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ABSTRACT

‘The glow phase of high pressure spark discharges
initiéted by the Townsend mechanism of breakdown in hYdrogen,
nitrogen and carbbn dioxide is studied using 16 ohm coaxial

cable discharge techniques.

Befqre the establishment of thevspafk channel in these
1owbo§er-voltaged spark discharges, there exist‘two distinct
transition stages, namely, a diffuse glow phase and a
filamentary glow-to-channel transition phase. The optical
appearance'bf the diffuse glow is similar to that of a normal
.d.c. glow discharge. It consists of a negative glow, a Faraday

dark space, and a positive column,

From our experimehtalhresuits it is concluded that for
the glow phase the cathode fall voltage and the ratio.of the
axial potential gradient to the gas pressure in the positive
column are fixed fbr each gas. These.values“ére independent
of the impedance of the externa1<éircuit and the gas pressure.
Comparisons with low pressure.d.c.ngow discharges indicate
fﬁrther that the cathode fall volfages are in agreement in
both types of glow for the gases”investigated. In addition,

a qualitative discussion‘about the trénsition nature of this
diffuse glow phase is given on the baéis of results obtained

from spectroscopic investigations.
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CHAPTER 1

INTRODUCTION

1.1 ‘THE HIGH PRESSURE SPARK DISCHARGES

“_A_gas is almost a perfect insulator-in»itsvnormal'staté.
Howeverlif an electric field of suffiéient strength is
established between two electrodes, the gas can become
condugting.and the electric current flowing through the gas
can'range from barely measurable values up to several million

amperes Or more.

Depending on the duration of current conduction, the
discharges are either of a steady state or a transieht nature.
In spark‘discharges the'transition from the insulating to the
highly conducting state of the gas between the electrodes is
achieved very rapidly. A short time later, after termination
of thelcurrent pulse, the initial insulating state is

recovered.

Early investigations of high pressure spark discharges
have been almost entirely limited to the events immediately
following the '‘establishment of the spark channel due to
the lack of fast rise-time electrical instruments and
sensitive photographic techniques necessary to detect the
low light intensities from the earlier stages in the

development of these transient discharges. Theories of



the spark channel expansion based on-the electrically driVeﬂ
shock wave model have been intfoduced.by Drabkina and
Braginskii(l,Z).and experimental‘measureménts later have

confirmed some of their predictions (3,4).

Due to the récent development of new techniques such as-
fast rise-time photomultipliérs, image converters and image
iﬁtensifiers, it is possible to study exfensively not. only the
stagés following the spark channel formation but also’the
preceding breakdown process and fhe_initiation of the spark

channel itself.

The investigations of the eléctron avalanches which are.
responsible for the:breakdown.of-the sparkydischargeslhave‘
been carried out, for example, by a research group in Hamburg
headed by Prof. H. Raether (5) who some thirty years ago
utilized cloud chamber techﬁiques for the earliest étudies éf
the electron avéiancﬁes; MoSt of~thé'features of the initial{
breakdown processes are now well understood and two_breakdown
mechanisms can be distinguisheg:.streamer mechanism and
Townsend mechanism. Which one the.discharge follows.depends_on‘

the over-voltage applied at the discharge gap.

a. Streamer mechanism: At voltage far in excess of the
breakdown voltage across a gap of several centimeter length a
spark channel is formed very quickly. Initially an:electron

avalanche is formed moving toward the énode under the influence



of the high electric field. If the electron density in the
avalanche head is amplified4beyoﬁd a certain value the nature
of the avalanche chénges,'mainly due to the space charge |
fields, and a stfeamer of electrons results which.brigges the
electrodes_and produces a pre-channel of fairly high
conductivity. The spark channel soon dévelops and the voltage

- across the gap collapses very rapidly.

b. Townsénd mechanism ( generation mebhanism ): For low
to_moderéte ovér-voltages and shorter gap distances, a single
avalanche cannot cause the electrical breakdown. Instead,
sucéessor electrons are prpduced at the cathode by secondary
effects such as positive-ion bombardment and photo-electric
effect. Generation avalanches are thus formed‘and they are
responsible for the breakdown. The formative time lag of this
type of discharge is much longer asitineeds a large nuﬁber of

successor avalanches,

The spark discharges initiated by the Townsend mechanism
havevbeen invesfigated, for example, by Schroder, Doran  and
Meyer in different gases.(6,7,8). It is observed that‘prior
to the complete collapse 6f the gap voltage, there afe
transition stages which do not exist in. the case of streamer
breakdown discharges. At first a diffuse glow-like discharge
of low conductivity is formed after breakdown, which exhibits
in general a bright negative glow, a Faraday dark space and a

uniform positive column. Then a thin filamentary



glow-to-channel tranéition prhase develops and finally a spark

channel comes into existence.

Although the breakdown process and thé spark channel
development have been studied exténsively and encouraging
success has- been achieved, some uncertainty about the
contraction process of the diffuse glow still remains
unclarified. It seems appropriate therefore, to provide some
more information abéut this glow phase in order to achieve.a

better understanding of this transient phase.

1.2 OUTLINE OF THE THESIS

It has been shown by Cavenor and Meyer (9) that- for the
"glow phase in hydrogen sparks prqduced in a 50 ohm coaxial:
cablé discharge arrangement at-500 torr pressure, the gap
voltagé varies linearly with.the.electrode distance and the
extrapolated zero—-length voltage is in agreement with the
cathode fall voltage of low pressure d.c. hydrogen glow
discharges,K To examine whether these charactéristiqs are
current dependent or not, a 16 ohm coaxial cable discharge
arrangement has been set up and the electrical parameters
during the glow phase.of hydrogén Sparks 6Ver é‘wide range of
' gaS'pressurés and different gap separations have been measured.
' The same measurements have been extended to include another
two gases — nitrogen and carbon dioxide. The feSults obtained

~ are presented in Sec. 3.2, together with a description of the



analyzing method which has been used to measure these
quantities. These results are discussed in Sec. 5.1 and 5.2
where they afe‘compared with 50 ohm coaxial cable qischarge
measurements on the one hand and with low pfessure d.c. glow

discharge méasurements on the other..

‘A monochromator-photomulfiplier system has been used tb
~analyze the light emitted during the glow phase from the
positive column in nitrogen sparks. The experimental
arrangement is briefly outlined in Séc.»4.1. In Sec. 4.2 an
estimate of the gas temperature is deduced frbm the spectral
distribution of fhe nitrogen second positive band spectra. The
electron dénsity is e?aluated by the methods described in |
Sec. 4.3, A discussion of the transition nature of.the diffuse

glow phase based on these results is given in Sec. 5.3.

The following chapter describes the principal and the
experimental apparatus of the coaxial cable discharge
techniques. Its advantages over the condenser discharge

techniques are noted in Sec. 2.1.
1.3 SOME REMARKS ON LOW PRESSURE D.C. GLOW DISCHARGES

Since the transient glow of the spark discharges is quite
similar to the d.c. glow discharges in some aspects, the nuh
characteristics of the latter will be briefly mentioned here

for the purpose of later comparison.

The general optical appearance of the d.c. glow discharges



shows different bright and dark fégions,_i,e. cathode dark
space, negative glow, Faraday dark space, positive column etc.
The axial potential distribution is in gemneral not linear
except in the positive column, and there thé potentialigradient
is of the order of seVerai volts per centimeter. The anode fall
voltage and the voltage drop across the positive column are
usually very small compared with the cathode fall voltage. The
latter is.the.potential drop measured from the cathode_to‘the_

anode end of the Faraday dark space.

*For'the sdme gas and the same electrode material the
cathode fall voltége_is a constant and so is the product of
the thickness of cathode fall region and gas pressure (10).
The ratiomof the axial potential gradient of the positive
column to the gas pressure depends very little on:the current
but is a function of the product of its radius and the gas

pressure.



CHAPTER 2

COAXIAL CABLE DISCHARGE TECHNIQUES AND

EXPERIMENTAL APPARATUS

2.1 SPARK DISCHARGE TECHNIQUES

"In recent years two different techniques have been used
to study spark discharges, namely, the condenser discharge

techniques and the coaxial cable discharge techniques.

The circuit diagram for the condenser discharges is shown
in Fig. la. The main disadvantage of this kind of dischafge
arrangemént is that the cﬁrrent rise depends on the external:
circuit as‘wéil as the discharge. As an example, a current

oscillogram of such a discharge is illustrated in Fig. 2a.(8)

On the othér,hand, the only effect of the external circuit
in coaxial cablé discharges is the limitation of the maximum.
mégnitude of fhe discharge current. For sufficiently high
pressures, for example, thé dischargé'operates'almost like an
ideal switch and the dischafge current rises instaneously (,in
a fréction of one picosecond ) to its'maximum:value. Therefore
in coaxial cable discharges fromvthe measurement of the
discharge current it is possible to calculate other important
electrical quantities such aS‘the voltage across the gap, the
gap resistance and the ehergy input into the discharge. For

this reason we use the coaxial cable ‘discharge techniqueé



for our investigations rather than the condenser discharge
techniques. A typical discharge current oscillogram of coaxial

cable spark discharges is sketched in Fig. 2b.

Fig. 1

Circuit Diagrams of the Condenser and the Coaxial
- Cable Spark Discharges

a. Condenser Spark Discharge

ANV
L o R.
Spark

Gap — Capacitor
Bank '

R

777

b. Coaxial Cable Spark Discharge

77777
Ly ¢ Inductance per Unit Length of Cable

Cy : Capacitance per Unit Length of Cable
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Fig. 2 Current Oscillograms of the Condenser
and the Coaxial Cable Spark Discharges
under Low Over-Voltage ‘

a., Condenser Spark Dischafge,'

/A Current

Time

b. Coaxial Cable Spark Discharge
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tel t £ tg Glow-to-Channel Transition Phase
ta< t < 2T Spark Channel Stage o
T Pulse Transit Time of Pulse-Forming Cable
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2.2 THE COAXIAL CABLE DISCHARGE ARRENGEMENT

The principal of the experimental arrangement is
illustrated in Fig. 3. A cable of characteristic impedance Z,
( 16 ohms in our investigations ).is charged through a high
resistance R, and then discharged into a properly termigatgd
cable of the same impedance. The spark chamber is specially
designed in order to maintain the same characteristic
impedaﬁ¢e throughout the whole discharge c¢ircuit. Furthermore
the chamber can be evacuated and pressurized, and the gap -

distance of the electrodes can be changed from outside.

During the charging périod of the pulse—forming cable,
i.e. the period from the instant at which the charging power
supply is switched on to the instant at which the diéchargé
starts, there are repeated reflections from both ends since
the input end is mismatched and the far end is open-circuited.

The voltage E(t) at the far end varies according to:

(t+)/2T
R, - ZJ , _
E(t) =U {1 - , when t = T,3T,5T,....
Re + ZJ
-_'-U°[1 - exp(—t/CRc)] | , when t>>T

where U, is the charging voltage,‘RC the charging resistance,
T the total pulse transit time of the cable together with
that-part of the chamber to which the cable connects, C

the total capacitance of this pulse-forming section. When

E(t) exceeds the breakdown voltage, breakdown takes place.



. —11-

]

|

]

) .

~¢- - Spark-
Chamber

w
] = : ?;\
| ~%2{ Electrodes
' .
]
V
To Pump 16 Ohm
T16/T50 . ‘ Cable
Adaptor
v/
:
1
o
| R
| C
I
\%
To Oscilloscope
—AAAN N\
B _
R . Current
ﬁdﬂT ' Meter

Fig. 3. Coaxial Cable Discharge Arrangement



=12~

This causes the collapse of the gap voltage and discharge of’
the cable, after which the power supply charges up the cabile
again. Thus we have rebeafing discharges. The repetition. rate
can be controlled to some extent by choosihg an appropriate

charging resistance for cables of different lengths.

If the dischargé were to operate aS'an-idéai switch, a
rectahguiar'current pulse of height I,= U,/2Z, and duration
2T would be produced. However due to the finite time.required .
to attain high conductivity in the gap, the current:rises at

a finite ratef

Uo

I(t) =
: 270 +Z('t)

where Z(t) = U(t)/I(t) is the gap resistance at time t. For
a pulse étéftiné at:—t=0, the above relation holds for -
t £ 2T..The current pulse idsirfrecorded with a Tektronix 519
oscilloscope of rise-time 0.30 nanosecond. Thé maximum value

of 2T of the cables used in our investigatibns is 197 ns.

Typical current oscillogfams are presented in Fig.
4a, 4b, 4c. They all indicate three main'stages as mentioned
earlier ( Fig. 2b ). The current pulse for 2T4&t£4T is
merely’tﬁe»double refiectionvof the original Curreht pulse for
04t42T. It apbears due to to the fact that a finite time is
required'to attain high conductivity. There are in fact

and the

numerous reflections occuring at t = 4T,6T,8T,....,
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Fig. 4

Current Oscillograms of Spark Discharges

a. Hydrogen U,= 2360 V 2T = 197 ns
P = 700 torr d = 1.0 mm
b. Nitrogen Us= 2780 V 2T = 197 ns
P = 200 torr d = 2.0 mm
c. Carbon Dioxide Us= 2750 V 2T = 197 ns
P = 200 torr d = 1.75 mm
d. Hydrogen Uo= 2080 V 2T = 95 ns
P = 1200 torr d = 0.5 mm

Current Oscillograms of Arrested Glow Discharges

e. Hydrogen Uo= 2100 V 2T = 95 ns
P = 600 torr d = 1.0 mm

f. Nitrogen Ua= 2070 V 2T = 48 ns
P = 300 torr d = 1.0 mm

g. Carbon Dioxide Us= 1880 V 2T = 95 ns
P = 200 torr d = 1.0 mm

Time-Resolved Light Intensity Variation ( A = 3580 A ) in
Nitrogen Transient Glow

h. Time Scale : 2 ns per division
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magnitude of. these reflections diminishes very rapidly. The
rate of rise of the current during the discharge depends.on

the gas, the pressure and the gap separation. However for any
gap distahce, the gap resistance falls very quickly aftér the
discharge starts if the gas pressure is high enough ( Fig. 44 ).
This fact Qill be used later for the calibration of current
measurements ( Sec. 3.1lc ).

2.3 EXPERIMENTAL APPARATUS
a. Spark Chamber

The chamber is made of brass and pquethylene, and
consists of two separate parts which are joined together by a
hollow—cylinder connecter ( Fig?“S*). There are left-hand
and right-hand threads‘respécfively on the inner sides at each
end of this connecter. In this Way the electrode separation
can be changed by rotating~the hollbw-cylinder. The gap-

distance can be set with an accufacy of 07015 mm .

In order to prevent signal reflections the geometrical
structure of the chamber must satisfy'the following equation:

]
1 72

Zo = 138 |—| log ( Dy, /Dy)
10
k - .
where k is the dielectric constant of polyethylene, D, and Dgh

are inner and outer diameters of the brass coductors as:

indicated in Fig. 5, and Z,is 16 ohms here.

Between the brass conductors and the polyethylene tubes
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several sets of O—ringsAare inserted so?lthat the gap is

isolated from the atmosphere.

Four holes are drilled through the chamber. One Of‘them,
serves the outlet £6r evacuating and pressurizing purposes.
The others are fittéd with quartz windows. The electrodes‘can
be illuminated through these by ultra-violet light. They aiso

allow the investigation of light emitted from the discharge.

~The electrtodes are also made of brass. One of them is
plane-surfaced. The other is slightly spherical in order to.
localize the dischafge in the vicihity of the electrodes and

yet keep the electric field sufficiently uniform.
b. Impedance-Matched Adaptor

Since the input impédénce of the Tek. 519 oscilloscope
is 125 ohms, the whole disCharge.éircuit will be mismatched
when' the oscilloscOpe,is_doﬁnected directly to the 16 ohm-
discharge system. A T-type T 16 / T 50 adaptor has been
made, which cah properly terminate a 16 ohm and a 50 ohm
éircuits. Another adaptbr, e.g. T 50 / T 125 adaptor, is
then connécted and the discharge current pulses can be

properly recorded with the oscilloscope.

The structure of the T 16 /T 50 adaptor is shown in
Fig.6. The outer envelope is made of two thin copper cones

soldered toggther and filled with epoxy to provide satisfactory
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insulation. The values ofrthe resistances R, , R, and Rz, as
indicated in the figure, are ll.b, 5,3;:and 45.8 ohms
_respectively. It gives an attenuation factor of 6.1 times from
16 ohm to 50 ohm end. Finally the geometrical structure of the
adaptor must also satiéfy the equation mentibned in the

preceding section, with different Z, for each end.
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CHAPTER 3

ELECTRICAL PARAMETERS

3.1 EXPERIMENTAL AND MEASURING TECHNIQUES

a. Electrode Cleaning Procedures

In order that the}discharges occur at consistent
breakdown voltage to produce reproducibie current pulses,
slight over-voltage is applied across the gap. This gives
satisfactory discharges triggered by the electrbns enmitted
from the cathode which is illuminated by ultra-violet light.
Before resuming experiménté,.the électrodes are polished am
washed in alcohol, and a lqwrpressure glow discharge at
“about 20 torr in differentfgasés is run between them for
about twenty minutes to peduce,the absorbed layer of oxygen
on the electrode surfaces. These procedures are repeatéd
over and over again to assure the reliability of

consistent breakdown.
b. Calibration of the Charging Voltage Measurement

A current meter is connected in series with a resistor
and theh calibrated to indicate the voltage across this
combination. Connecting this in parallel with the power

supply, the charging voltage U, can be measured.

c. Calibration.of the Current Measurement
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The discharge cﬁnrent traces recorded by the oscilloscope
aré attenuated by different combinations of attenuators and
adgptqrs. Therefore the attenuation factors of different
gqmbinations have to be known in order to calculate the
magnitude of the discharge current. It has been mentioned
that for sufficiently high gas pressures the discharge
current will rise and approach its maximum value Io =,Uo/220
very rapidly but nerer reach it. AS’illustrated in'Fig..4d,
neverthéless, I(2T) + I(4T) is approximatély equalfto‘Io
since thé currents at'6T; STQ.{. are negligibly small. -
Similar current oscillogramé at different pressures and gap
separations are recorded and measured. The attenuation factors
of_different combinations of attenuators and adaptors can

thus be détermined.
3.2 ANALYSIS OS THE OSCILLOGRAPHIC INVESTIGATIONS'

It is observed that the current oscillograms of the
spark discharges in the three gases investigated ( hydrogen,
nitrogen and carbon dioxide ) ihave the similar general
characteristic appearance of three distinct stages, if the
total pulse transit time T is long enough and the gas’
pressurescare not so high as to cauée the spark chénhel to
develop too early. To avoid the appearance tof the latter two
stages, shorter cables with 2T £ t. are used and the discharges
are ".arrested " in the sense that no subsquent stages can

develop and only the glow phase appears.
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The feature of these glow phases consists of.a negative
gldw, a Faraday dark space and a positive column. The current
oscillogfams of the arrested transient glow diséhafges at-
different gap separations and gas. pressures for all these
gases are recorded and three typical ones are presénted in
Fig. 4e,4f ,4g. By measuring‘the current at the time when the
diffuse glow stérts to appear  for each gas ( t, as indicated
in Fig. 2b ), and using the relation: -

U(t) = U, - 2Z,I(t) ,
the gab voltages at-different gas pressures and gap-
seéarations can then be calculated. These values obtained for

theithreé gases are plotted against electrode separation in

Fig. 7a,7b,7c.

In the normal d.c. glow.diSChérges the axial pdtential
distribution of fhe-positive:columnvcan be determinéd by
measuring the gap voltégéé fér varioﬁs electrode separations
while keeping thé’discharge cufrent conétaﬁt (10, 11)
However it has been shown by Caveﬁor and Meyef (9) thaf for
a hydrogen transient glow produced in 50 ohm coéxial cable
discharges ét 500 torr the distribution can be determinéd by
simply measuring thé gap voltagesiat static breakdown., Even
the currents for different gap separafioné are not the same.
In their investiga@ions(they first measure the gap voltages
at time t, for different eléctrode separatiohs under static
breakdown conditions ( low over-voltage ~1% ). Then they

perform the same measﬁrements by keeping tﬁe cufrents at time
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t, constant. In order to keep the currents at-t, equal, they
must apply appropriate over-voltages as high as 30%. They
find that the gap voltages heasured under these twé different
conditions are consistent. Furthermore, framing photos show
that the diffuse glow does ﬁot change even though the over-
voltage has been increased. They therefore conclude that for
the current range of their ihvestigations'the gap voltage is
independent of current. By plotting the gap voltages measured
at low over-voltage against gap distance a straight line is
obtained. The slope of this line therefore represents the
axial potehtial gradient in the positive column and the
extrapolation to zero gap separation results in a potential
drop. It has been suggested by Gémbling and Edels (11) that

this, zero-length voltage is equal to the cathode fall voltage.

We assume that the conclusions of Cavenor and Meyer can
be éxtendéd to higher'curreﬁt‘range as in the case of our
investigations. Then the graphs plotted in Fig. 7 represent
the axial potential distributionsvof the,poéitive column
during the diffuse transient glow phase for these gases
inVestigated‘. The zero—leﬁgth voltages and the ratios of
the axial potential gradient to the gas pressure calculated

are listed in the following table.
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Table 1

E/P of Positive Column and Cathode Fall Voltage V. of

Hydrogen, Nitrogen, and Carbon Dioxide Glow Phase

Gas E/Pé(V/cm—torf) , SV (V)
Hydrogen " 21.740.5 220+ 5
Nitrogen 36.7t 1.0 , 2404 5

Carbon Dioxide 38.0+1.3 470% 10
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Fig. 7 Axial Potential Distributions of the Hydrogen,
Nitrogen, and Carbon Dioxide Transient Glow

" a. Hydrogen | A
P (torr)
A 700 A
® 600 ‘ ; ®
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X 400 |

— - A 300
O 200 A

0.5 1.0 1.5 2.0

Electrode Separation (mm)
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b. Nitrogen

Electrode Separation (mm)

2.0
T P (torr) //
A 300 X
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X /
X
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A /x /o
><A o .
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c.-Cérbon Dioxide

P (torr)
A 200
X 150
o 100

| |

0.5 1.0
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CHAPTER 4

PLASMA PARAMETERS

The gas temperature during the glow phase in nitrogen
sparks is estimated from the spectroscopic measureménts. The
corresponding average electron density is calculated by
measuring the magnitude of the discharge current and the

diameter of the positive column.

4.1 EXPERIMENTAL ARRANGEMENT FOR TEMPERATURE MEASUREMENT

The block diagram-of the experimental arrangement is
showh'in Fig. 8. The light pulses from the spark discharge
column are focused and pass through the entrance slit of a
low dispersion monochromator ( Bauséh and Lomb 50 cm ). A
R.C.A. type 931-A fast rise-time photomultiplier tube is
'placed’at the éxit slit of the monochromator. The light
pulses are converted into current pulses which‘are then fed
into the Tek. 1S1 sampling unit of a Tek. 549 storage

/

oscilloscope.

The optical systém is alignéd with the aid of a He~Ne
laser. To calibra@e'the relativezspectral response of the
monochrométor—photomdltiplier system é tungstén»ribbon*lamp
is used as the light source. By appfoximating the lamp as a
blackbody, thé ratios of the'felative spectral radiancy of

the light source to the relative photomultiplier response
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" Fig. 8

Experimental Arrangement for
Spectroscopic Investigations
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currents for-the same wavelengths can be calculated.

4.2 ANALYSIS OF THE SPECTROSCOPIC INVESTIGATIONS

The spark discharges in nitrogéﬁ‘at 200 torr presSure.and
1.0 mm gap distance are carried éﬁt,repeatédly. To assure that
.the glow discharge is arrestéd}énd no subsquentﬂdischarges of
-higher infensity cén occur, a very short,cablé-with tofal
pulse tranSit fime T'='5 ns is used. The time-résolved.
felativé intensity variation. of the light of different
wavelengths emittéd from the positive column is indicated by
the current tracé_displayed on the oscilloscope screen.
Fig. 4h shows the current oscillogram for § = 3580 A. It is
noted that the time duration from the instant the light
»intensity begins to riée tQ tﬁe instant the intensity reaches
its highest value is equal to ten nanoseconds aS'eXpected.
The relative light intensities for different wavelengths'at

t = 10 ns are evaluated and plotted in Fig. 9.

The spectra are identified as parts of the second
positive band system which usually occurs in the positive
column of low pressure nitrogen discharge tubes (12). This
particular band system is emitted when nitrogen ﬁolecules
change from a higher electronic étate C3y to a lower one
B3r. Each line spectrum corresponds to a vibrational state
transition .v—4>vm.'The obServed spectra can be grouped into

four bands with v-v' = 1,2,3,and 4.
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From the theory of diatomic molecular spectra, the
light intensity I(v,v') of a v—>v' spectral line in an
electronic band S§étem is proportional to

. -4
N(v) p(V,V“)[l(V,V'%

‘where N(v) is the population of the molecules in v-level,
p(v,v')ithe vibrational transition probability (13). Thus we

héve:
4

I(v,v')[l(v,v')] e p(v,v'){ exp[—hc G(V)/kT]}

where G(v) is the vibrational energy of the v—lével.

The transition probabilities of the nitrogen second'v'
' p@sitive band system have been calculated by Jarmain and
Nicholls (14). Using their results and evaiuafing the
relative iight intensity of each observed.spectral line,-wé
plot the band strength loge (Ii?p) for each gfoup with the

same v-v' and log;

e (%; 1A%/ p ) for each v in Fig. 10.
v ! v v

Ffom the nature of these graphs we can conclude thét
the emission of the second bositive band sysfem dﬁring,the
transient glow phase is a process which is dependent upon
the statistical equilibrium of the'ﬁitrogen molecules in the
initial state at one definite teﬁpef@ture.-This;effective
Vibrational temperature as ¢alqu1ated from fhe;stpaightlline
in Fig. 10b‘ is 2700+ 100 °K. Unfortuﬁately ‘no -informa't\ion"
about the effective rotational temperdture‘can be obtained,

as the line intensities are too weak tormake possible an
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Fig. 10 Band Strengths of Nitrogen Second
Positive Band Spectra
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analysis of the rotational structure. However even in
~non-equilibrium situations the gas temperature does not
deviate much from the vibrational temperature and we can
therefore conclude that our measurement indicates the gas

temperature,

4.3 ELECTRON DENSITY IN THE POSITIVE COLUMN

The discharge current OSCiilogram'of the nitrogen glow
is reéorded with the Tek. 519 oscilloscope and the current
magnitude at t = 10 ns is measured. The current density can
then be calculated if the croSs-sectidnal area of the
discharge column is known. The measuremeént of the latter is
done by two different ﬁethods. One method is to take the |
photographskof the discharge column and then measure the
length of the image on the films. The other method is to
measufe the outermost diameter of the anode spot left by the
diffuse glow. The current density:calculated is found to.be.

50+5 A/cn®

The current density is'given by the expression:

J =n_e_v_+ n,e. v,
where n is the number density, e the chargéﬁ6f fhe charge-
carrier, v the drift velocity, with - and + signs referring
to electrons and positive ions respectively. For the nitrogen

transient glow the value of E/P is 36.7 V/cm-torr as measured

in chapter 2. The electron drift velocity at this value is
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1.1)«:107 cm/sec and that of the positive ions is only about

1% of v_ (5). Therefore the contribution of the positive ions
cén be neélectéd ( n_~n;): J~n_e_v_ . The average electron
dénsity in the pogitive coluﬁn thus evalﬁated is of the order

/3
of 3X 10 electrons per cubic centimeter.
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CHAPTER S

DISCUSSIONS AND CONCLUSIONS

5.1 COMPARISON WITH 50 OHM COAXIAL CABLE DISCHARGES

The cathode fall voltage and E/P of the positive column
during the hydrogen glow phése as measured in our
investigations are 220 V and 21.7 V/em-torr respectively.. The
corresponding values obtained by Cavenor and Meyer (9) for a
hydrbgen glow préduced in a 50 ohm .coaxial cable diééharge
arrangement at 500 torr are 220 V and 20 V/cm-torr. Although
the discharge current has been increased by more than a'factor
of two by qhanging from a 50 to a 16 ohm impedance, it is seen
. that these values agree well. This fact indicates that-during
the diffuse glow phase of hydrogen spark discharges initiated
by the Townsend mechanism of breakdown, the characteristics
as described by constant values of E/P and cathode fall voltage

are independent of the impedance of the external circuit.

Our experimental results show that for the glow phase of
nitrogen sparks and carbon dioxide sparks, the potential
distributions exhibit similar éharacteristics, i.e. constant
E/P and constant cathode fall’volfége; Therefore it is
feasonable to assume that these quantities are current
independent for nitrogen, carbon dioxide.and any gas in which

the discharge passes through a glow phase.
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5.2 COMPARISON WITH LOW PRESSURE D.C;VGLOW DISCHARGES

B The thical;appegpance.qf-the diffgse‘glgw is veiy
g}milar-to that of normal d.c. glow disghafgggf“The ;inear
qepepdence on the_gap distancg of»the axial potgﬁt%al ]
'distribution of positive column is gnother prqpe?tx inlpommon
for thesé two types of glow..Nevertheless;Jthe potential-.
gradient anq the gaS'températﬁre in the pqsitivelcolumq of the
former are much. higher. In low pressure d.c.:glgw d}scharges;
these quantities are of fhe order of a few volts‘per

centimeter and several hundred degrees Kelvin. Furthermore

E/P for low pressure d.c. glow dischargés is‘nof constant.

Another interesting result is that the cathode fall
voltages for both types of glow in the same gas’ are in
agreement. These values for coppér and zihc electrodes. in
hydrogen, nitrogen, and carbon dioxide low pressure d.c. glow
discharges are listed in Table 2 (10). Comparison with our
results for brass electrqdes duriﬁgvthe>glow phase shows the

deviations are less than 13%.

Table 2

Cathode Fall Voltages for Copper and Zinc Electrodes
in Hydrogen, Nitrogen, Carbon Dioxide Low Pressure
~D.C. Glow, Discharges

Carbon

Gas’ .
Hydrogen | Nitrogen oxid

Electrode . Dioxide
Copper 214 208 460

Zinc 184 | 216 410’
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Thié agreement suggests thaf the similarity rélationé
holdé for the transient glow bhase'as well, i.e. that the
product of the thickness of cathode fall region and gas pressure
is a constant for each gas. The product Pdc , for example,
for both cbpper and zinc electrodes in . low pressure hydrogen
d.c. glow discharges is 0.8 torr-cm (10?). Assuming Pd. for
brass eiectrodeé in hydrogen transieﬁt‘glow is equélmto this
value, fhen the average electric field in. the cathode fall
regioﬂ Ec = Vc/dc at different préssures can be éalculated
from our experimental results. The cathode fall field can also
be estimated by another independent method.‘We assume that
during the glow phase the space charge in front of the cathode
builds up until it establishes the optimum field‘for
ionizaibnﬁ For this purpose we further assume that ion
production is predominately the result of electroﬁ—moiecule
ionizing collision processes, defined in terms of a/P-where
a is the first Townsend ionization coefficient. The maximum
" effective " value of /P has been found to occﬁr at E/P of
the order of 300 V/cm-torr (15), and the average cathode”field
can be estimated. The resulfs are in agreement with the above

experimentally determined values.
5.3 THE TRANSITION NATURE OF THE DIFFUSE GLOW PHASE

After the initial breakdown of the gas, the diffuse glow
soon appears. Our analysis in the preceding chapter shows that

due to the high E/P;_only a few nanoseconds later, the gas has
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already been heated up to several thousand degrees Kelvin and
a -high electfonAdensity:has already developed in the vicinity
ef the discharge akis. It is then expected that if the

- discharge is not arfested; the electrical conductivity andithe
ges temperature wili be.furfher increased as.the fesults of
related ionizing and heating processes. High pressure and

high electroﬁ denéity then build up along the discharge axis
and a‘spark channel'soon deveiops Whoee expansion can be
explained by the‘theory based on the electrically driven

shock wave model. |

T dh
5.4 CONCLUSIONS

The glow phase of the high pressure spark discharges
initiated by the Townsend mechanism of breakdown is quasi-stable
in nature. It pesses later through a glow-to-channel transition
phase and then develops into a highly conducting Spark channel.
1This diffuse glow discharge exhibits a cathode fall region and
a uniform positive column across which a considerable potential
gradient exists. The cheracferistics of this transient gloﬁ,
as described by constant E/P of positive column and by constant
cathode fall voltage, are independent of the current limiting
impedance. Close similarities between this glow phase and the
normal d.c. glow discharges have been noted. These

similarities suggest that many of the features of the transient
glow, at present difficult to study, may be investigated

further by means of experiments carried out on the d.c.
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discharges. As our spectroscopic analysis of the nitrogen
diffuse glow indicates that the light emission is of molecular
origin, which is also the case for hydrogen (9), the results

we obtained may be helpful for the study of discharge lasers.
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