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ABSTRACT

An investigation of a pulsed Hg arc has been undertaken to
test the relation V « I°4 betﬁeen the voltage and current of an
arc discharge. Although the experimental V-I characteristic
éxhibited this tendency, further considerations strongly in-
dicated that the agreement between theory and experiméﬁt was
probably a coincidence.

The Paschen breakdown curve was determined, and together .
with simultaneous measurements of the current and voltage, it
was possible to measuré the average column field strength aé
a function of current.

As a result of an unexpected feature of the apparatug,
hamely an inherent motion of the electrodes, the voltage Qave-
form could be used to obtain an approximate measurement- of the
combined thickness of the anode and cathode falls df,.ahd-aléo
the aferage field strength in these regions Efo The measure—

6

ments df'= 3x10=6cm9 and E, = 2°4x10 volt/ém appear to be in

f

agreement with the field emission theory.
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INTRODUGTION
The work described in this thesis étarted‘in.ah attempf
to verify the relation
Va1t
between the voltage V and current I in an are dischargé° This

relation had pfeviously béen shéwﬁ

oy
<«

to be valid by Sﬁy (1963) for cur-

T ———

/,Shock /f/’/ ;// . .. ) . ) . .
Zi?méfnéix' ;é%r” R rents passing through a shock heated
) - lasma. In order to derive this

Cathode T P i

expressioﬁ, and also to interpfet
Figure 1 Shock Tube the data, it had been found ne:-‘cesi‘==
Arrangement o .
sary to assume a small conducting
épét on- the cathode.  As cathode spots are a weil known pecu-
liarity of arcs it was felt that this shock tube expression might
also apply to thé V=1 characteristic of an arc, If 96, this
equation would be a uséful tool in arc physics,:as no analyti=
cal expressioﬁ for the over all characteristic is yet known;ﬁ
although arcs have been studied extensively during the past cen-
tury. In order to test this relation;, a pulsed arc experiment
was designed which would retain the short time feature of the
shock tube. The current pﬁlse was supplied by the discharge of
a condensbr through a cﬁrrent limiting resistor is seriés with
the arce.
It.was found that.a genéral knowiedge of arcs was required

to ihterpret different features of tﬁe-expérimental results;

Andy as an exaﬁinatioh of smy’s theorj would necessarily fequifé



e

cbmpa?iébn with theoretical aspects of arcs, the folibwinglghgpé
ter.i ﬁgs included in tﬁis thesis to'pféseﬁf é'briéf sﬁﬁﬁa?&‘“
of aééepted expérimental results and fﬁedfetiéai concepts of

arc ph&;ics.

Chapter 2 discusses details of the apparatus, as well as
the different measuring techniques employed. In partiéuigf;
an unexpééted motion of the electrodes is examined iﬁidet;ii;
and & mecﬁéﬁism ié'suggestéd which deécribeé the érigih o% thié
motion.

Chapter 3 gbéé on t6 discuss the more general reéuits which
wé?é obtained in this pfojeét. These include tﬁe over all Yéi
éharacteristic; the EcéfiAéhérééferistic (whére ?co ié thé col-
umn field strength), and an order of ﬁag@itudé ﬁeééurémeﬁ# of
the average field strength in the fail regions. Aitﬁoﬁgh this
iaét measurement is not very preciéei if wbuid apﬁeaf fé Eé iﬁé
most significant result of this thesis (1965).

Chapter 4 contains a detailed examination of the theory
developed by Smy (i§63): The object of fﬁié section is to see
to what extént the results obtained by Smy could apply to éﬁ

arc.
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N . R :/ . . . . . .
CHAPTER 1 - GENERAL FEATURES OF THE ELECTRIC ARC

Eiectric arcs havé been sfuaiea ekténéi?ei& dﬁring phe past
century éﬁa4éo it might appear surprising that there are ﬁaﬁy
'feafﬁfes of an are¢ which are yet to be éatisfaé&érily éipiainedo
Qﬁilé”ﬁahy of the individual pioceésés such as brbduéf%bn of
.Qﬁafge caifiérs; or eheigy diésipétibh By fadiafioh and heqf
éohductiéh; 6@# be understood in éﬁ iépléted manner; it is dif=-
fiéﬁif-té combine fhesé”sepai#%é"procéSSeé into-a unified fhébryi
Difficulties arise when '-~éné{viyz1£1g“eiﬁéfimentéi date, as the ex-
fraétion of relevant péramefefs is often qﬁeétfgﬁaﬁie; Aé a
reSulthof these problems éf coﬁpiexitj, several different ﬁéaeié
ahd thééries éoﬁcefning éf@é héve been propdséd. This chapte?
will»pieseht éomeﬂéf thé expéfiﬁehtaily observed éﬁéiactefistics
6f.aréé, and ﬁill‘alsé &iscuéé some Sf the preéehtij Qéil éc%
¢epted theoriess
1.1 EXPERIMENTAL OBSERVATIONS.

The most important feature of the electric arc is the over
ali currentéﬁbitagevchéraétériétié. A t&picdi caSé is éhb&n
Vschéhaticallj in Fiéﬁré 2 (Goidman,_196l); The~fesultant ﬁon=
linear characteristic is quite different from that of a étéﬂ;’
dard 6ﬁiié rgéiStofqu Foi lower currents, the arc #oltaée falls
very faPi&ly to. some minimum voltage Vm; and then slawiyurises
agaiﬁ:for increasing'highér ?alués of'éurregt. If the appiiéd
idltage falls below Vﬁ the arc will extinggish -as a ﬁéii knoﬁh
éXampIé, 6né can extiﬂgﬁish an &rec by dfaﬁihg the éiéétrodéé
apart. It can aiso be seen that arcs of different lqufhé havé

the same general behavior, the longer arcs requiring a higher
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applied.#oltage for a particular current;

fhe pbtentiél vdfiétion between the anode and_cafhbdé of_
a typicél are is giVen schemafiééll& ih Fiéﬁfé 3 fof f&o éif;
féreanvalﬁes of current (Eékéf; 1961). ?ﬁis figure indicates
that tﬁere are three main regiohs of aﬁ érc; thelééthode region
(with net véltage drop Vé); the long central column region-(vco)g
and the anode region (Vé)J~ |

?he problems associated with the eleétrédé régioné are fre¥
C?uéntiy cléssified according to the b9iling point of the elec-
trode material. The;mél arcs, such as those formed with ﬁuﬁgf:
sten or carbon electrodes (high boiling point metals), have |
very different properties from those of éold cafhode arcs such
as meréﬁry or copper (idw boiling point metal électrodes); As
_ this thesis deals 301eiycwifh a cold cathode arc all details
presénted hencéférfh will appiy ohiy to tﬁis éiass of éréé;

‘The cathode fall voltage (Vc) of an arc is generally of
the same order of magnitude &s the ionization potential of the
cathode vapour (typically around 10 voltss Brown;1961); Experi-
‘ments havevshown that Vc is relatively independent of the cur-
rent flow (Gérthsen and Schulz, 1955), and it is generally ac-
cepted that VC acts over a distance comparable with the mean
free path of the surrounding gaé, aithough no successful measure=
ment of this has been made. Two techniques have been used to
I@etermine values ﬁpr the fall voltages, Vs Va, and Vo=V, + Va°
Firét9 extrapolating the linear region of Figuré 3 in bofh direc-
tions gives approximate values for Vc and Va. However this ap-

proach requires that the potentiai variation across the 6oluﬁn
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Figure 2 Voltage«Current Characteristic (schematic)
of an Arc for two electrode separations
with d1> d2 _

|
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Figure 3 Potential Variation between Electrodes
(schematic) A
V ; cathode fall voltages Va, anode fall
véltages V__, column voltage drops d s
cathode’ raf? distance, d,5 anode £alf
distancej d,, total electrode separation.
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be determined (see figure 3 again), and this is a difficult
experimental task involving probe measurements (Hihfiéhs and
Wienecke, 1959). A second and more direct approach is to bring

Are %he two electrodes éiowiy toééther

Vo!%dge
~—~

so that V, can be measured just

before fduchihg (Gerthéén and Schulz,

TV 1955). By taking several trials
f with different électféde'ﬁaferiais;
time — it i8 possible to extract- values
Figure 4 De;e;mination for Va and Vé from the meaa,sax;lxi“e!s;w:=
o g

ments of Voo 4 variation of this
‘second technique was used in this experimeht to obtain ah order
of magnitudé value for the sﬁm of the fail disténce99

do = d + aa (see Section 3.1). It has been found by both me=
V thods that the anode fall vbltﬁge is much sﬁailer tﬁah tﬁe ca;
thode fall voltage (Ya g Vc/iongéuef and Séhuiz; 1954); and
will gehefally be neglected for our pufpéses;

The current at the cathode is concentrated into_a_émalig
highly luminous area As known as the cathode spof° - Many attempts
have been mades to measure A89 and it appearsvthatvas measuring
';echhiques have improve& the vaiue obtained has gone down ac-
cordingly. If the current and spot area are measured simultane=-
éuély,:theﬁ the current density j in the Cathode13pot can be
calculated. Probably the most reliable measurements were ob-
tained by Froome (1950). Using kerr cell phdfdgraﬁﬁy on short
duration arcs he found that J = 106 amp/cmé;

The most visible part of the arc is the arc_coluﬁ:ﬁ9 which



b=

gserves as a current conducting path betwéen the aﬁode and cafhoaeo
Tﬁe i&pértaﬁf properties of this région have been very éuccéss=
fully éxaﬁined by spectroséobic aﬁalysis and probe techniques;

The hain features of interest can be related to thé radial teh=
peratﬁfe profile; These include the electricai and thérhai
conductivities, which strongiy affect the column fiéid sfrenéﬁh
Eco by their coﬁtrol on the rate of enérgy diséipation; Ag

shown in Figufe 3; Ecd is constant over the léngth of the coluﬁm9

and hence can be determined by

A v
E o =89 __co |
co da /" 4d
coO [v]

as df<Zdo by many orders of magnitude. Although indepeqdent of
column 1ength9 Eco is highly dépendent upon the magnifude of
the current. Most expériménts which have meaSufed thié depeﬁ;
dence ha?e involved the use of probés in thé 1owér durient ranges;
The experiment describsd in this thesis desoribes an approximate
te¢hniqué to determine Eco(I) in the high current réngé;
1.2 THEQRETICAL CONSIDERATIONS

The thedrétiéai.aspeéts of arcs can be ciassifiéd in,ﬁhe
same manner as was used when cohsidering the éxpériméntai Sbc
servations. Models and theories describe either the column or
the fall regions (in particular the cathode fall regipn)a‘ And
again, the most formidable pioblems have been eﬁééuntere& in
éxplaining the behavior of the electrode regioﬂ fathef than
in the column regith | |

The basic pfoblem to be solved in the electrode region is

to'détérmine the mechanism‘responsibie for extraction of elec¥
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ffohs out of the cathode. The originai proposition of theimionié

emissiéﬁ By Richardson has been shown to be dppiicdbié fb mef&ls

of‘very high boiling points; Howe#er; for low Boiling point

‘ metals it is impossibie to'reach témpératures suffiéiently high

fof éppreéiable thermal emission to occur, Sé?erai‘théofieé

have been put forth, such as photo-electrié emission, or emis-

sion due to metastable atoms (von Engé15 1957), or varioué com=

bgnations of two different mechanisms (éee Eckér for é éumméry

of the different proposals, 1951). However the field emiésion

model by Longmuir and Mackeown (1929) appeérs to have been;the

most satisfactory to a fairly large nuinber of workers; The

important features of this model will now be Briefiy discussed.
The high positive space‘charge accumulation, which produceé

the cathode fall voltage, results in a very intense electric field

at the surface of the cathode. Employing Poisson’s equation

and aséumihg the length 6f the cathode fall fo be one méan free

path,-Mackeown derived the following expression,

Ee = 7,57XIOS\/<;VZj{(i—Y)(1845)VZ—— Y} S eel(D)

where, E_ = electric field at cathode surface (volt/cm)

\5 = eathode fall voltage

c
j = total current density in the fall region (amp/cmz)
Y = ratio of electron current density

total current density
The experimehtal verification of this éQuation has been very
difficult as both j and vy have to be measured;

Wasserab (1951) used the Fowler Nordheim equation (1928)

together with Méckeown’s equation to show that y was uhiquély
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déférmiﬁéd as a function of jJ. For a Hg dathode he fouﬁd fhaf
& current density of the order of 107 amp/en® was required to
pro&ﬁée ébpreciable field d@ission of elecfroné; thie the the-
oretical result requires a eurrent density of 107 amp/cm2§ the
avéilable eiperimental data can only show a loééf iimif‘of
10° éﬁp/émz and hence it is not possible to éompletéiyvaccépt
or reject the field emission modél for the case of low boiling
point metals.

The structure of the arc column has been examined by-maﬁ&
workers, and the different approaches appear to be in reasonable
agreement with eaéﬁ dther, as well as with eXperihentai obser-
vations. The first investigations were carried out 5& Schottky
(1925)}f Considering the electrons; ions, and neuf?glé aé inter-
diffusing gases, he obtained a mobility'equation which describea
the generai macroscopic'behavior fairly well. Méeékér developed
a ﬁﬁéh moré éitgnsive theory by cdnSiderihg the energy béianée
in.the column,

-electricai-énergy ihput = enefgj 10Sf E& condﬁéiiéh=
and radiation.
Negieéfiﬁg the radiation term this equation can be solved for
Eéo(l) if the electrical and thermal conductivities are known
as functions of temperature. Forcthe case of & cylihdriéaiiy
éymmefrié discharge with a monatomic gaé, Maedker found that
B, a1, ceo(2)
and this equation was found to agree with the expérimental mea-

surements (Maeéker, 1959), Unfortunately, the condition thgf

radiation losses are negligible limits the éppiidatiéﬁ of fhis
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equation (see Section 3.2).

A8 éhéwn abové, some features of the arc aie fairij wéil
ﬁhderstodd, butvit is infereétihg to note that vefy iittie suc-
cessful work hgs been reported on the determination of an ana-
iytiéal éipression describing the V-I cﬁaraétefiétié of the arc.
As fécentiy as 1961 empirical curve fittihg was stiil beihg
used (Goldman, 1961). In view of this fact, all models which
can be»ﬁsed to explain sny portion of the cafacterisfic éré of
interest to thp general theory of arcs.

In hié work on shock=tubes Smy developed an éxpréséibn for
the V-1 characteristic of two electrodes immersed in é éhoéké
heated plasmas E#perimehtai results indicated that in fhenhigﬁ
current f;nge, production of electrons in the eiéé;rng region
was probaﬁ}j accomplished by g %pnducting spdt idepticéi to thé
cathode spot of an éré. Usiné Mackeown’s field eﬁission equation
he found\

va 14, | eee(3)
which is similar to the result obtained by Maecker.

It was felt that ﬁhe'similarities, both in aééumpfions
used ahd results obtained, between this model and accepted ideas
on arqs_wére suffieient to warrant expériﬁental examination
in the high current range; The appératus and experimental tech-
hiques used in this experiment will now be discussed in the fol-

lowing chapter.
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| CHAPTER 2 - APPARATUS AND EXPERIMENTAL DETATLS
2.1 DESIGN FEATURES OF APPARATUS |

The apparatus designed for halding the Hg electrodes is
ghown in Figufé 5. It consists of a vessel for the cathode
' pddl (2;5 ém diametér)§ and a ioﬁg'ﬁubé for éuéﬁénding ﬁhe ah;
ode hemisphere (.3 cm inner diameter). Two piécés of fgngéteh
wire (.1 on diameter and 5 om long) were inserted through the
giééé to aiiow contact of the Hé electrodes wifﬁ fﬁé éiﬁerﬁéi
circuit. The céthoéé'poél was connected to a second pool P by
a piecé of tjébh fﬁbiﬁé; A iuéifé rod was fitted iﬁté thé\éé;
cond pool and could be inserted to any desired déﬁth;_ughié
motion could then be used to provide a fairly sensitive method
for raising or lowering the level of the éathode pool.

One ad#antage of ﬁéing Hé éiectrddes over éolid ﬁéﬁéi éieé;
trodes is that one can establish clean surfaces with reproducible
geémétry very éasily; Affei each dischéfgé a hé& éurfaéé on
the upper electrode was fOrméd'Bj 511¢Q1hg a é&éii,ﬁbrtion of
Hg to flow down the tube. Tﬁis ensured a clean anode before
each diécharée took plécé; Tﬁé lower eléctrodé could also éasily
be cleaned by lowering vessel ?'fb éﬁch,ajlé%él tﬁaf the lower ,
electrode was completely enclosed'iﬁ'fhé tygéﬁ ﬁﬁﬁing; Aiifdf
the surface contamination then adhered to the fubihg when é
was raised again to it normal position.

A serious disadvantage encountered ﬁﬁiié‘uéiﬁg the liguid
was thé_faéf that dﬁfiné the course of a diséharge fhe'gap ééﬁér;
ation was continually changing. Complications dealing with this

diffiéulty will be discussed in SéétionsszA and 2;5.
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2.2 ELECTRICAL MEASUREMENTS

A general arrangement of the eléctrical circuif is given
in Pigure 6., The values qﬁ@ted for the various circuit com-
ponents are those which were most frequently ﬁéed fhroughouf
the course of the experiment. A regulated power supply, con-
tinously vafiable from 100-1500 volts, waé used in ééries‘witﬁ
a léfge charging resistor Rl énd a mechanical switch., A séhémé—
tic diagram of the discharge circuit is given in Figure 7. The
current waveform in “the "time interval 2—70‘psec was that of a
simple RC decay for all practical purposes. This was verified
by the measuring technique’described in Appendix A, and was
found to hold to within 3%.

The inherent inductance Li of the circuit could be deter-
mined by observing the current Qaveform and measuring the time
of maxi@um current Tme Assuming Li to be small enough to.satisfy

the condition

2 41,
AN

then~Tm is related to‘Li by
T:“ié= %%“/Lnfj%ég
as shown in Appendix A. Using the values of R and C given in
Figﬁre 6, and a typical value of 2 psec for ’I‘m9 Li Qas found to
be ébproximateiy'f75}ﬂh
" The current was determined by measuring the voltage drop
geross the series resistor R. Simultaneously, the voltage'VA-

B

between points A‘énd B (see Figure 8) was measured. In order
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Figure 6 Arrangement of Electrical Circuit

Vos variable power supply; R,(200 ka),
- charging resistor; S, mechanical switchj}
C(30 uf), condensor bank; -R(.96f), current
measuring resistory A, lead to anodej
B, lead to cathodes, :

[ |+
I

Figure 7 Schematic of Discharge Circuit

R , arc resistance; R_, contact resistancé%
Li(b75/uh), inherent inductance of circuits
R, as shown in PFigure 6.
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to determine the arc voltage it was necessary to know the voitage
drop across the tungsten rods and the Hé, as the resistance of
this pért of the circuit is comparable with the resistance of the
arc itself.

- The circuit used to measure Ré is shown schematically in
Eigﬁre 8. This value of resistanée is in fact a sum of three re-

sistances; the resistance of the tungsten rods, the resistance of

the contact

[}
t
]
e m o e —

Figure 8 Schematic Circuit of Rg
R(.96 (1), Series Resistor; C(30 uf),
Capacitor; S, Mechanical Switchj 4,
Tungsten rod to anodejy B, Tungsten
rod to cathodej G, Hg bubble in con-

tact with Hg pool; Rc’ Contact resis-
tance.

between the‘tﬁngsten and Hg; and the resistance of the c¢old
statiohary Hg between the contacts. The bubble wasg lowered
until complete contact with the pool was made. The current and
corresponding véltage were displayed on a 536 Tektronix oscillo-
scope; By measuring the slope of the resulting oscillogréms for
several shots, Re'was found to be .012). In éomparison, a typi-
cal resistance'of the arc was ,05110

In addition to the oscilloscope mentioned abow}e9 & dual-

beam 551 Tektronix oscilloscope waé used to measure the voltage-
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fipé and the current-time relétionship.
2.3 PASCHEN CURVE

An important parameter of arc discharges is the electrode
separation d . In this experiment d was not an ihdepehdéqt
variable, but ihstead, was determined by initial conditions.
The arc was initiated by a sparking ae;ﬁanism; thch resulted
when a high electrostatic potential Vé was applied between the
electrodes. The relationship between Vo and do should bé given
by standard Paschen curves. However, as there are many factors
involved, it was necessary to measure this curve for the parti-
cular: conditions of this experiment. |

The electrical curcuit used in this measurement was iden-

tical to that shown in Figure 6. As the breakdown voltage Vé

is independent of the discharge current it was more convenient
to use a smaller capacitor (.002/uf), and a larger resiéfor
(102). This combination ensured that the surfaces would re-
main relatively clean throughout this set §f measurements, al-
though this was not eésehtial. A calibrated eyepiece was used
with a cathetometer to measure the gap separation which was
accurate to + .005 mm. Within the range of measurements used
this ensured a maximum instrument error of + 5%;

The most common method of measuring the Paschen curve is
to fix the distance and observe the corresponding breﬁkdown
voltage. As breakdown phenomena is statistical in nature,
severgl éhots must be taken at a particular distance to deter-

mine the correct sparking voltage.' This approach turned out
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FPigure 9 Paschen Curve .

Spark breakdown in Argon gas (with Hg
vapour) at atmosphéric pressure with

"hemisphere=plane" Hg electrodes.
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to be quite impractical with the apparatus used in this experi-
ment. For as the cherging voltage increased, the gap Separation
decreased due to electrostatic attration of the two liquid sun-
faces. This difficulty made it impossible to obtain more than
one particular voltage for a certain gap separation.

For these special conditions it was fpund more convenient
te fix the voltage, and then observe the corresponding break-
down.distance. This approach was used to determine the Paschen
curve plotted ih‘Figure 9. The gap separation could be controlled
with a fair degree of sensitivity by means of the level control
device inserted into vessel P.

2.4 TWO TYPES OF ARC TERMINATION

Ih the ceurse of the experiment different veiues of R and
Vd Qere used. Examination of the current and voltage traces in-
dicated that there were two possible mechanisms by which the afc
could be fe?minated. Although termination by either method
occurred at times much later that the times at wﬁiéh the mea-
surements were taken, it was felt that an investigation of the
two mechanisms would lead to a better over-all uhderstanding of
the phenomene occurring in this particular arc.

Thé two cases of arc termination can be viewed in a com-
blemehtafy manner. The first is essentially eh open-éiréuiting
of the afc; while the second is essentiaily é shqrt—circuiting
of the arc. | |

_ The open-circuit occurs as a result of the RC decay,of
energy from the capacitor bank. When the voltage applied to

the arc from the condensor falls below Vmin (see Figure 2);
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the arc extinguiéhes and the coiumn piasma deca&é, Thus we refer
to this phénomehon as the "Extinction" case.

| The short circuit is the net result when the two liquid elec-
trodes come into contact with each other. The ﬁéchahism respon-
sible for this effect will be referred to as the "Shutting"
mechanism.
(1) Extinction

Oédillogfams of the current and #OItage waveform indica-

ting the extinction case of the arc are shown in Figure 10.
At the extinction time te’ the current ceases abfuptiy; ;nd
all of the voltage present on the condensor suddenly appears
across the electrodes. This means that the éiectrqde voltaée

Jumps - from Vain to the value tmin

+ ieB, whére IéR is the vol=
tage across R just before the extiﬁétidﬁ. The volfage Qévéform
clearly shows this jump effect (for the case of R = ii));

‘ Referrihg to Fifure 7 we can determine the Capaéitor vol-
tage as a function of time. Application of Kirchhoff’s Law
leads to

% —‘I{R + Ra} =0 ,

charge left on capacitor as a function of time

where, Q
I<- %% = current through circuit

R
a

ohmic resistance of the arc.
The voltage drop across Li and R¢ has been neglected. This
" differential equation has the standard solution for the capa-

citor voltage

t ,
Vc = _Voexp-‘- __;"_E_
C(R + R_)
o &



time (.2 msec/cm) time (2 msec/cm)
voltage (5 volt/cm) voltage §10 volt/em)
current (2 amp/cm) current (10 amp/cm)

voltage zero at top of oscillograms
current zero at bottom of oscillograms

Figure 10 Extinction Mechanism

Both e¢scillograms taken with R = 5(L
end V, = 600 volts.

Lower diagrams are schematic waveforms
which are not drawn to scale.
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Figufe 11 Extinction Time Dépéndence upon VO
Experimental Values (3); with R = 5.0
Values determined by means of Equation 5 (x),
with V (t.) = 12 volts as the average value.
Qhére Vo is the initial vbltage on thé capaéitor bank, Taking

natural logs of this expression at time te Qé obtain
Te

it = Y% T e,
s~ = 1n . . Vald)
£¢ (R +R) v, (t,

The series,.:‘cesistor R remains constant throughout tﬁe.iﬁtervai
- of integravt.'ion as does the Capaci-tor [ however, fhe arc resis-
‘t'anCe"vé‘rie‘s abproximately‘ from éer;) to infinit& (én open clr-
cuit at time t,) in this period. If the approiimationﬂn<?né

is ué_ed over ‘ﬁhe interval of integration we can detei'miné a
silhplé expressioril for the extinction time;‘

'
i [e] i . . N
t = Ran—“——vé( ) = RC{anO - anc(té‘)}. eoo(5)
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This expression was uséd; together with an avérége value of Vé(ﬁe)
to galculaté té as a function of VO, and the results aié shown
in the'lower curve of Figure 11. The variation in Vé(ie) is
shown sdhematiéally; but as Vc(te) v, in all cases the error
introduced by using an average value will not be too la?gé;‘_Thé
upper curve of Figuré 11 shows the experimenfai poinféVOBServed.

It can be seen that our simpie model predicts values too
low by approximately 35%. This error is mainly due to the fadt-
that Ra was changing throughout thé discharge; To perform a
more careful check on equation 4, it was necésSafy'to deter-
mine Ra as aifunction of time. This calculation was completed
for two poinfs (one is showﬂ in Appendix B); and equétion 4 was
experimentally verified to within 10%.
(ii) Shutting

Observing an arc voltage waveform for the case of a small
R and high Vd; it was noted tﬁat there was a sudden dfop to
zero at a'pime ty (referred:tb as the shutting time); If this
drop wés the resﬁlt of the two electrodes touching each other,
a corresponding increase in the current should be observable.
Using a high sensitivity current probe, it was found poésible
to observe this simultaneous current increase. Figure 12 shows
a typiéai oscillogram 6f the shutting meéhanisﬁ;

On first view9 it ié not understandable why the eleétrodes
should move together during the diécharge, aé thej remaih se-
paréted indefinately when the apparatus is not iﬁ1use, An

éxamination of all forces acting on the bubble surface must

be ﬁﬂdertaken in order to understand this métiori° Thése ihciude;
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Figure 12 Arc Termination by Shutting
Dual-beam oscillograms with upper trace
displaying voltage (5 volt/cm with zero
at top of both oscillograms), and lower
trace displaying current (50 amp/cm and
10 amp/cm in upper and lower oscillograms
respectively). Both oscillograms were
taken with horizontal sweep of 20 /usec/cm
for the case of Vo = 200 volt, and'R = 1.2,
surface tension, gravity,; and electromagnetic forces. An order
of magnitude calculation quickly shows that the gravitational
force could not be the main force drawing the upper electrode
down to the lower one. And the surface tension force can be

neglected because this force would tend to impede the motion

of the upper electrode. It is probable that the main force
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is dué to the eieétroﬁagnetic JjxB force acting on all cﬁrreﬁt
carfyiné parts of the circuitﬁ
This pinch;like force wouid have most effect upon the nar-
row cyiindricai upper electrode;” Aé-the Hg is a;most incbmpreé-
sible; and as fhe béftdm pértion
of the upperkelecfrode is disturbed

due to the bassage of current;:it

would appear conceivable that a

T I T

Cathode - column of Hg is forced out towards

Figure 13 Electromagnetic the cathode as a result of this
Force v . :
pinching force. This motion would
then establish a liquid Hg bridge between anode and cathbde;at
time ts; and hence, would effectively Short;circuit the arc.
As both j and B are directly prOportional to .the current I,
the electromagnetic force is proportiohai to 12; Tﬁe current

is gi ven approximateiy by
I(l \ \é, E /k .

This expfession follows from the préyious seétion on eipinction
for the case of Rﬁ?Ré. Thﬁs, it can be seen. that the éiéctro=
méghetic force is proportional to (vo/ﬁ)2; and has an impﬁlsive
character due to the exponentisal factor e-Zt/RC;

ﬁéing Newton’s Law an expression can be determined which
qualitativély indicates the dépeﬂdence t, may have ubonAthe_
different circuit parameters. Conéidér

F = mk= A2, o

where Fém-is the electromagnetic force9 and A is thé facfof of
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Figﬁré 14 Shutting Time Dependence upon Vo -

Experimental points with R = 1/2 Q_
and C = 30 uf.

proportionality- Integrating this éxpreséion twice wé obtain

av_2c | o
() - 55— [ - 2] ees(6)
e v %¢ |

with a = A/m. Generally, t Z2RC, so that e2te/BC &1 ang

hénce it follows,

2
a¥ =C : ;
- . RC
x(tg) = —7g {ts = } .

Now x(t_) is the distance travelled by the upper electrode in
the time ts; and hence is just the initial gap sepération dog
given by the Paschen curve. Substitutingg and rearranging for

ts gives,



'

Aé neither A nor m can be determined, and as both havé been
assuméd to be constant; the above expression for ﬁs nust be
viewed strictly in a qualifative sense. In this respeéf it is
more reasonable to use |
t o Rd_/V 2 vou(8)
8 o "o
as the final expression for the shutting time.

Thé dépendencé upon R-and Vo was verified ékperimentally
and one caée ié shoﬁh in Figure 14.‘ Thé large amount of
scatter obtained is to be ekpected when the scatter in thé
Paschen curve is taken into consideration.

An ihterésting point arose when examihing the I-V tracé
(obtained with,.an i;y oSéilIOSCOpé) of a discharge terminated
By the shutting mechanism. After shutting had occurre& fﬁéré'
was a reiatively linear decrease of vbltage'with current in
time. The resistance indicated by the slope of thié éurfe Was
found to be 4x10-?f1— approximately 3x10_%ﬂ.1arger fhan_the
value of R.c measured in section 2-2. This added resistance
could be intefpreted as the resistance of the Hg coluin pro=
posed By the éhutting mechanism. If éo, if would then corfe§=
pond to a Hg éyiinder of height d and cross-sectional aréa
6f the order 5x10-5 émz. °
(iii) Extinction versus Shutting

Héving proposed models fof the two aré terﬁihatiOn

possibilities, we should now examine the conditions under which
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extinction or shutting is to be expected. It is cleaf that if
shutfiﬁg precedes exfinction (as is the case whenever ts<:te);
thén extinction cannot possibly occur. However, for the case
of extinction preceding shutting (te<:fs); the usuai shutting
should still be observed as the JxB forces are still present.
Upon.examination with a long;time'scale this was féund to be
true.

Consider the schematic diagram illustrating the dependence

“of t+ and t upon V.. It can be
s e o
T ) seen that for voltages less than
1 t. Voi, te<:ts, and 8o extinction
should prevail. Similarly, for

then

te voltages higher than VOI’
Voi V, —~ shutting should prevaii. This
Figure 15 Extinction or téndency wag ekperimentally found -
Shutting

however V01 was Véfy pooriy de~

fihed. This was probably a result of the low slope of the‘ta
and te curves, and also due to thg high scatter of_thegPéschen
curve. . ‘ |
While the value of Vo was shown to be a factor in deter-
mining which of the two mechanisms would terminate the arc, it
waé goon noticed that the choice of R piayed a much more impor-
tant role in. this determination. It was found that low R
values favoured shutting, while higher R values génerally pzi'e-=
ferred extinction. Aééording to the expressions derived for
ts and te, this feature was not expected as both times are

directiy proportional to R. The failure to explain this exper-
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imental result is an unexplained short-coming of the proposed
models.

(iv) Independent Evidence for the Motion

To pé?form an experiment which would give some support to
the pfoposal of the shutting mechanism a modification was made
in the design of the apparatus. The upper Hg electrode was |
replaced by a solid brass electrode. A resistor of 6L
was used in series with the ‘capacitor bank which was initially
charged to Vé - 1000 volts. These conditions ensﬁfed tﬁat~v
arc termination would occur by shutting mechanism whenévér
the ﬁpper‘electrode was liqﬁid Hg. However, as a solid elec=
tfqde wouid not distort under the action of the jxB forcesg_it
was expected ﬁhat only extinction would be observed,

‘ The results of this.gyperiment were very encouraging.
The shutting, which would have occﬁrred at a time less than
100 psec, was not observed. Instead;‘extinction terminated
the arc at a time around 200/usec - a reasonable value of te
for these parameters.

As Jones and Gallowaj (1938) mention.that solid eléctrodgs
in Hg.discharges tend to become covered with a thin Hg film,
the anode was carefully cleaned for each important discharge.
Th;s precaution was found to be necessary, for after several
gh;ts had taken place, the terminating'mechanism suddenly
éhgnged to. shutting.

2.5 ,REBATIVE VELOCITY OF THE ELECTRODES
As prévioﬁsly mentioned in the Paschen curve sectiony the

electrode separation is an important parameter of an arc which
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should be determined. The initial distance was measured by
determining the Paschen curve, but as fhe upper electfbde
moved towards the lower one in the course of a discharge, iﬁ
is ciear that this distance was constantly chénging; Fér this
reason it was necessary to make some estimate of the relative
velécity between the surfaces before reliable data couid be
extrécted from the waveforms obtained.

.The average velocity over the total discharge time can be
obtained by dividing the breakdown distance by the shuttihg
time. Using the sfandard case of R = 1{/1, the shutting time
was fo@ﬁd to vary from 150-100 usec as the breakdown ﬁbltage
varied'ffém 3004800 volts. The corresponding values of break=
down distance could be found on the Paschen cur#e, and the
resulting.vériation in the wvelocity was approximateiy 60~l40
cm/sec° In agreement with the shutting mechanism proposal the
average velocity increases with increasing breakdown voltage
(see equation 6).

The final velocity Vf could be estimated by means of e@ué%
tions 6 and 7o At time ty X(t) = v k(ts) = d_, and by di-

viding and‘rearranéing it then follows that

d . :
. o , o
Vf = ts - RC 2 . 0"(9)
This result appears reasonable, as A is larger thah the average
velocity do/t89 but it should be stressed that this calculation
involves drastic approximations, With the identical conditions

used invthe'calculation of the average velocity, the variation

in v, was found to be approximately 65-160 om/sec.
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An independept check on the motion of the electrodes was
obtaiﬁed when a large inductance L (32/uH) wés placed in
series with the arc. The current then increased slowly, and
the voltage for the same current could be measured at two times
(tl, §2 2 2/usec) after the arc plasma had been established.
The observed decrease in voltage AV = V(tl) - V(tz) could be
attributed to a decrease in the arc column“lengfh. This was
caused by the motion of the electrodes as shown in the following
brief discussion. |

Thé total voltage drop across the electrodes is given by

V=V +¥  + 71
c co a

in accordance with figure 3, Téking the first time derivative

of this equation gives

av \avg ‘ dVgo K ¥,
at " at tat Yt

which approximates to

AV dVaq
at = at

becausebthe fall voltages are insensitive to changes in both
the current (Gerthsen and Séhulz; 1955), and the electrode separa-
tion (we inherently assume that the arc is sufflclently long

to establlsh a column) The column field strength

. _ d¥o
co dx

is approximatély constant over the column (see figure 3), but

is highly dependent upon the current. Assuming that Eco is
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Figure 16 Determination of Electrode Velocity

Oscillograms were taken simultaneously on
two different oscilloscopes for the case
of R =2, C = BOpr, Vo = 600 volt.

Upper trace: current (50 amp/ecm with zero 2 cm
above bottom line) versus time (20‘psec/cm)°

Lower trace: current (20 amp/cm with zero on bot-
tom line) versus voltage (2.5 volt/em with
zero 1 cm from left hand border).

unaffected by a slight motion of the electrodes, then for a fixed

current we have the following

dVoo _ dVeq dx _ &
c

at =~ ax dt o

Ve=F dt-F ot ° o 5wl 10}
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Using the parameters, L = 32 phq R=2(l, C= 30,Pf5 and
Vo = 600 volt, the 6scillograﬁs shown in figure 16 were obtained.
From thesg traégs ﬁ% can be obtained for several values of a
fixed cufrent. Then, taking the corresponding eblumn field:
‘strength fpr these currents from figure 18, the average.véipcity
over the i#terval At = t2 - tl cohld be determined., A fypiéal
case was af I =175 amp where At = 33‘psec, AV = 1.1 vol@,
thus giving v = 62 cm/séc. This figure is reasonable consider-
ing ihefexperimental conditions.

Although no exactIAetermination of v could be maae, the
reasonable agreement between the three approachés indicated that
the relative velocity is of the order of 100 cm/sec. With this
figure in mind it would appear reasonable fo assume that if_.
measurements for a particular V-I.characteristic are taken in
the first zélsldsec of a discharge, then the electrode separation

should vary less than.10% from the measured breakdown distance.
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CHAPTER 3 - GENERAL MEASUREMENTS OBTAINED
3.1 ELECTRODE FALL REGIONS

An order of magnitude value for df and Ef (the average
value of field strength in the fall regions), could be oh-
tained by observing the voltage waveform near the time of
shutting ts; As the relative velocity of the electrodes at ts
may be fdund from Equation 9, the total thickness of the fail
regions may be determined by measuremeﬁt of the time 7 taken
for the voltage to drop to zero. The average field.strength ip
the fall region may then also calculated.

By using the 545 - osciiloscope on the deiayéd_triggefing
mode it was possible to measure this time T.' For the staﬁdard
cagse of R = 1Nl and Vo = 400 volts, a value of 1 = 46 nsec wasg
measured &8s shown in Figure 17. As the rise time of the oscil-
loscope and pre-amp. is approximately 10 ﬁsec, this value 6f T
should be- 3% higher than the actual value. |

Using Eqﬁation 9 with t = 149‘ﬁsec, 4, = 9x10=30m, (valués
which correspond to the case of‘Vd = 400 ﬁélts), the shutting
time wasiéalculated fo be 72 cm/sec. The total fall distance
is given by |

d{ = T
and was found to be 2.9x10-6§m. Then E, is defermineq.in a

similar manner by the equation

N Ve
Ef’- df T WwT

and was found to be 2.4x106volt/cm, using Vf = T«5 volt (fhis

was the average wvalue aCcurate to +.5 vqlt).
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Figure 17 Voltage and Current Wave forms

Graphical ehlargements of three
oscillograms taken with R = 101,
C = 30 pf, and Vo = 400 volts.
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As indicated in Chapter 1 it is the value of EC rather
than B which is of iﬁportance to the general theory of arc
physics. According to Gerthsen and Schulz (1955), the cathode

drop is about ten times that of the anode drop, and so

E=Va+Vc ~ L
7 datde. O di +d.

Then by substituting the expression for Ec (note this is oniy

the average value again) and rearranging we obtain

= dtd 9 _ 9O da
E. e = no{ﬂ n dc}E*

Thus, we see that although 2.2x106volt/cm ié the minimum value
for Ec, values of 107volt/cm and higher are possible depending
upon the ratio da/dc'
3,2 COLUMN FIELD STRENGTH

The simultaneous measqrement of current and voltage to-
gether with the Paschen curve could be used to determine the
columnlfield strength Eco over the total column length to be
calculéted.

Eco may be determined only during the initial stages of the
discharge (2/ﬁsec £t £ lslpsec), when the change of eléctrode

separation is small compared with do. Then, sihce df<Zd°

F == V a‘ovi
where V is the total voltage across the electrodes. A correc-
tion had to be made to V for the voltage drop across R, as
measured in Section 2;2°

The average value of Vf = T.5 volts was used in all calcu-

lations. = The use of a constant value should be a good approxi-
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Figure 18 Column Field Strength Dependence
upon Current
mation according to Bauer and Schulz (1955), who founci, that for
high currents (say greater than 100 amp) the fall voltages aé;
sumed constant voltages.,
Figure 18 shows the result of pldtting Eco as a funétioﬁ'
of current (on log-log paper). The slope of the curve is .66,

which indicates a relation

. I
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Thiévreéult ig very different from that_obtaihed by Maeékgr
(see Chapter 1). The apparent discrepancy is probably a conse-
qﬁénce of tw0‘features of Méecker’s theory which shouid be men-
tioned. First; his derivation compietélj neglects rédiatioﬁ
iésses, whichjmay be the ﬁajor energy dissipation mechanism in
this particuiar arce. Second, the effect of the djnamic aépécfs
will not be accounted for in the dec. model developed by Maéckéf.
3.5 VOLTAGE-CURRENT CHARACTERISTIC

The initial objective of this thesis was to’‘obtain the over-
all v-I characteristic for an arc and to compare thééetmeasureé
ments with the results derived by Smy (see Chapter 4). Two methods
were used to obtain the characteristicy the first, a direct piot%
ting of measurements obtained from the oscillograﬁé; fhe seéond;
a qo@biﬁing of several different oscillcgrams to givé a single
reduced chéracteristic. Both approaches lead to similar results —
the reduced characteristic extending over a larger current range
than did the direct plot.
(i)‘Reduced Characteristic

As discussed in Chapter 2, the arc was initiated by a spark%
ing mechanism according to the Pgschen curve. If only fhe first
2 - iS/usec of the trace were to be used, then the current range
obtained for aiparticular breakdown distance'would‘be relativeiy
small (see Figure 17). To increase the current rangé,~é differ-
ent initial maximum currént could bé used, and this could be obe
tained only by changlng the breakdown voltage. However, a chénge
in V, is accompanled by a change in d,, and this would then mean

that we were examining a different characteristic determlned by
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FPigure 19 Reduced V-I Characteristics

this new separation (see Figure 2).

Choosing some interglediate value of electrode éeparatioﬁ,,
say dyy an approximate rédﬁcing technique was used to c‘:'ronvert'
the characteristic obtained for a different separation; sajr d2‘§

into a modified characteristic which would correspond to the

chosen value of dl. Consider some point -(Nfz-,lz) on the dé chafé

.acﬁeriétic whiéh is to be reduced to the dl charactei‘istic.

The reduced point is designated as (¥5415), where,

/7 -
Vo=, sz,
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o fy e
sz = d2 {Vz 705}9
d2|= d2 - dl °

It follows that

<3
it

! {vé -‘7;5}d1/d2 + 7.5 .
This technique is identical to that used in section 3.2, the
essential assumption being that there is a iiheér gradieht in
the potential variation across the column région."The‘éaﬁe aver¥
age value of Vf = T.5 volts was ﬁsed in all calcuiations agaih;

Réduced characteristics were calculated for the two césés
shown in Figure 19, and the average slopée of the curve indicafed
an impedance relation of the form

Vv « I-44 .

(1i) ﬁifect Characteristic

The results obtained by directly measurements from the
V-1 traces (see Figure 20) are shown in Figure 21, Initially,
only measurements in the first 15 psec Qére takén._ Hoﬁe#éfg
upon further examination it waé found that the chafaéﬁéfistié
femained véry linear over a longer period of time; This indi-
cates that the arc is stable over a périod"of BO/usec réther
than the 15 psec obtained in section 2.5. The average slope
for the three cases plotted gave the experimenfal feéult

V « 1°43,

(iii) Summary of Both Approaches

The results of both approaches can be déséribed'by the



Figure 20 Voltage-Current Oscillogram

Voltage (2.5 volt/cm) versus current (40
amp/cm) with origin in lower right hand
corner, for the parameters R = 10N,

C = BO/Jf, Vo = 500 volt.
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Figure 21 Direct V-I Characteristics
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equation

v - k143,
#here the constant k is dependent upon the electrode separéfion.
This experimental result is very gimilar to the relation
V « I°4 develoﬁed by Smy. In order to see whether or not this
result should be a general feature of arcs (and not juét an in-
cidental similarity) the following chapter will prééenf an eiéi;
ination of the derivation and aséumptions»invoived ih Sﬁy’s

theory.
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CHAPTER 4 - SPOT CONDUCTION MODEL OF THE ARC
4.1 DEVELOPMENT OF THE MODEL
The current-voltagé relationship derived By'Smy (1963);

was originally developed to determine the impedahcé befﬁeén

two electrodes iﬁmefSed in a shock heéted plééﬁé. _Thé_éééeﬁ—
tial features 6f_this theory are Very similér tg géneféily
aééépfed ideas: in aré physicéﬁ " The tétai érc véifégé éaé con-
sidered to be made up of two éompénentsﬁ the 76itage aorééé the
cathode spot- Vo (whlch is equal to the cathode fall voltage Ve),
| and the ohmlc ioltage &rop across the 1nterven1ng plasma V o It
'waSHfound”that both’Vs and VP wereAdependent“upon the spot area,
‘énd“tﬁat“there’ekisted a poséible_dptimum area for whiéh the to-
'talwarc voltage """ was"™ a‘mlnlmum. Thié optimizéfion resuifed in.
'the'flnal expre531qn |

o4
Ymin @I

"which"waS“showﬁ fO“give'oider”of ﬁagnitudé agreement Qifh thé
experiments éondugted by Smy and Driver (Smy, 1963; Driver, 1964).
(1) Spot Molfage

The-main'expéfimental oBsefvatidh'by Smy which 1ead t6 hié
'fheory'wasvthe“occurrence of a parficulaf #oltage regimé ih
,'which“themcurrent=voltageWcharacteristic was independent of
the—electrode-area. This was shown to be so By“plaéiné elec~
'trdeS‘éf various siZES'adrosswthe”shéck tube fd? both iﬁcrééé—‘
‘ihg aﬂd decrgasing“currents; Tﬁe prdﬁésal df‘é éﬁai; cbnductiqg
spof‘éﬁalogousmtowthatmwhich arises in arcs was found to be .
very'successful“in“explaining"fhe uﬁﬁéﬁai féatuféé of the 69-

served characteristic. As the objective of this chapter is to
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eiaminé how well S@&éé theory applies to an arc, the defails
’and plauéiﬁility afguments for the conducting spét in tﬁé éh00k
iﬁﬁé have been omitted.(fdf defails see Smy, 1963); This was
done because the phenomené df sﬁot COnductioﬁ in an arc has beeh
well accepted (see Froome, 1950), Uéihg Mackeown’s field emis-
sion equation (see Chapter 1) and assuming typical values for

Ec énd ¥, the spot voltage is reiated to the spot area_As ﬁ&

[ = k4 = % ¢ .oo(11)

with kl constant.
(ii) Piasma voltage

Thé expression for the resistance of tﬁe iﬁféfvéhihg.plgéﬁa_
ﬁas derived in accordance Wiéh staﬁdard electroméghéfic tﬁeofﬁ
(Smythe, 1950) . Qééumé that an infinite, iéoffopiq ﬁe&iﬁm of
constant resistivity f seéérates £w§ conductors A{-éﬁd:Bi 1f
the separation distance 4 ; is Iarge compared to a fﬁﬁicél,lehgth

the intervening plasma is given by

— € I L
Rp = Pi C + C% - ﬁﬂ} e o(12)

Qheré CAg CB are the capacities_of fhe twp iééiaféd éohdﬁéfors
A, B feépecfi%éiy. Taking cqnducfors A éﬁd B to référ fé éﬁé
ﬁegétive_and positive electrodes féépectivéii; then CA_éould

be the éffective capacify of the cathode Spof; if_aﬁ ideﬁfiééi
spot was formed on B, then QA = CB; However, the occurrence

of éuch an anode spot was thought to be unlikely (in analogy

with an arc again), and so CBdl was neglected iﬁ.éoﬁparisoﬁ
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with CA;I; The capacity of a thin disc of radius r is given
by
cd = 8¢or
according to standard tables (Handbook of Chem. and PhYé., 1964) .
Aééumihg a circular cathode spot'forms on the négative electrodé;

then

=% = 4e B

as only one face of the "cathode disc" is in contact with the

plasma. Now the plasma resistance is given By

- o/ /T {
RP“)"{4~ hs — 7T }
and the plasma vbltage is then given by

¥ = IR .
p p

(iii) Total Voltage
The total arc voltage can now be determinéd by taking the
sum of V. and V_,
8 b

v = kA 4 LAy - 1

2T
— kg AZ _+_ "/L i
T2 Ay keIA™ — ksl voe(13)
Féi the case of Smy’s shock tube the last ferm was neglible in
comparison to the second term so that
V &\, = LAZ +'kIA'VZ
st 1z Ns 21 As Gee(14)
The power loss in the arc is given by the product IV; It

is assumed that given sufficient time the épot area will adopt
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that Qalue which will minimize this loss by minimizing V for a
particﬁlar I. This optimum area can be determined by partial
differentiation of the voltage with respect to the area, giv-

ing the final result,

[ ke 4412 .
Ao —[Zr. . cee(15)
Then the corresponding voltage for this particular area is

given by

Ve = gr kKT — KT .. (16)

Bxamining Smy’s shock tube approximation, it is found that

the optimum area remains unchanged, and so
. .Z , .4 R .
Vat)min .__4% ki k’DBI . » -0-(17)

It is also worth noting that when optimum conditions have heen
achieved, this approximation gives the interesting result that

the two voltages are in the ratio

_8 . spot voltage _ 1 ., eo0(18)
7 g

plasma voltage 4

o]

4.2 DISCUSSION
ki°43

9

In Sec. 3.3 it was expérimentally found that V =
and this result would appear to be in good agreement with Smy’é
spot conduction model. Howevef, upon detailed examination it
was shown that the agreement is only fortuitous, as there ére
assumptions made in this model which cannot be satisfied by
our experimental érc.

It is easily shown that the shock tube appioxi@afion,

I/ .
£> Aoz does not hold for our particular conditions. Consider



45~

a typical case for a particular current maximum; the elecfrode
séparation can be determined by the Paschen cur#e; and.the op-
timum area is given by Equation 15. For a current of SQO aﬁp,
it was found that {‘glo-QCm, and ‘/\;& = 10" em. Another aﬁ-_
proach to determine a measure of the spot area is io gésume an
accepted value for the current density, say j = 106amp/¢m2,
then for I = 500 amp, Az = 10%cm. While the two é_-pplfoaches
give values of /Q&' which differ by an order of magnitude it
is certainly evident that the approximation 4 » A'/?‘ is iﬁvalid
for this situation.

An important difference between the electric arc ahd the
case of two electrodes immersed in a shock heated plasma gives
rise to another reason which invalidates the use of thé_spot
conduction model to describe the electric arc characteristic.
The passage of current in the arc maintains the ionization in
the gas, whereas in the shock tube the gas is already iqnized
and ié constantly being replaéed by the plééba fiow.' Frdm this
it can be seen that the assuhption of an infinite isotropic.
plasma of constant rééistivity may apply to the shqck tube but
wiil not apply to a regular arc. The current resﬁlts in a
radially dependent resistivity which has a dinimum'valﬁe along
the axis of the current flow (see Maecker, 1959).V It would bé
ekpected then that the expressiog for R_ would be modified —
the net result being that the finél.expression for vmin would

also be quite different.
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CONCLUDING REMARKS

It was possible to measure several of the important vari-
ables of an arc with Hg electrodes, namely the Paschen breakdown
curve, the overall voltagefcufrent characteristic, and the column
field strength dependence upon current. However, it must be stress-
ed that these measurements are more of a qualitative than quantita-
tive nature. The observed motion of the electrodes was the main
factor contributing to this feature, and even though the motion
was reasonably well established, its velocity could only be approxi-
mately measured.

The results obtéined for the overall V-I charactéristic were
found to agree fairly well with the predictions of Smy’s spot
conduction theory. It was shown that this agreement was only
fortuitous however, as many of the assumptions required for the
derivation are not satisfied by conditions in this arc.

The observed motion of the Hg electrodes made possible an
approximate determ;natién of the combined thickness of the cathode
and anode- fall regions.and the average field strength in these
regions. - Although the measured field strength is consfgtent with
the predictions of fielé emission theory, the accuracy of the
fesult does not allow acceptance of this theory beyond any doubt.
The encouraging feature of this measurement, however, is that by
an appropriate re-design in the apparatus, it might be.possible
to obtain an accurate measurement of the shutting velocity. If
éo, the results thereby obtained may be sufficient to completely

accept (or reject) the field emission theory.
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APPERDIX A LCR SERIES CIRCUIT
The case of a capacitor € initially charged to some voltagé
Vo discharging current i through a resistor R and éeries ihdug-
tance L describes the behavior of our basic measufihg circuif
very well. The resistance of the arc is much’ less thah the éuf-
rent limiting resistor so that the 3 pafameters R; C, L may be

taken as constants for the analysis.

L
Lk

= BL

i(#)

e

Figure 22 LCR Series Circuit

By application of Kirchhoff®s Laws we obtain the differen-

tial equation for the current flow in the circuit,

d*t RdL 4o
gt T tret=20

which is subject to the initial condition i(0) = O.
There ére three current responses possible dépending upon

the relative magnitude of the circuit parameteré. When the

conditioh R2774L/C is satisfied theﬁ the current response

has the form
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(i) Current Waveform
All quantitative measurements were taken when the éifcuit
components satisfied the inequality sz?4L/C; ‘Teking the edﬁa-

tion for the current and using the linear approximation'

1—4L " = 1 — 2L

we obtain,

-tinc - Rt/
~, Vo —
)= =e {_1 e &

For times greater than 2L/R fhis equation reduces further to

= Vo S tlRrc
) = 2-e

vhich is the equation of a simple\RC decay circuit. Typical
current waveforms are shown in Figﬁres 12 and 17, and a sche-

matic of the waveform is given below.

At -t

Figure 23 Current Waveform (schematic)

(ii) Resistance of the Arc
By performing a very simple measurement upon the-curréht
trace it was possible to determine the period of time in which

‘the conditien RarCQ(R.was valid. An approximation of this time
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was useful in the discussions of the shutting and extinction
mechanisms of Chapter%ZQ
For any time t7>2h/R draw the tangent to the curve and

measure the slope which is giveh by

The slope of the simple RC decay waveform is given by

di 1\ ~tre

=gk = —gr 1),

Hénce, we see thatit = RC for an exact RC decay, and deviations
from this value give a rough measure of the arc resistance ;
It was found for all cases that R__ &R for all t £ 2RC by this
technique.
(1ii) Inherent Circuit Inductance

It was found that a measure of the inherent circuit induc-
tance Li’ could be m#de by observing the time Tm of maximum
current'flqw on the oscillogram. Taking the first derivative
of the current (either one) and using the linear approxiﬁatibn

shown in (ii) we obtain
T, o Lt j RC
R L.

By measﬁrihg.Tm, and substitutihg values for R and c, this equa-

tion can be solved either by graphicai techniques or by an iter-

ation technique for the value of Li’
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APPENDIX B CGRAPHICAL EXAMINATION OF EXTINCTION

Referring to section 2.4 we had derived the equation

te
. dt' . \/o v .
S—_——Q(RW\’Q — A e (4)

which simplifies to

_t¢= RC M%&J o..‘:'ot’( )

5
if the approximation KR holds in the time interval 0 £ 4 é,té.
As shown in Figurg 11, the discrepancy between experimenégi re-
.sults and Eéuétion 5 was'approximatély 36%40 %. This diségfeeméné
suggested that a more céréful examination of Eéﬁgfioh 4 should
be undertaken in which the appréximétion waslnot used.

By taking simultaneous curreént-time and vdltage=time oscil-
logramé of particular éonditions it was possible to detérmihé
Ra(f); Then by plotting the function 1/{R + Régg and gfaphi;
cally integrating, it was possible to determine fhe valué df
ﬁhe integral in Bquation 4.

With the parameters R = 5[1; V0 = 300 volts, thé aféa under
the curve was 1.04x10™% sec/(l as shown in Figure 24. Then the
lohese of EQuation has the value 3,46 as C = 30 uf. From the .
voltage waveform Vc(té) was found to 12 volt, and S0 the Toho.s.
of Equation 4 has the value 1n(300/12) = 3,22,

Although it is not possible to obtain a valué for the ex-
pected extinction time, the agreement between bofﬁ sides.of the
equation to within 7% is much more satisfactory thaﬁ the reéults
of Figure 11, I% is also interesting to note thst fhé dotted

iine of Figufe 24 encloses the effective area which is used in
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FPigure 24 Graphical Integration of ‘/—éil——
gu P g R

The parameters used were R‘¥'511v
and Vd = 300 volt,

in Bquation 5; and it can be seen that the difference in the
two areas is of the same order of magnitude as the discrepancy

between the two curves of Figure 11,
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