circuit is not floating. Because the plasma is
in contact with the chamber wallé and also the“main spark gap
electrodes, which during the afterglow are at ground potential,
the potential distribution in fhe.plasma is distorted from the
case where the probe circuit floats. Further increase in the

- voltage between the probes, beyond Vs,wshould cause little
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increase in the current flowing in the external circuit, &nd
probe 2 is saturated, i.e. it collects all the positive ion
current, This saturation point shows as the "knee" in the

current waveform,

Around probe 2 there is even a greater deficiency of eiec-‘
trons now that V # O than there was when V = O, This is due to
the accelerating field (for electrons) which is now present
between the probes. Hence, when V is greater than zero most of
the voltage impressed between the probes appears as a voltage
drop across the positive ion sheath., The existence of this-
positive ion sheath around probe 2 was verified experimentally
by covering a portion of the exposed area of both probes 1 and
2 with an insulating sleeve. The results were as follows:.

a., wWith no sleeve on either probe 1 or probe 2 the peak .
flowed in the probe circuit

pl

current I
b. with the insulating sleeve covering a given fraction

of the area of probe. 1, the peak current was,Ipl

co with the insulating sleeve covering a given fraction
of the area of %robe;Z;.thelpeak_éurrentJWQSRIpi:x:
reduégé by..this fractiénfufufiwt

de with fhe insulating slesve covering 'a given fraction
of the area of both probes 1 and 2, the peak current
was Ipl reduced by the fraction of the area of probe
2 which was covered.
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All these steps were carried out under the same experimental
cohditions, and the shape of the current waveform remained
constant, independent of the sxposed probe areas. Only the
magnitude ofvthe current waveform changed, ©One can therefore
conclude that it is the area of probe 2 which controls the
magnitude of the current in the probe dircuit. In other words,
by reducing the exposed area of probe 2, the siie of the posi-~
tive ion sheath and the number of positive ions collected are

reduced proportionately.

Around probe 1 the positive ion sheath, which was present
‘when the voltage between the probes was zero, is no longer
present because of the influx of electrons to this probe.

Figure 1.3 shows the potential diagrams for the probes.

Plasma
: :;Eotential

Probe 1

.Probe 2

\\—Ground Potential

Probe 2 .2 VI-q/_Probe 1

\u_Ground Potential

Sheath
V>0

FIGURE 153“PROBE POTENTIAL DIAGRAMS WITH PROBE 2 GROUNDED
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The preceding tﬁs diagrams-look very much like the poten-
tial diagrams for the fléating double probes described by
Johnson and Malter (1950), The main features of the potential
diagramé for bdth the floating double probes and the double
probes, where one probe is grounded, are the same. For the
exact mathematical analysis of Johnson and Malter (1950) to be

applicable, however, the probes must be floating.

From the preceding analysis of plasma sheaths it is evi-
dent that the field between the probes is not given by_g,
‘Where : V = voltage applied between the probes (volts)

o a = distance between the probés. (meters)
or even closely approximated by it. -Assume that the whole
voltage V applied between the probes appears across the sheath

at probe 2, which is a good assumption if V is greater than

%g and appfoximate the voltage gradient by a linear function.

The field E across the sheath is then (see Figure 1.3)

"B = % - (volts meter~l)

voltage between the probes (volts)

where: \'

d sheath thickness (meters).
Assuming that the probes are cylindrical, the area of the }
sheath Ag (which is the area collecting ions) is:
A= '2 7T(r + d)L ,(meters2)
where: r

v

probe radius (meters)

]

probe length (meters).
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The current I flowing through the ammeter is:
I = JiAS (a.rnpS)

where the positive ion current density at saturation is given

by:
J. = Is (amp meter=2)
i 270 +d)2
and: I = ammeter current at saturation (amps).

The positive ion conductivity o is given by:

Jds : -1
- _ (mho meter™")
A Oi = - ) .
Z7(r + A)Z V
or: o =G 1
* i 277(r + 1
U ETE T )L

where the probe conductance G is given by:

. I .
G = S (mho)
Vg . )
and: Vg = voltage betwseen the probes at current saturation.

The coﬁdugtivity, as it is usually defined, is calculated by
taking into account electron motion only., The ratio of the
conducﬁivity due to electrons, to the conductivity due to ions
.is proportional to the ratio of the electron velocity to the

ion velocity. Where the electrons and ions are at the same
temperature, these velocities are inversely proportional to the
square root of the particle mass. Hence, assuming that the ions

are only singly charged, which is reasonable, as the temperature
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is at most a few electron volts, then the conductivity o is:

o = oiEﬂ] /2 (mho meter™t)

m
“. /2 -
=G2'_77T}(?_17ﬁ[%]1 oo 5

where: | M = ion mass (kg)

s,
i

electron mass (kg).

‘In his book, Spitzer (1956);givas the following formula

for the conductivity o of a highly ionized gas:

2
2 g3/ |
o= 13, 07— -1
1.53x1 T (mho meter™") ess b
where: T = temperature (°K)
A = ratio of the ﬁebﬁe shielding distance to the

impact paramefer for 90° collisions.
If one assumes that this formqla holds for a weakly ionized
plasma, as is the case here, at least in the latter part of the
recovery period, then the two values for o in equations 5 and
6 can be equated. The values of 1n A change very slowly with
changes inqtemperatﬁre and electron density (see table 5.1,
Sptizer). The sheath thickness, d should also be relatively
constant with changes in T as'the voltage Vs which is the
probe voltage at current saturation, is always much greater
than‘%giin this experiment. Therefore, V, rather than T will
determine the sheath thickness. Because ln_ A and 4 can be

considered constant, the preceding analysis shows that the
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probe conductance G is proportional to the conductivity o
which in turn is proportionai-to the three-hsalves power of the
temperature. Hence:

G = KT3/2 (mho) eoe [

where the constant K is:

© 9.6 x 1078 (§* e [E]VZ

=3/2
(mho O 3/ )

K in

Now, if it is possible to calculate K or to experimentally
determine it; then the temperature can be deduced from the
measured probe conductance. The accuracy of -this calculated
temperature, (which will be considered in detail in Chapter 5,
Discussion of Results), will depend primarily on whether K is
really conétant throughout the range of experimental conditions

investigated.

The analysis indicates that it is immaterial, in this
experiment, whether the field in the sheath varies linearly or
not, so long as the form of the field does not change in time
or throughout the experiment. The field was assumed to vary
linearly as this assumption led to & simple analysis of the
field and the possibility“that an estimate of the constant K
might be obtained from experimental values of the sheath thick-

ness 4 and the parameter _A.
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CHAPTER 2: DEVELOPMENT OF APPARATUS

2,1 GENERAL DESCRIPTION AND OPERATION OF APPARATUS

Figures 2.1 and 2,2 are block diagrams of the apparatus.
With reference to these diagrams, the operation of the appara-
tus is as follows. The nominal 9‘PF high voltage capacitor
bank is charged to 20 kV from the variac controlled E.H.T. set,
The discharge is initiated by a pulse from the control panel,
The magnetic field associated with the rapidly rising current
In the high current generator circuit, induces a voltage in a
small pick-up coil (visible in Figure 2.5) which is propor-
tional-to the rate of change of current in the main discharge
circuit. This voltage triggers a delay unit which, after
some set delay, triggers the sawtooth generator which gener-
ates a single waveform., The sawtooth wave passes through a
cathode.follower (CF) and from thence to the probes. The
- current and voltage flowing in the probe circuit are displayed
on a Tektronix type 551 double beam oscilloscope which is also

triggered from the output of the delay unit.

The construction of the apparatus is shown in Figures
243 to 2.6. This system is similar in principle to that
described by Churchill, Parker and Craggs (1961) and Chan (1963).

The main spark chamber is a 6 inch inside diameter cross made
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L
+V. e :
20 kv° |
Supply 500 M~
1 o Jo To CRO Upper Beam
9 pF G, Type 551 Double Beam
—_— i D= Plug in Units
=1l kV G
Trigger 1
Y
Non G ' C.F. l/Sawtooth
Linear 50 1 am C e, o °" °* |'|Generator
Resistor > P emp 193
R L.¢-..- - To CRO
D &
25 kN Lower Beam
1 kN
ép |
- C—ef Delay | 16 cRO
Earth Trigger

FIGURE 2,2 OVERALL CIRCUIT DIAGRAM
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"~ of pyrex glass and can be evacuated. The main elecfrodes are
6.l mm diameter tungsten slugs, the onds machined flat, and
mounted in brass holders. The distance between the electrodes
can be varied by screwing the electrode tip into the supporting
shaft (see Figure 2.6). The trigger electrodes (see Figure 2.&)
are 16 mm diameter tuﬁgstén slugs and the whole frigger gap
mechanism is mounted inside a tight fitting perspex box in

order to reduce noise.

2.2 VACUUM SYSTEM

In order to facilitate experiments at preésufes less than
atmdséheric, itiiSpr§Sible'tO evacuate the Spérk chamber,
The vacuum is created b& a Phillips Duo 5 two stage rotary
vacuum pump‘with'avpumjhg speed of 1;5 liters per second.
Using conventional "O" ring vacuum seals at the joints, the
system has & base pfégsure of aboﬁt 10 p. Hg. There is a needle
valve fitted to the system so that a controlled leak can be

maintained.

GasApressgres are measured on the following instfuments°
For pressures down to about 10 mmHg:- a mercury U-tube is used,
Below this ﬁressure two vacugtats are employed,. one from
0 to 10 mmHg: and the other from O to 1 mmHg. Also, below
2 mmHg’ theipressure can be contiﬁuously monitored by a Pirani,

vacuum gauge type GP-110 which has two ranges, one from 0 to
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2000 pHg and the other from O to 50 uHg and is calibrated from

the vacustats.

2.3 HIGH CURRENT GENERATOR AND TRIGGERING MECHANISM

The high current generator is composed of two u.S_pF, low
inductance capacitors (NRG type 201l) connected in parallel and
charged through an E.H.T. power supply to Voo These capacitors
are discharged through the spark gaps. The discharge circuit
is critically damped with a non-linear resistor (6 inch diame-
ter morganite resistor tyﬁe 801) in order to produce a. uni-
directional current pulse. The non-linear resistor is used as
it produces a higher peak current than does a linear resistor.
In the four electrode gap assembly the gap G, is set so that
it will not break down on application of Vc but will break
down when the negatiye trigger pulse ié applied. G, and also

the main gap G2 are set to break down upon application of Vc'

The high current generator is triggered by a negative
pulse applied tb electrode Joe The pulse is generated in the
following manner (see Figure 2.7). The anode of the trigatron
is charged to +1l kV through the potential divider composed of
the 50 Mh,and 120 Mw resistors which are connected across the
main bank, A 10 kV pulse from the pulse transformer causes
the trigatron to break down and drop its anode potential to

zero, This process applies a negative pulse of 1l kV to
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electrode j, and gap G, breaks down initiating the discharge.

The cifcuit disgram for the E.H.T. power supply is shown
in Figure 2.8. This supply is simply a full wave rectifier,
each arm of which is composed of twenty-five BY 100 diodes
connected in series and shown schematically by a single diode.
The maximum current which can‘be dréwn from this supply is

200 mA.

Because there is often some delay in the trigger circuit,
all the electronic apparatus is triggered from the output of a
small pick-up coil. As stated previously, the voltage produced
by this coil is proportional to %%. Hence the output of this
coil can be used to determine the parameters of the circuit.
With the resistor RD shorted out the period of the ringing
discharge determines the overall circuit inductance L, For

low values of stray circuit resistance

. T2 ' R
L=—5— (henry)
L 71C
where: T = period of ringing discharge (sec.)

C capacitance of system = 9 uF.

By electrically integrating the %% pulse, a pulse propor-
tional to the discharge current is obtained. Because the area
under the current vs. time curve is equal to the original

charge stored in the capacitor bank, CVC, the constant of
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5
proportionality can be deduced. Current and E% waveforms are
shown in Figures 2.9a, b, and c. Table II 1lists the parameters

of the high current generator.

- TABLE II CIRCUIT PARAMETERS

Parameter o Value
Number of capacitors. | 2
Capacitance of each capacitor }o5 pF
Working voltage 20 kV
Maximum energy 1.8 kJ

“Total circuit inductance 6286‘pH
Peak current B ' ' 25 kA

2.4 TRIGGER PULSE GENERATOR (FIGURE 2.10)

The unit usually operates ﬁith a micro-switch connected to
the manual input. This switch, when depressed, connects the
grid of the 2D21 tubs through 100 kA to ground. This fires
the tube &ielding a positive pulse at the cathode and a
balanced éutput across 1 Mw at the anode. The pulse from the
anode goes to the pulse transformer in the main'bank trigger

circuit and thence initiates the discharge.

2.5 ELECTRONIC DELAY UNIT (FiGURE 2.11)

This is essentially a monostable multivibrator which
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generates delays controlled by the R-C time constant of the
circuit. With this unit, delays are available for a range of
5 decades with ten steps per decade. The delay times range

from lOO}ps to 10 ssc,

The main bank current rise generates a pulse in the pick-
up coil. This pulse is then used to trigger the delay unit.
The output of the delay unit triggers the recording oscillo-

scope and the sawtooth pulse generator.

The delay unit is calibrated by means of an oscilloscope

to an accuracy of approximately 2%

2.6 PROBE DEVELOPMENT -AND ASSOCIATED CIRCUITRY

The probe circuitry is shown in block form in Figures 2.5
and 2.6 and is shown in the form which was finally adopted for
this experiment in Figure 2.12. A Tektronix 515 oscilloscope
serves as the sawtooth pulse generator. The 515 oscilloscope
was chosen for the generator primarily because it was readily
available, it‘could‘supply a sawtooth pulse with a rise time
from 2 us to a number of seconds and a peak amplitude of 150

volts, and it could be triggered easily.

The voltage between the probes and the current flowing in
the probe.circuit were displayed on the upper and lower beams

respectively of a type 551 double beam oscilloscope with type D
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preamplifiers and were recorded on polaroid film. The voltage
between probe 1 and ground (see Figure 2,12) was measured with
a ten times attenuating probe (Tektronix type P 6000, which has
a frequency response of dc to 30 Mc). The small correction
necesséry to account for the potential drop across the 1 kwn
current.shunt is negligible,-hence, the upper beam displayed
directly the voltage between the probes. The current was
measured as a potential drop across a 1 kh, one percent carbon
deposit'resistor. The type D preamplifier was used because of
its high sensitivity. The sensitivity of this'preamplifier

is 1 mV/div to 50 volts/diy. calibrated, and the frequency
response is dc¢ to 300 kc at 1 mV/div sensitivity, increasing

to dc ﬁo 2 Mc at 50 mV/div and lower sensitivities. This
narrow pass band might appear tb:severely 1imit its usefulness.
Experimentally, ﬁowever, it was foupd that the preamplifier did
not introduce any noticeable distorfion in a sawtooth pulse of
10 ps risetime, Throughout most of the experiment a pulse with
a risetime ofllo‘ps was used and hence this preamplifier was

accéptable.

The manner in which the probes were shislded and the de-
tails of the probe circuit evolved as solutions to numerous
problems were obtainéd. Measurements of very small currents, -
which are flowing at the same time as very large currents, or

even a short time after the large current pulse has ceased, are
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difficult to make. In this experiment the main current pulse
was about 10“ amps while the currents in the probe circuit were
from 10-6 to 10-H amps, & difference of 8 to 10 orders of mag-
nitude. When the main bank discharged, the changing magnetic
field associated with the current pulse induced large (500 to
1,000 volts) voltages in the probes and as a result large cur-
rents flowed in each probe. The oscilloscope preamplifiers,
which were set at high gain, became saturated. It then required
a finite time for these preamplifiers to desaturate so that
waveforms were again accurately displayed on the oscilloscope.
The length of time required for these preamplifiers to desatuf-
ate depended upon the magnitude of the pulse induced by the
main discharge and the gain settings of the preamplifiers. 1In
practice this means that measurements can not be made for times
less than 0.2 ms after the discharge. If one were interested

in investigating this region of time delays, some kind of gating
circuit would have to be used whereby the probes could be dis-
connected from the measuring circuit while the main discharge

was taking place.

4

This pick-up pulse would also cause the sawtooth generator
(515 oscilloscope) to trigger prematurely. In the experiment
this problem was cured relatively easily by inserting a cathode
follower stage between the trigger generator and the probes.

This cathode follower isolated the generator from the probes.
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The voltage across the probss was pulsed and hence the
current flowing in the probe circuit was also pulsed. Because
of the pulsed nature of the voltage, stray capacitances in the
circuit had to be carefully balanced or eliminated. The capa~
'.citaﬁce between each probe and ground had to be the same and
direct capacitance between the probes was, as far as was pos-
| sible, eliminated. If this was not done, the voltage across
the 1 kA current shunt, when the probes had.infinite impedance
between them, was the differential of the voltage applied be-

tween the probes.,

Closely related to the problem of signal differentiation
was the problem of noise pick up., By maintaining coaxial sym-
metry, as far as possible, and by shielding all parts of the
circuit, a clean current waveform could be obtained. The
probes were shielded coaxially to within 1 inch of their tips.
In order to maintain coaxial symmetry in the probe circuit a
coaxial vacuum connector was used to pass through the walls of
the spark chamber (see Figure 2..155)o .The cathode follower also
served to reduce the overall noiée of the circuit by changing

the high output impedance of the sawtooth generator to a low

impedance of about 100 ohms.

After all these precautions were taken, the oscilloscopé
indicated zero current flowing in .the probs circuit upon appli-

cation of the voltage sawtooth when there was infinite
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impedance between the probe tips. When a resistor of 2 MA
was connected between the probé tipé, the current waveform
exactly followed the voltage and the current was the expected
75‘pamp for an applied voltage of 150 volts. The 1 k& current
shunt was experimentally chosen from values between 100 olhms
and 100 k/l to produce the cleanest current waveform when vari-

ous resistances were connected between the probe tips.

The final design of the probes used in this experiment
is shown in Figure 2.13. The original set of probes wers made
of two pieceé of platinum wire, 0.5 mm in diamster, 1 cm long
and oriented parallel to each other with a separation of 5 mm.
These probes were used for the preliminary investigations, but
had two disadvantages, namely, the platinum wire lécked rigi-
dity and, as the probe wires were parallel, the‘capacitancé
between the two probes was high. In the final design tungsten
wire was chosen for the probe material because of its strength,
high melting péint, and its resistance to erosion and sputter-
ing. At the conclusion of the experiment the probes wers
viewed under a microscope and appeared to have suffered little
damage from sputtering or_érosion. The main spark gap elecw
trodes were alsco tungsten and in thié way the tungsten probes
eliminated the problem of probe contamination from metal
vapour boiled off the main elebtrq@es during the discharge.
The small wire size (0.5 mm in diameter) minimized the cooling

effect of the probesﬁon the plasma. The probes were oriented
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in a horizontal plane and were co-linear with a distance of
SImm between the tips. This.orientation reduced the probe to
probe capacitance considerably over that of the original pla-
tinum probes. The probes were mounted on brackets at the end

of a lucite rod so that their radial position could be varied

with respect to the test gap.
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CHAPTER 3: MEASUREMENTS AND DATA

In this section the measurement methods are discussed,
typical oscilloscope traces of current voltage vs. time are
reproducéd and discussed, and some comments are made on the
recovery measurements which were used to supplement the probe

conductance measurements.,

3.1 CONDUCTANCE MEASUREMENTS

As was stated in Chapter 2, the conductance of the probes
was deduced by applying a sawtooth shaped voltage pqlse across
the probes and measuring simultaneously the voltage and the
current in the probe circuit. Even though measurements of
this type do not disturb the recovering gas very much, there
is still some disturbance, énd so only one sawtooth pulse was
applied at a set delay time after the main discharge took
place. The complete conductance curve was obtained in a
statistical manner. Each point is an average of three tests,
Ideally many more tests (say 20) should be used to form an
average, but the purpose of this experiment was primarily to
deduce the usefulness of the probes and to determine experi-

mental operating conditions.

The risetime of the sawtooth used in these conductance

measurements 1s lo‘ps. " The rise time was chosen as it is short
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compared to appreciable changes in the temperature, but long
compared to the length of time for an ion to travei through the
sheath surrounding probe 2.v:In order to determine that this
risetime was not a factor in determining the conductance, runs
were taken with sawtooth risetimes of 2 and 100 us. The con-
ductance determined from these runs was.compared.to .that deter-
mined for 10 us risetime; and, within experimental error,
there was no difference, hence 10 ps was used. The sawtooth

pulse attained a peak voltage of about 80 volts.

The radial distance between the probes and the main test
gap was varied from 2 to 15 cm for gas pressures above 1 mmHg,
and from 5 to 15 cm for gas pressures of 0.l mmHg. The minimum
distance was chosen so as to reduce the possibility of an arc
forming between the main electrodes and the probes and subse-
quently damaging the probe circuit and the associated electronic

circuitry.

Thevparameters which affect the main discharge were care-
fully controlled. Prior to, and following each run, the cur-
rent and %% waveforme of the main discharge were taken and
compared to previous records. The distance between the main

‘electrodes was also checked during each run, as was the distance
between the probes. A repetition rate of about one test per
minute was chosen so that the non-linear rssistor would not

overnzat and so that the air in the spark chamber would havse
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time to cool between tests. After svery 15 to 20 tests the air

in the chamber was changed.

For all gas pressures except 1 mmHg and 0.1 mmHg the gas
pressure was static, but for these two the pressure was main-
tained by balancing the pumping speed against the controlled

leak rate.,’

3.2 DATA OBTAINED

Measurements were made at different gas pressures and
different radial‘distances from the axis of the test gap. The
pressures chosen werse 760, 200, 50, 10, 1, and 0.1l mmHg; the
radial distances were 15, 10, 5, and 2 em, except in fhe case
of pressures of 0.1l mmHg where no measurements were made for a
radial distance of 2 cm. Table III gives a summary of the data
taken. There.are certain .values.of .pressure and radial dis-
tances which are not listed-in this table. For these values
there was no detectable current flow in the probe circuit for

the range of delay time which could be investigated.
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TABLE III RANGE OF EXPERIMENTAL CONDITIONS FOR WHICH PROBE
CONDUCTANCE COULD BE MEASURED

Gas Pressﬁre Radial Dist. | Range of No. of Delay
' of Probes Delay Times | Times Used
(mmHg ) (cm) (ms)
200 - 2 025 = 2.2 5
50 2 0039 - 300 7
10 2 0.25 - 6.6 7
5 0025 - 202 7
1 2 0.25 - 5,0 7
5 0.25 - 16 10
10 0.25 = 11 9
' 15 0.34 - 16 10
0.1 5 0,34 -5 7
10 0.34 - 11 8
15 0.3 - 11 8

One photograph, of the three taken for a complete run of
data at a gas pressurs of 1 mmHg and with the probes at a
radial distance of 10 cm from the main gap, is shown in Figure
3.1. The voltage applied between the probes is recorded on
the ﬁpper trace and the current on the lower trace. This
series of‘photographs show a number of effects common to many
or all the records. The expected current saturation is shown
in all thevphotographs although for very small and very long
delays the saturation effect is not as pronounced. It is also
noticed that the current waveform is not the same shape during
the time when the.voltage is decreasing as it is while the

voltage is increasing. This is presumably due to the fact that
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FIGURE 3.1 CURRENT AND VOLTAGF IN PROBE CIRCUIT
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the sheath surrounding the grounded probe acts as & small capa~
citor and stores electrical energy. 'This effect was not inves-
tigated ih this experiment but under similar experimental‘con-
ditions, Smy (1963) used this effect to estimate the sheath
thickness. vSuperimposéa on some of the current waveforms_are
oscillations. These oscillations only appear on the records
taken at 1 and 0.1 mmHg gas pressure and for relatively long
delay times, The amplitude of these oscillations is much
larger at the lower pressure (see Figure 3.l). These oscilla-
tions, which are a relatively common phenomena in probe studies,
ocbur because the plasma is disturbed by the probes. Loeb
(1955) discusses this type of oscillation and shows that it

occurs at the positive ion frequency wj,

w. = /niqiz ‘
i M€O

where: q. = positive ion charge (coulbmbs)

n; = positive ion density (ions meter=3)
M = ion mass (kg)

€, = permittivity of vacuum (farad_meter'l)

For this experiment where osciliationslbccur an average value

of the current is taken in computing the probe condﬁctance.

In Section 3.1 it was. pointed out that the current flowing
in the probe circuit varies from discharge to discharge, even

though the main discharge and the probe parameters remain
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constant. PFigure 3.2 shows three photographs with the same
external parameters, in wﬁich the current is quite different
from test to test. -One explanation of this wide variation is
that the main discharge itself is sometimes symmetric and some-
times not with the direction of the asymmetry completely ran-
dom. Hence, at a given point in space, the measured conduc-
tance will be different from discharge to discharge. The
asymmetry of the discharge channel is well established aﬁd has
beeh recorded by Allen and Craggs (1954) with a rotating mirror

camera.
3.3 RECOVERY MEASUREMENTS

Due to the extensive recovery work which has been done on
similar apparatus, (Churchill, Parker, & Craggs; 1961;
Churchill & Poole, 1963; Churchill 1961, 1963; Craggs, 1963;
- Chan, 1963) and as. this technique is well developed, it was
considered advantageous to determine the recovery characteris-
tics of the main spark gap. This facilitatés-comparison be-

tween this,apparatus and that used by the workers referred to

above.

The recovery characteristics were derived by the method
used by Churchill (1961) in which a unit function voltage is
applied to the main gap electrodes at a given delay time after

the main discharge has taken place. A fast oscilloscope,
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conn§9§§d,§qwg potential divider which is across the:main gap,
enables one to determine if the gap reignites. The voltage of
the unit function is varied until the minimum value ﬁhich causes
reignition is found. This is called the reignition voltage.
The experimental apparatus and the detailed experimental method

are the same as that used by Chan (1963) and are discussed in

great detail in his thesis.
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CHAPTER li: ANALYSIS OF DATA

In this section the temperature will be derived from the
probe'conductance curves., The probe conducténce‘for a gas pres-
sure of 200 mmHg and delay timé of 2 ms was measured experimén=
tally. The gas temperature can be found from the reignition
curves for these conditions, hence, the constant K (see equa-
tion 7) whichvrelates the conductance G to the three halves
power of the temperéfure can be found. When K is found or de-
termined,lthe values of the probe conductance can be converted

into temperatures.

4.1 DERIVATION OF TEMPERATURES FROM RECOVERY CURVES

During the latter part of the recovery the reignitidn
voltage (VR) obeys Paschen's law (Churchiil, 1961; Chan, 1963)
. i.8. the reignition,voltagé is loweredkdue to decresased gas
density. The manner in which the reignition voltage varies
with gas density may be determined by measuring the impulse
breakdown voltage as a function of gas pressure for the test
gas at ambient temperature. Assuming that the test gas is é
.perfect gas and that it obeys a perfect gas law during reigni-
tion,‘and.assumiﬁg that for a given reignition voltage the

correﬁponding gas density is equal to the static gas density;

then:
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TP v
T = R eee B

R —

P
where: Tp = recovering gas temperature (°K)
T = ambient gas temperature (assumed = 300°K)
Pp = ambient gas pressure (mmHg)'
P = pressure, corresponding to the value VR which is

found from the plot of the impulse breakdown vol-

tage vs. ambient gas pressure (mmig).

Figure L.l shows the plot of the impulse breakdown voltage
vs. ambient gas pressure for 6.l mm diameter tungsten elsctrodes,
0.5 cm apart, from which P ia found, Figure .2 shows reigni-
tion curves for the 6.l mm diameter main electrodes and Figure
.3 shows the gas temperatures derived from equation 8. These
curves agree, in general form, with those derived by Churchill

(1961) and Chan (1963) under different experimental conditions.

4.2 RADIAL TEMPERATURES DERIVED FROM PROBE CONDUCTANCES

Measurements made by Chan (1963) show that the spark
>channel has a uniform temperature up to a radial distance of
2.5 ecm at atmospheric pressure. Although the apparatus used by
Chan (1963) was not identical to that used in this experiment
they were very similar and it is reasonable to assume, in this

experiment, that at a pressure of 200 mmHg the channel is
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uniform out to a radial distance of at least 2 cm. This is
especially true as the results in this experiment show that the
spark channel radius increases with decreasing pressure. With
this assumption, then, the temperature deduced from reignition
measurements is the same as the temperature where the probes
are located. Hencs, for a pressure of 200 mmHg thg observed
conductance at a delay time of 2 ms and the measured tempera-.
ture from reignition measurements are both known. The constant

K of equation 7 is, therefore, calculated as:

K = L34 x 1013 mho (9k)=3/2

or equation 7 is now:

¢ = L3l x 10713 03/2 cee 9

Figures'ﬁ.u to L7 show the probe conductance, which is
the ratio of the current at saturation to thé corresponding
voltége, plotted against the delay time after spark initiation.
FPigures L.8 to L.ll show the temperafures which are derived
from equation 9 and from the probe conductance curves. These

results. will be discussed in detail in Chapter 5.



‘CONDUCTANCE G &

5}

o

(mho)

4

S

CONDUCTANCE G

B,

10

(mho)

N

-53-

=

e LI AIT

1

PEAK CURRENT = 25 KA

PROBES: 05 mm DIA. TUNGSTEN AT Smm SEPARATION,
MOUNTED HORIZONTALLY

PARAMETER : RADIAL DIST. OF PROBES TO MAIN GAP

TTTTIY

L FIGURE 44 FIGURE 45
- PROBE CONDUCTANCE G IN AIR AT HIGH PRESSURES H PROBE CONDUCTANCE G IN AIR AT IOmm Hg PRESSURE
L MAIN GAP: 6.4mm TUNGSTEN ELECTRODES AT 5mm MAIN GAP: 6.4mm TUNGSTEN ELECTRODES AT 5mm
SEPARATION SEPARATION
- PEAK CURRENT = 25 KA . PEAK CURRENT= 25 KA
PROBES: 0.5 mm DIA. TUNGSTEN ATSmm SEPARATION, PROBES: 0.5mm DIA. TUNGSTEN AT Smm SEPARATION,
MOUNTED HORIZONTALLY MOUNTED HORIZONTALLY
RADIAL DISTANCE OF PROBES TO MAIN GAP=2c¢m. I0'5 H PARAMETER ' RADIAL DISTANCE OF PROBES TO MAIN GAP
PARAMETER: GAS PRESSURE = :
14
10 -
o
-
w -
Q
= b=
£3
SEl
3=
z
S
107 L
-
-
F o8 -
C 1 1 1 [l i i - 1 [l 1 1 1 i
o] 2 49 [} 8 10 12 14 [¢] 2 4 6 8 10 12 14
DELAY AFTER SPARK INITIATION (ms) DELAY AFTER SPARK INITIATION (ms)}
" FIGURE 4.6 - FIGURE 4.7
PROBE CONDUCTANCE G IN AIR AT Imm Hg PRESSURE PROBE CONDUCTANCE G IN AIR AT O.Imm Hg PRESSURE
MAIN GAP: 6.4 mm TUNGSTEN ELECTRODES AT 5mm MAIN GAP: 64 mm TUNGSTEN ELECTRODES AT 5mm
SEPARATION IO'S SEPARATION

PEAK CURRENT= 25 KA

PROBES: 05 mm DIA.TUNGSTEN AT 5mm SEPARATION,
MOUNTED HORIZONTALLY

PARAMETER : RADIAL DISTANCE OF PROBES TO MAIN GAP

- o8k
- nt
] o [
[ ] w F
r_ o -
Z
o g
L&
» REL
4
o
(&)
= |o'7:
= IO-B:
= : .
1 I} 1 1 1 | 1 1 L I | 1 1
[} 2 12 4 IS [ 2 12 14

4 6 8 10
DELAY AFTER SPARK INITIATION (ms)

4 10
DELAY AFTER SPARK INITIATION {(ms)



(°K)

TEMPERATURE

o

(°K}

TEMPERATURE

- FIGURE 4.8 = FIGURE 4.9
~ DERIVED TEMPERATURES FOR AIR AT HIGH PRESSURES B DERIVED TEMPERATURES FOR AIR AT I0mm Hg PRESSURE
- PROBES 2cm FROM MAIN GAP B MAIN GAP: 6.4mm TUNGSTEN ELECTRODES AT 5mm
- MAIN GAP: 6.4mm TUNGSTEN ELECTRODES AT Smm B SEPARATION
SEPARATION - PROBES: 0.5mm DIA.TUNGSTEN AT 5mm SEPARATION
PROBES : 0.5mm DiA. TUNGSTEN AT 5§ mm SEPARATION PARAME TER : RADIAL DISTANCE OF PROBES TOMAIN GAP
PARAMETER: GAS PRESSURE I~
- il
C s F
- 8 —
= b
w
= ¥
=)
- 2 |-
bt
200 mm Hg e 5 -
Q 2 cme
50mm Hg %X z —
- L /—-5 cm X
- IO3 -
= "~ \
1 Lt b 11l i [ R RN | P itrn 1 1 4 1 111l | L1 4Ll
1 10~ 10 100 ol 1,0 10 00
DELAY AFTER SPARK INITIATION ({m s) DELAY AFTER SPARK INITIATION (ms) '
.
o5 +
= FIGURE 4.10 - FIGURE 4.1
[~ DERIVED TEMPERATURES FOR AIR AT Imm Hg PRESSURE - DERIVED TEMPERATURES FOR AIR AT O.lmm PRESSURE
~ MAIN GAP: 6.4mm TUNGSTEN ELECTRODES AT S5mm [~ MAIN GAP: 6.4 mm TUNGSTEN ELECTRODES AT 5mm
B SEPARATION o SEPARATION
- PROBES: 0.5mm DA, TUNGSTEN AT Smm SEPARATION - PROBES: O.5mm DIA.TUNGSTEN AT Smm SEPARATION
PARAMETER: RADIAL DISTANCE OF PROBES TO MAIN GAP. PARAMETER : RADIAL DISTANCE OF PROBES TO MAIN GAP
= Scm e
10cm x
15¢cmQ
L io*|.
- cm o z [
e
- 5 cm X -
= /—'lo em o w -
- B em 2 -
<
i
I -
o
=
W
bt .
- 0 |-
L1 1 i bl [ W RS L1t o1t 1§ Lttt [ RN [ A R
ol .0 0 100 01 1.0 0 00

DELAY AFTER SPARK WITIATION -(ms} - ' DELAY AFTER SPARK IN{TIATION (ms)




_55-

CHAPTER 5: DISCUSSION OF RESULTS

In this section some general features of the raaial tem-
‘perature curves are discussed and general comments about these
measurements and recovery measurements are made, The derived
temperatures for very short delay times are higher than one
would expect, hence, a discussion of the errors involved in the
measurements and in the assumption that the probe conductancé

is proportional to the three-halves power of the temperature.

5.1 FEATURES OF RADIAL TEMPERATURE CURVES

The curves shown in Figures 4.8 to L.l1ll will be discussed
in three categories and, for convenience, will be referred to
as: high pressure, where the gas pressure is 10 mmig or
greater; medium préssure or 1 mmHg gas‘pressure; énd low presw
sure or 0.1 mmHg gas pressure. The curves in each category arse

of essentially the same form.

| The curves in the high pressure category all show that
the gas recovers quickly and that there is 1little ionization
present after 5 ms. Churchill (1963) reports that, using
'relgnltlon techniques, he found no great variation in the
recovery of the spark channel in the pressure range investiga-
ted (200 - 760 mmHg). The temperatures deduced in this experi-

ment from probe conductance measurements confirm this in a
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pressure range between 10 and 200 mmiHg.

For a gas pressure of 1 mmig the recovery was much slower.
The spark channel had expanded to fill the wholé spark chamber
and tpis allowed one to to measure the radial temperature pro-
file shown in Figure 5.1. This graph shows that for long delay
times the temperature is lower close to the electrodes than it
is at larger radial distances., This effect is probably due to
the cooling effect of the main electrodes. The existence of
detectable ionization at a radial distance of 15 cm implies
that virtually the whole spark chamber is filled with plasma.
This plasma is in contact ﬁith the large cold brass rods sup-
porting the main electrodes and is cooled by them. At lower
pressures, where the recovery is slower, one would then expect
that the thermal cooling effect of the electrodes and their

supports would be noticeable, as is the casse.

‘In the low pressure region the temperature curves show
that within the expected error (see Section 5.3) the gas
throughout the spark chamber is at the same temperature. The
mean free path of the particles, in this region, is of the same
order of magnitude as the chamber dimensions and because of the
long mean free path the gas everywhere in the chamber is at the
same temperature and deionization and recovery take place at

the same rate.
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5.2 GENERAL RECOVERY CHARACTERISTICS

Assume that the region where some probe conductance 1is

detectable is an indication of the radial extent of the spark

channel., From Table III (page lL3) one sees that the spark chan-

nel radius increases with dedreaSing gas pressure until at

1 mmig it extends to the radial extent of the spark chamber.
The temperatures which are derived from the probe conductance
measurements show that the spark gap takes longer to recover at
low pressures than it does at high. This observation supports
the fact that the main deionization mechanism is volume recom-
bination (see Craggs, 1963) although for complete verification
the values of the electron; ion, and néutral concentrations

should be known.

5.3 LIMITS OF ACCURACY OF THE RESULTS

There are a number of effects which limit the-aécuracy of
the experimental results. As was pdinted out in Chapter 3, the
variation in the measured probe conducﬁance from test to test
was largé'and, as is to be expected, there is a large scatter
in the plotted experimental points (see Figures L.l to L.7).
The reignition voltage calculated for the delay time of 2 ms
was very close to the minimum voitage obtaiﬁable from the re-

striking voltage generator.
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The value‘of the derived temperature is much higher for
short delay times than one would expect, based on temperature
measurements and estimates made by other workers (Craggs,1963;
Poole, Parker,‘and Churchill, 1963). The reason for the dis-
crepancy is probably that the assumed constant K in equation 7
does vary due to two factors which compose this constant, ln_a
and the sheath thickness d. Both these factors vary with
changes in temperature and particle density. Referring to the
tabulated values of 1ln_A in Spitzer (1956), one sees that for
expected changes in density and_temperature lﬁdm may change Dby
a factor of two or three. The sheath thickness is also a
function of the. gas temperature. Although it is difficult to
estimate sheath thickness variations, they should be small, as
current saturation always occurs for approximately the same

applies voltage and this voltage is much in excess of gsgt

The arguments advanced in this section imply that the
derived temperature curves obtained in this experiment will
accurately describe the state of the gas near the values of
conductance, or temperature, for which K was calculated, with
the accuracy of the derived temperature decreasing as the
values of the température'change from the calibration valus.
Hence low values of temperature (about 103 °K) are ré;atively
accurate but the high values which occur at short (0.2 - 0.5 ms)

delay times are probably in error by a factor of two or three.
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However, as was shown earlier in the Chapter, a great deal of

information can still be derived from these temperature curves,



CONCLUSION

that:
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From the results of this experiment it can be concluded

Thg,conductance of two electric probes placed in
a recovering spark channel, which is created by
a 25 kA unidirectional current pulse, can be
méasured using apparatus in which the minimum
measureable value of the probe conductance is
about 10-8mho.  The following conditions must
apply: the gas pressure less than or equal to
200 mmHg, the delay time greater than 0.2 ms,

and the radial distance of .the probes to the

main gap at least 2 cm.

From these conductance measurements the tempera-
ture can be derived by assuming that the probe |
conductance is proportional to the three-halves
power of the temperature. However, for delay
times less than .5 ms the gas temperature is higher
than one would expect from estimates and measure-
ments by other wofkers (for ekample Craggs, 1963;
Poole; Parker, and Churchill, 1963) using similar
apparatus. This discrepancy is probably becauss
the assumed constant of proportionality between

the probe conductor and the temperature, in
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actuality changes slowly with changes in partiéie
density and temperature.

c. The size of the spark channel and also the time
required for the channel to deionize increases
‘with decreasing gas pressure. This implieé that
the dominant method of channel recovery is volume

recombination.

The relative suécess of this experiment indicates that
further probe studies should be undertaken, in which the probe
conductance is measured to a higher degree.of accuracy and thé»
probe circuit gated (see Section 2;6) so that delay times less‘
than 0.2 ms can be investigated. It is recommended that the
classical floating double probe of Johnson and Malter (1950)
be used to.determine electfon ﬁeﬁperature and electron densi;

ties for gas pressures below 1 mmiHg.

If it is possible to determine, in a detailed quantitative
ménner, the effect that grounding 6ne probe has on the positive
Vion drift current, then the ion density can also be‘determined,'
using the drift current equation, from the data in this experi-

ment.
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