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ABSTRACT

A short history of previous work concerning hot®cathode dis~ 
charges is presented along with a short review of the V~I character® 
istics of vacuum and gas®filled thermionic diodes.

This thesis presents a study of the volt-ampere characteristic 
of the hot-cathode discharge with helium as the ambient gas« The 

characteristic was studied as a function of ambient gas pressure and 

cathode temperature. The ranges of pressure and temperature considered 

were 3 x 10  ̂mm of Eg to 100 mm of Hg and 1700°C to 2300°Co

The data is presented primarily in the form of oscilloscope 

pictures. Plausible explanations for the variations of the V-I 
characteristic as a function of the ambient gas pressure and cathode 

temperature are presented, although no definite conclusions are drawn. 

Possibilities for further investigations are suggested.

x



CHAPTER ONE
HISTORY AND GENERAL DISCUSSION OF VACUUM 

AND GAS-FILLED THERMIONIC DIODES >

When electron conduction through a gas occurs due to an applied 
electric field across the gas, the phenomenon is referred to as a gas 
discharge. Two general types of gas discharges exist:

1, The coId-cathode discharge in which the cathode and 
anode are not heated by any auxiliary means;

2. The hot-cathode discharge in which the cathode is 
heated so that thermionic emission of electrons occurs.

in the discussion to follow, three pressure ranges are defined:
1. Less than 1 mm of Hg - low pressure;
2. 1 mm to 10 mm of Hg - medium pressure;
3. 10 mm to 100 mm of Hg - high pressure.

1.1 Resume of Work Done Gm&oerning Thermionic DjLodes

There has been a great deal written in the last half century 
about coId-cathode discharges. However, for some time there was little 
interest in discharges utilizing thermionic cathodes. This lack of 
interest lasted from about 1930 to 1951. From 1916 to 1929 there was a 
considerable amount of work on hot-cathode discharges. In general, this 
work produced invalid results due to poor vacuum techniques and impure 
gases. During this early period Compton-^"^, Ec k h a r t ? ^ > a n d



Buffendack^* ̂  made the most significant contributions to the study of 
hot^cathode' discharges» Their work was both experimental and theoret
ical and demonstrated good understanding of the basic physical processes

110=121occurring in the discharge« During this same period Langmuir did
a great deal of work, primarily in connection with vacuum diodes. Even 
though there are distinct differences between gas and vacuum diodes, 

Langmuir8s work contributed to the understanding of hot-cathode discharges. 
In 1937 Druyvesteyn^^^*^ published three papers in which he described 
a previously undetected mode of the hot-cathode discharge, now known as 
the ball-of-fire mode. Druyvesteyn and Penning^® in 1940 published a 
paper in which the ball-of-fire phenomenon was again mentioned.

In 1951 the first really systematic attempt to study the modes 
of the hot-cathode discharge was made by Johnson, Halter, and Webster 
at the RCA laboratories. In three subsequent papers, they attempted to 

explain these modes^*^^*^^. ; Figure 1.1 illustrates the volt-amperes 
characteristic for a low-pressure, 0.25 mm of Hg, argon-filled diode 
obtained by Johnson, Halter, and Webster. Their experiments were conduct
ed using the various noble gases for the ambient atmosphere,and with a 
concentric cylindrical cathode-anode arrangement.

The modes of discharge are indicated in Figure 1.1. Certain 
characteristic phenomenon for the modes were observed in the inter
electrode spacing.

As the diode voltage was increased from zero, negligible current 
flowed until the ionization potential of argon was reached. At the ion
ization potential, , of the ambient gas, the current began to increase. 
In the interval < V < Vy , where Vy is the potential at which this



first mode made a transition to the ball^ofire mode, a thin blue 

sheath was observed around the inside periphery of the anode. This 

mode is called the anode-glow» Figure 1,2 illustrates the appearance 

of the anode-glow.

When the discharge changed to the second mode, the blue anode' 

sheath disappeared and a blue glow appeared that occupied a small region 

on the anode. At higher pressures the glow became detached from the 

anode and assumed an approximately spherical shape * This mode is 

called the ball~of-fire mode, and its appearance is illustrated in 

Figure 1.3,

When the current was increased above a value which was approxi

mately half of the available cathode emission current, a transition 

occurred to the Langmuir mode.

The Langmuir mode exhibited a bright blue glow throughout the 

interelectrode spacing with the exception of a thin dark sheath around 

the cathode. As the diode current was increased the glow became brighter 

•and the- cathode sheath thinner. At a higher value of current the diode 

began operating in the temperature-limited mode,

In the temperature-limited mode the entire interelectrode spac

ing was filled with a blue glow. In this mode all emission from the

cathode is collected by the anode.

In the last ten years there has been an increased, interest in
10 77-79 90-92hot-cathode discharges, Emeleus , Forman , Hernqvist , John-

98-101 M 126-129 , . . v w  .son , Medicus , and others have published a considerable

amount of material on the subject. Papers have also been published



discussing retrograde motion of the ball-ofire under the influence 

of a magnetic field and the ball-of-fire in a mercury pool rectifier.
The increased interest in hot-cathode discharges is due primarily to:

1, The general interest in plasmas and plasma oscillations 

(oscillations are present in almost all hot-cathode 

discharges, which are weakly ionized plasmas);
2, The specific interest in thermionic converters;

3o The possibility of a relation,' between °ball9 lightning 

and the ball-of-fire;
4e The possibility of using the negative resistance por

tion of the V-I characteristic as part of an oscillator 
circuit,

As yet, however, no complete- study of low, medium, and high-pressure ■ 
hot-cathode discharges has been conducted,

1,2 General Discussion of Vacuum and Gas-Filled Thermionic Diodes

Geometry and Construction of the Diode 

In the experiments that have been conducted two types of’cathode- 

anode geometries have been used. These geometries are illustrated in 

"Figures 1.4 and 1,5 and are called the cylindrical and plate anode geo

metries respectively.

It is desirable that experimental work contrived be amenable to 
•mathematical analysis, A mathematical model of a particular phenomenon 

is useful because it can be employed to -predict phenomena that have not 

been observed. In the case of the hot-cathode diode, the analysis of the 

plate-anode geometry is mathematically unwieldy in comparison to the



cylindrical geometry analysis.
The anode is generally made of either nickel or molyebdenum.

The cathode can be either directly or indirectly heated. The indirectly 
heated cathode is coated with some oxide, e.g., BaO, which affords 
greater emission for a given temperature than an uncoated cathode at 
the same temperature. Figure 1.6 illustrates the indirectly-heated 
cathode.

The most commonly used directly-heated cathodes are coated or 
uncoated tungsten, tantalum, or rhenium wire. The coated filament has 
the advantage that any visual phenomenon in the interelectrode spacing 

can be observed easily. However, it has the disadvantage that a diode 
voltage of 25 volts or more may cause the oxide coating to be destroyed 
by ion.bombardment. The uncoated filament, does not have this disadvan
tage, but the filament is too bright for any observations of visual 
phenomenon in the interelectrode spacing.

Brief Review of Thermionic Vacuum and Gas Diodes
Figure 1.7 illustrates the V-I characteristic for the thermionic 

vacuum diode. Region S is the space charge-limited mode and is adequate 
ly described by Eq. 1.1, Child’s Law, which is derived in Appendix A. 
Region B is the temperature-limited mode. In this mode the cathode is

' . : j ~ K V  - Eq. 1,1

emitting all available electrons for a given cathode temperature. The 
temperature-limited current is given by the Richardson-Dushman equation.



Eq» 102 Theoretically 9A 9 should be a constant* but it is in practice

a function of the cathode material and condition. The constant 0 is a 

function of the cathode material?. T is the temperature of the cathode 9 
and j is the emission current density.

Figure 1.8 illustrates the simplified volt^ampere characteristic

of a very low pressure gas diode„ Region S is space charge limited but?
due to the presence of positive ions formed by ionization of the ambient

gas? the current rises faster for the corresponding voltage than for the

vacuum diode. The faster rise of current is,due to the fact that the

positive ions? because of their greater mass? spend a longer time in the
interelectrode space with the result that each ion neutralises the effect

of many electrons in the spacing. Hence? this effective neutralization

of space charge allows more electrons to leave the cathode region.

According to the literature the.current in region B is limited to a

somewhat constant value? but is higher than the predicted temperature-
122limited value because of. ion bombardment of the cathode. An ion striking 

the cathode may cause emission of an electron? and hence add to the diode 

current.

Figure 1.9 illustrates a simplified V-I curve of a medium.pressure 

gas diode. Region 0-A has low diode current values. The current in this 
region begins to flow appreciably at the first ionization potential of 

the ambient gas. When the diode voltage reaches a potential ?£ < ¥ < ¥%, 

the diode makes- a transition to region S? and the diode voltage is '



maintained at the first excitation potential of the gas« In region 

A-S there is negative space charge. For low diode currents and 

negligible ionization, the medium pressure gas diode can be described 

by Eq. 1.3 derived in Appendix A.

j C  K vV. a-MpS Eq. 1.3

1.3 Present investigation

The V-I characteristic of a gas,filled diode may have discontin

uities as illustrated in Figure 1.1. These discontinuities are definite 

functions of cathode temperature, pressure and composition of the ambient 

gas, type and composition of anode and cathode, and diode geometry. The 

variation of the V--I characteristic as a function of the cathode tempera

ture and ambient gas pressure is the subject of this thesis. The three 

pressure ranges, low, medium, and high are studied with particular 

emphasis on the medium pressure range. The cathode temperatures range

from 1?00°C to 2300°G for the uncoated pure tungsten filament.

From preliminary work it was found that the discharge was very 

sensitive to the composition of the ambient gas. For this reason it was 

necessary to build a high vacuum system to insure relatively high purity 

of the ambient gas *

The ambient gas used was helium, for the following reasonsi

1. Helium is inert and hence no chemical reactions occur;

2 o Helium is the most economical of the inert gases;

.3. There is. a considerable amount of literature on helium

discharges with which the present work could be compared„



A cylindrical diode •geometry was used because:

le Most of the work done on helium discharges had been 

done with this geometry and hence data for comparison 

was available;

2e The mathematical equations are more amenable to solution 

(in theory) than would be the analysis of the plate- 

anode geometry0

A directly-heated uncoated pure tungsten cathode was used for 

most of the work. When visual observations of the interelectrode region 

were desired, a# oxide coated filament was used.



CHAPTER TWO 
EXPERIMENTAL DESIGN AND PROCEDURE

The experimental apparatus consisted of three major parts;
1. The vacuum system (a good vacuum system was necessary

to insure purity of the diode ambient atmosphere);
2. The diode and supporting structure;
3. The electronic measuring circuit (the electronics

used had to be capable of accurately displaying 
the V-I characteristic of the diode on the oscillo
scope) .

Certain experimental errors occurred and are discussed in the 
last section of this chapter. A complete equipment list is given in 
Appendix B.

2.1 Design and Use of Experimental Apparatus
The Vacuum System 

A vacuum system was needed that could attain vacuums of below
ee 610 mm of Hg. Such a system was built. The system was primarily made 

of brazed copper tubing utilizing brass high vacuum valves. The diode 
chamber was a 14" bell-jar with a Viton-A boot gasket. A mechanical 
pump and oil diffusion pump were used in conjunction with a cold trap 
to evacuate the system. The system was leak detected by two means;

1, A thermocouple gauge was placed in the foreline and

9



10
the system evacuated 1 to as low a pressure as possible® 
Acetone was then sprayed in the vicinity of a suspected 

leak. If a leak existed in the suspected area, the 
foreline gauge would indicate an increase in pressure.
In the case of small leaks, this increase was sometimes 

preceded by a decrease in pressure due to the temporary 

sealing action of the acetone. The increase in pressure 

is due to the volatile nature of the acetone.

2. A helium leak detector was used to eliminate small leaks 

in the system.

Figure 2.1 illustrates the complete vacuum system.

Figure 2.2 in conjunction with Table I indicates the,procedure 

for evacuating the system.

Vacuum System Valve Procedure 

Table I

Valve Rough Pumping Fine Pumping

A Open Open

B Open Closed

G , Closed Open

D Open Open

1 E Open Open

\\ F Open Open
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When the system pressure reached 0,050 mm of Hg under rough pumping,
the fine pumping procedure was initiated. Liquid nitrogen was added to
the cold trap when fine pumping began, When the system pressure reached

-6approximately 5 x 10 mm of Hg, valves D, E, and F were closed. The 
helium tank was then opened. To admit helium to the system, first valve 
D was opened and then F was opened sufficiently to allow the desired 
amount of gas to enter the system. Since fingerprints cause outgasing, 
thereby rendering the system impure, acetone was used to remove finger
prints each time the be 11-jar was opened.

Diode and Supporting Structure 
A nickel anode 1.06" in diameter and a pure tungsten filament 

0,020" in diameter, both 2" long, were used, Figure 2.3 illustrates 

the diode and supporting structure. The purpose of the spring was. to 
keep the filament straight; otherwise the filament became badly dis
torted. This distortion was due to expansion of the heated filament.

The Electronic Measuring Circuit 

Figure 2.4 illustrates the electronic circuit used to measure 
the V-I characteristic of the diode.

Either the d-c supply or the oscillator may be used in conjunc

tion with the electronic circuitry to obtain the V-i curve trace on the 
oscilloscope. The oscillator was tested over a range of frequencies with 
the result that a frequency of 10 cps was found to give the most accurate 
results. If any discontinuities occurred in the characteristic, the 
oscillator produced a badly distorted V-I trace on the oscilloscope.
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This was especially true at frequencies of 100 cps and higher0 
Probably the distortion was caused by the inherent inductance and 

capacitance of the circuitry and the diode* In general the best 
curves were obtained by slowly increasing the voltage of the d~c 
supply to about 60 volts and then returning it to zero. The V~I 
curve was observed-on the face of a. high persistence oscilloscope<,

The curve obtained on the oscilloscope was a definite 

function of the load line used and for this reason it was necessary 
to vary the load line from 0*1 to 15*4 K ohms, The reasons for this * 

variation of the curve with the load line are discussed in the next 

chapter*
The temperature of the filament was measured with an optical

pyrometer* Since the pyrometer reads brightness temperature, one must
make use of the emissivity of the cathode to find the- true temperature 

97of the filament

2*2 Discussion of Experimental Error

It must be emphasized that the presence of impurities in the 

ambient gas had a definite effect on thq V-I characteristic of the 
diode* The impurities present in the system, which were most readily 
detectable, were oxygen and water vapor; These two impurities were 

introduced when the bell~jar was removed, due to their presence in air* 

Water vapor was also introduced when the helium gas was admitted to the 

system, due to its presence in the helium* In the presence of the 

glowing filament a blue powder, tungsten oxide, was formed which indi

cated the presence of oxygen* After the system had been pumped and
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reached equilibrium the addition of the liquid nitrogen to the cold 

trap caused a sudden decrease in pressure, which indicated the presence 
of a condensible, namely water vapor. By thorough pumping and use of 
liquid nitrogen in the cold trap, the impurities in the system were 
reduced to negligible proportions.

Temperature measurements with an optical pyrometer vary from 
operator to operator. In fact, it is difficult for the same operator 
to reproduce the same temperature measurement accurately. This instru
ment has a specified reproducibility accuracy of 2 percent. The error 
was increased by having to take measurements through the glass of a 
somewhat distorted bell-jar. In order to be consistent, one must use 
the same area of glass each time measurments are taken. References are
available in which emissivities of cathode materials are given along

22with correction factors for readings through glass

The tungsten filament must be thoroughly cleaned before data can 
be taken, since there may be grease and other impurities on its surface. 
This was done by first polishing the filament with fine emery paper, then 

affixing the filament in the bell-jar and evacuating the system to 
5 x 10  ̂mm of Hg. The filament was then heated to about 1400°C, 40 
volts applied across the diode and the system pumped at the same time 
so as to remove any impurities that might have been boiled off. If the 
filament was not properly cleaned, the true temperature readings'would 
have been inaccurate since the emissivity of the filament would not 
have been that of tungsten.



CHAPTER THREE
PRESENTATION AND DISCUSSION OF

EXPERIMENTAL RESULTS

The presentation and discussion of the experimental results is 

divided into three major sectionst

1» The variation of the V-I characteristic as a function 

of ambient gas pressure and cathode temperature for 

the following cases:

a) low-pressure (less than 1 mm of Hg);

b) medium-pressure (1 mm =? 10 ram of Eg);

c) high-pressure (10 mm - 100 ram of Hg).

2o The variation of the observed V~I characteristic 

with the circuit load line, including a discussion 

of the oscillations that occur as a function of 

the following:

a) the cathode temperature and ambient gas 

pressure;

b) the circuit load line„

3 <, Visual observations of the hot-cathode discharge 

• modes for medium pressure.
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3*1 Variation of the V-I Characteristic as a Function.of 
Ambient Gas Pressure and Cathode Temperature

In the discussion of each pressure range a simplified V-I 
characteristic is introduced that is representative of the diode in 
that pressure range. 9

Low-Pressure

Figure 3.1 illustrates the effect on the V-I characteristic 
of cathode temperature variation at a constant ambient gas pressure of 

3 x H T 5 mm. Before reaching the temperature limited current, the 

diode was quite obviously negative space charge limited. The curve does 

not follow Child9s law due to the presence of a small number of positive 

ions that were in the interelectrode space. Figure 3.2 illustrates the

diode characteristic as a function of cathode temperature at an ambient
" ,  -5gas pressure of approximately 9 x 10 mm. These curves are also nega

tive space charge limited although one can see the effect of the ioni

zation' of the helium in the interelectrode space by comparing the curves 
with those of Figure 3.1. As the diode voltage was increased from zero, 

the current rose and for T3 , at approximately 6 8 volts, the ionisation 
was strong enough (sufficient positive ions were present) to neutralise
the effect of the negative space charge and hence caused the rapid

increase in current. The current approached a value which had a small 

variation with increasing diode voltage. This mode will be called the 

emission-limited mode and, although it bears a resemblance to the temper

ature-limited mode, it occurs at a higher value of current and exhibits 

a lower incremental resistance than the temperature-limited mode. The.
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higher current value of this emission*”limited mode is due to one or a 
combination of the following:

1, Cathode bombardment by positive ions *knocking off0 

electrons and therefore adding to the diode current;
J

this possibility is discussed further on pages 19 

and 2 0 .

2. Emission of electrons at the cathode due to impinging 

metastable atoms that give up their energy to the 
cathode electrons and thus allow them to be emitted.

There are two possible reasons why the emission-limited current 

does not level off in the same manner as the temperature-limited current 

in a vacuum diode:

1. The potential barrier at the cathode surface is 
lowered due to the applied electric field. This 

is known as the Schottky effect.

2. As the diode voltage is increased, ion bombardment
of the cathode (as well as the effect of metastables) 

may become*more predominant in adding electrons" to 

the current.

For a cathode temperature Tg; the emission limited current was 

lower than for T3 but the effect of ionization is still quite apparent.

At a cathode temperature of the effect of ionization, hence neutrali
zation of space charge, was negligible. This is due to the fact that 
the diode current was temperature-limited .before the required potential 

and current for the degree, of ionization necessary to neutralize the
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negative space charge were reached.
-3At a pressure of 8 x 10 ram the effect of positive ions 

effectively neutralizing the negative space charge'was apparent. In' 

fact;-as the pressure was increased the effect of the positive ions 
became more pronounced„ Although Figure 3.3 is for the medium pressure 

range, 2 . 5 mm, it is inserted here to illustrate with greater clarity 

the effect of the space charge neutralization.
The general trend of the slope of the space charge limited 

region as a function of pressure is shown in Figure 3,4.

In the range of approximately 0.01-1 mm.of Eg, the diode 

characteristic exhibited an interesting feature shown in Figure 3,5, 

a °dipB in the current. This feature was also-observable at slightly 
higher than 1 mm (medium-pressure) but only at higher cathode tempera

tures. From Figure 3.5 it is seen that a 9dip9 in the current occurred 

at approximately 21*5 volts. Three possible explanations for the appear

ance of the 9dip9 are given be low:
1. Secondary emission may occur at the anode. The 

secondary electrons recombine with positive ions 

in the interelectrode space and hence constitute 

a reverse diode current. The observed 9dip9 causes 

the V-I characteristic for the hot-cathode discharge 
to closely resemble that of the vacuum tetrode. The 

V-l characteristic for a tetrode is shown in Figure 3.6* 

In the tetrode it is the screen grid that collects the 

secondary electrons. The reverse current occurs at
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about 50 volts across the tetrode with 100 volts on 

the screen grid 0 

2» Space charge phenomena and the necessity for the space 

. charge fields to conform to boundary conditions may 

account for the variation of the curves with cathode 

temperature and ambient gas pressure» No detailed 

explanation of this phenomenon is offered here *

3. The existence of metastable atoms offers an intriguing 

possibility for explaining the V-I characteristic«,. 

Helium can exist in a metastable state, 19.72 ev. It 

is possible that the metastable atoms strike the anode, 

give up their energy, and cause secondary electrons to 

be emitted from the anode« These secondary electrons 

can then recombine with the positive ions near "the 

anode to form neutrals. The result of this process is 

a reverse current. The anode'used is nickel, which has 

a work function of 5.0 volts. Thus if an electron is 

at the Fermi energy level in the anode, 5.0 ev - is 

needed • to remove it from, the nickel. The., metastable 

atom of helium is 19.72 ev above its ground state.

. Therefore, when it strikes the anode it may give up 

this energy of excitation, releasing one or more 

electrons.

Of course it is possible that some combination of the above 

three is responsible for the diode behavior. A discussion of the °dipr8



and other parts of the characteristic is given below.
It seems reasonable that the rate of ionization in the hot- 

cathode diode varies directly as some function of the diode current,

For the purposes of discussing the low-pressure diode a general V«X 
characteristic is defined for this range as shown in Figure 3.7,

As is shown in Figure 3.8^ the 9dip0 became more pronounced 

as the temperature was increased. In region A-B the degree of ioni

zation was such that any negative space charge was effectively neu

tralised. The rapid rise in current began at about 22,5 volts and due 

to the negative incremental resistance continued back to slightly less 

than 20 volts, In Figure 3.9 the diode made a transition out of the 

anode glow at 25 volts and due to ionization of the ambient gas main

tained itself at 22,5 volts. In Figures 3.8 and-3.9 the incremental 
resistance of region A-B is not the same. This is due to the fact 

that the ambient gas pressure was not the same in the two cases and 

hence the degree to which the positive ions affected the curves was 

different. It is believed that the temperature-limited current may 

have occurred at point B as seen in Figure 3.9. Figure 3,10 illus
trates the V-I characteristic for a cathode temperature of' 2000oG»

In Table II a comparison between the experimental measurement of the 

current at point B and the calculated.temperature-limited current is 

given. More error than is apparent occurs in the calculated current 

values due to inaccuracies in cathode temperature measurements.

Figure 3.11 illustrates Icalc, vs• leap. While there is some disagree

ment 5 for the most part the results indicate with good probability that
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point B does occur at the temperature limited current.

Theoretical and Experimental Values of 
Temperature^Limited Current

Table II

T°K ^calc.C™8) lexp.(ma)

2673 2 0 . 0 25.2

2093. 29.8 31,0

2133 47.6 47.0

2143 52.6 56.0 •

2153 53.0 57.0

It is postulated that as the diode voltage - -was increased the 
metastable atoms or electrons striking the anody© began to cause a 

reverse current and hence the decrease in diode current. The diode 

current increased at point C due to: (1) metastable atom bombardment, 
or (2) ion bombardment of the cathode. Secondary processes in the 

vicinity of the cathode at point C may have become the predominant 

process and hence the diode, current rose.and continued to do so until 

the emission^limited current was reached at point D, If the metastable 

atoms caused the secondary emission at the cathode, it is necessary to



postulate that for diode voltages in the vicinity of B the metastable 

atoms are formed closer to the cathode and hence cathode secondary 

processes became predominant. This explanation is made more plausible 

by considering Figures 3.12 and 3.13. In Figure 3.12 it is apparent 

that the electrons do not have sufficient energy to cause ionization 

until they are in the vicinity of the anode; hence, the anode glow*

In Figure 3.13 it is seen that the electrons have sufficient energy 

in the vicinity of the cathode to cause ionization. In actuality the 

electrons do gain some energy in traversing the rest of the tube in 

the temperature-limited mode since there is a slight potential rise 

from point S to the anode.

was due to secondary cathode emission from ion bombardment of the 

cathode. Equations 3.1 and 3.2 predict the temperature-limited current 

and the emission-limited current (due to ion bombardment) from the 

cathode.

It is also possible that the rise from point C ('dip1 minimum)

Eq. 3.1

See.
Eq. 3.2

The symbols in Eq. 3,1 are:

T is the temperature of the filament in °K

0 is the work function of the cathode in volts



The symbols in Eq. 3.2 are:

n is the density of the gas in atoms/or*

V  is the electron yield/incident ion 

^  is the degree of ionization of the gas 

T is the temperature of the gas in °K 

M is the mass of the helium atom in Kg 

The following parameters are used to give representative 

values to the two currents: 

pel mm of Hg

Tgas=373»K 

Tfilf 2000°C
4.52 volts 

Afii — 3800 amps. deg  ̂ ,m"̂

The results using the above values are:

s’.uŷ nid'vMa.

There appears to be no data available on V  for low ion energy, 

as exists in the present experiment, and as a result no definite comment 

can be made concerning the current from the cathode due to ion bombard

ment. Since this system is not in equilibrium, the Saha equation cannot 

be used to predict the degree of ionization of the gas since the Saha 

equation applies only to equilibrium situations. Equilibrium does not
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exist because of the effect of the applied electric field on the 

electrons and ions. Probe or microwave diagnostic techniques would 

be. necessary to determine ,

As the cathode temperature was decreased the maximum diode 

current (emission-limited) became smaller, as did the temperature- 

limited current„ The result was that the maximum degree of ioniza

tion also became smaller and hence the number of metastable atoms 

and positive ions decreased. Eventually the temperature-limited and 

emission-limited currents coincided, as is illustrated in Figures 3,14a, 

b, and c.
As the cathode temperature was decreased the diode current 

became smaller and fewer excited atomic states and ions were formed 

with the result that the °dip8 decreased in size and eventually dis
appeared, This variation is shown in Figure 3.15,

The variation of the ¥-1 characteristic with ambient gas pressure 

for the low-pressure diode is illustrated in Figures 3.16a-n,

At pressures near 1 mm the 8dip9 was practically unobservable.

After point A the current rose and at B entered the temperature-limited

mode. For this pressure the 6dip9 occurred almost immediately after 

point Bo Cathode secondary emission appeared to begin as low as 21 

volts at 1 ram and as high as 25 volts at 0,08 mm of Eg. As the pressure

was decreased the minimum point of the 9dip9 approached the temperature-

limited current, since at lower pressures there were fewer metastable 

atoms and ions to cause cathode secondary electrons. There also were 

fewer positive ions with which the anode secondary electrons could



recombine fco cause a reverse current» Another reason for the dis
appearance of the. temperature-limited region as the pressure was de
creased is that at the higher pressures (about 0*5 mm) the point B 
occurred at about 20 to 22 volts. At 20 volts the ion density in the 

vicinity of the cathode was negligible so that the temperature-limited 

mode was seen. As the pressure was decreased the region A-B began to 

change from a negative slope to a positive slope and hence B occurred 
at a higher voltage than in the previous case. The reason for this 

shift in the slope was the predominance of negative space charge as 

the pressure was decreased. The result of this shift in the slope of 
region A-B was that although B was at the temperature-limited current, 
the current and voltage were both sufficient to cause cathode secondary 

emission due to metastables and/or positive ion bombardment. Hence, 

the temperature limited mode was not seen.

Medium Pressure

/ Figure 3.17 illustrates the general appearance of the V-l 

characteristic used in this discussion.

Since the ball-of-fire was not observable in the interelectrode 
spacing for the directly-heated uncoated cathode, this mode will be re

ferred to as the low-voltage.arc, In the medium pressure range point A 

occurred at approximately 25 volts. At A the gas became ionised and any 
further increase in current took place in region B-C which was the low- 
voltage arc. The low-voltage arc maintained itself at almost constant 

voltage (the first excitation potential of the gas). At C ionization was 
strong enough that the arc could be maintained at a lower voltage.



Figures 3«18a~i illustrate the medium pressure V-I characteristic 

and its variation with ambient gas pressure and cathode temperature» It 

is apparent from Figure 3 618a that the curve is not exactly that of Figure 
3o17e As the pressure was decreased the diode made the transition from 

point A at lower current and voltage<, This variation with pressure of 

the breakdown voltage is shown in Figure 3,19, The slope of region B-G 

is shown in Figure 3,20 as a function of pressure.

Figure 3,18a illustrates the V-I characteristic for a pressure 

of 1 ,6 mm and indicates clearly the notch at 70 ma that is at the posi

tion of the 9dip9 discussed in the last section. As the pressure was 

increased the notch disappeared. The top portion of region A-B in 
Figure 3*7 moved to a higher voltage than C as indicated in Figure 3,18c 
and progressively occurred at higher voltages as shown in each of the 

photographs 3,18d-i. The mode B^C in the medium pressure range had at 

most a slight negative incremental resistance. For this particular 

diode the low-voltage arc, region B-C, occurred at approximately 24 volts 
and the Larigmuir mode, region D-E, began at about 23 volts,

As the pressure of the diode was increased, breakdown and mainten

ance of the arc occurred at higher voltages. Hence, as the pressure was 

increased region B-G shifted to the right and since point B. now occurred 

at a higher voltage, cathode secondary effects appeared to become pre

dominant and the temperature-limited mode was not seen, . It is possible 

that the *dip*'still'occurred, and that this in conjunction with the 
electronic circuitry, caused the oscillations sometimes observed at 

point D. This is shown in Figure 3,21 and is also apparent in



Figure 3.22a and b. At 9.8 mm the °dip9 occurred at 22e5, volts and at 

6 mm the 8dip0 occurred at 27,5 volts. As before, at the minimum 

point of the 9dip° cathode secondary emission is postulated to become 

predominant and hence the current began to rise. As the current rose, 

ionisation became more intense and soon the diode dropped rapidly back 
to a lower voltage than that of the arc. At this point the degree of. 
ionization was sufficient to cause substantial bombardment of the 
cathode, which produced a rise in the current until the emission-limit

ed current was reached, As before, secondary processes at the anode 

and cathode appeared to play an important part in producing the edip° 
and the emission-limited mode. Increasing the cathode temperature 

caused oscillations to become more predominant. At temperatures near 

1900°C the oscillation became very pronounced. As the temperature was 

increased for the low-pressure diode the 9dipe became deeper. It is 

believed a similar situation 'exists for the medium-pressure diode. It 

appeared that whenever the load line intersected three points of the V-I 
characteristic oscillations occurred. As the temperature increased the 

°dip9 became deeper. Therefore, the load line intersected three points 
over a wider range of current values, and oscillations become more appar
ent. This effect will be discussed later,

High-Pressure

Figure 3.23 illustrates a simplified V-I characteristic for the 
high-pressure diode. Figures 3»24as’j illustrate the transition from the 

medium to high pressure range and the variation of the characteristic in 

the high pressure range with cathode temperature and ambient gas



pressure„ At 9 a6 mm the anode"glow made a transition to region C-B at 

approximately 24 volts as shown in Figure 3,17, The location of the 

transition point increased in voltage as the pressure was increased 

until at 100 mm the translation occurred at about 48 volts. This 

increase in breakdown potential with increasing pressure occurred 

because at higher pressures the electron^ could not gain enough energy 

in a mean free path, for low voltages, to ionise the gas even by cumu

lative processes. In Figure 3,24d a second region of interest becomes 

apparent at 40 volts. As the pressure was increased, this region moved 

through a range of values finally reaching a value of 50 volts at 1 0 0 mm. 

This may have been due to cumulative processes causing the second elec

tron of helium to be removed and hence causing increased ionization of 

the gas, This seems reasonable since the second ionization potential 

of helium occurs at 54,0 volts. Because the current continued to rise 

in region B-E, the effects of the postulated cathode secondary processes 

as well as the probable Schottky effect became more' apparent, Figure 

3,25 illustrates the variation of breakdown potential with pressure.

The variation of the breakdown voltage of mode C-E also appears on this 

figure.

It must be emphasized that cumulative processes at low pressures 

most likely imply the occurrence of metastable atoms. The collision 

frequency at 1 mm of Eg. is of the'order of 10^ collisions/sec. An

excited .atom remains above the ground- state approximately 1 0" seconds
-3 . . *as compared with about 10 seconds, for a metastable atom. Therefore,

it seems reasonable that metastable atoms would play an important role
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in cumulative ionization processes»

3.2 Variation of V«I Characteristic as a Function of the 
Load Line and a Discussion of Observed Oscillations

In general, any oscillations that occurred covered a larger 

portion of the curve as the ambient gas pressure was decreased/ They 

also covered a larger portion of the curve as the cathode temperature

was increased. A complete study was not made in the present experiment,

and therefore the discussion is somewhat limited„ The frequency of the

observed oscillations varied from 1 Kc to 600 Kc. An example of the

observed oscillations is shown in Figure 3.26.

The load line was observed to affect the V-I characteristic in 

two ways:

1. If the load line was too steep (low resistance), the 

diode was unable to exist at certain currents and

voltages. This exclusion of certain parts of the

characteristic occurred when the curve doubled back.

This behavior is shown pictorially in the simplified 

characteristic of Figure 3.27® At point A the diode 

followed the load line (as it must) and moved to 

point B, thus it missed a portion of the character

istic. At point C the diode again missed a portion of 

the curve for the same reason. The result was that 

an incomplete V-I characteristic was obtained. Actual

curves illustrating this 'behavior are shown in Figures 

3.28a, and c.
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2o If the load line was'too flat (large resistance)^ 
the diode, in general, exhibited oscillations»
These occupied a larger portion of the characteristic 

as the load line became,flatter» This is illustrated 
in Figures 3,29 a, b, and c and in Figures 3,30a, b, 
and c.

It was observed that oscillations only occurred in the low- 
pressure, medium-pressure, and lower pressure of the high-pressure 

ranges. The oscillations occurred only where there appeared to be an 

overlapping of portions of the characteristic as illustrated in Figure 

3.31, or. where the load line intersected the characteristic in three 
points, such as at a 9dip® as shown in Figure 3.32. As the temperature 

increased the ®dip® became deeper. This also occurred over a small 

range as the pressure was decreased. Hence, the load line intersected 

the curve in three points over a wider range of current and voltage.

The variation of the V-I curve as a function of temperature is shown in 

Figures 3,33a, b, and c.
It is apparent that oscillations -occurred, from an experimental 

point of view, along those sections of the V-I curve that exhibited a 
negative incremental resistance. This probably took place because it 

was along these sections that an overlapping or ®dip® occurred.

Figure 3.34a, b, and c illustrate the appearance of the oscillations 

and the characteristic from which they came.
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3 o 3 Visual Observations of the Modes of Discharge

An oxide coated filament was used to make visual observations 

of the modes, Any glow that occurred had the rosy color which is 

characteristic of helium. The characteristic shown in Figure 3.35 

occurred at approximately 5 mm of Hg and a cathode temperature of 

approximately ,2050°G Upon decreasing the temperature the glow was 

observed to pervade the whole tube. If the pressure was increased the 

appearance was as shown in Figure 3.36. If the pressure was increased 

still further the phenomenon took on the appearance of that shown in 

Figure 3.37. Here the glow was almost * spherical in shape. Under cer

tain undetermined conditions one could observe what appeared to be 

striations along the inside surface of the anode. This occurrence is 

believed to be the ball-of-fire oscillating with respect to position.
This phenomenon is shown <n Figure 3.38. The V-X curve during the above 
observations is shown in Figure 3.39. The V-X curve changed only slight
ly as the parameters were varied in the experiment. When the arc was 

first struck the ball-of-fire appeared and, as the diode current was 
increased, shifted to an apparently more stable position. As the diode 

current was increased in the region B-C, the phenomenon in the inter- 

electrode spacing successively took the appearance of Figures 3.40a, b, 
and c. As more diode current was drawn, the ball became more clearly 
defined.

In general, the visual observations of the present experiment
122agreed with those of Johnson, Halter, and Webster.
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The discussion in this chapter has avoided using a space charge 

theory explicitly to explain the characteristic. The above variation of 

the shape of the ball-of-fire with cathode temperature and ambient gas 
pressure indicates that space charge phenomena may play an important 
role in such discharges.



CHAPTER FOUR

CONCLUSIONS

To the present time there has been very little, work published 

concerning low pressure or high pressure hot-cathode discharges in 

helium. There has been a considerable amount of work published con

cerning the medium pressure hot-cathode discharge» The results for 

the medium-pressure discharge were in general confirmed, The follow

ing conclusions are drawn from the results of the present experiment;

1 * Hot-cathode discharges do not appear to be as 

unreproducible as indicated in the literature.
Although some error is introduced in reproducing 

the temperature of the filament and exact anode and 
cathode conditions, close reproduction is possible,

2 , in the past the occurrence of oscillations in the 

■ discharge was a source of discouragement to workers 

in this field,; In the present experiment it has 
been shown that these oscillations are in many cases 

caused by the choice of load line. If either of the 

following takes place it is probable that oscillations 

will occur in the discharge for a certain load line;
a) the 9dip° discussed in Chapter III;

b) apparent overlapping of portions of the V-I curve.

32



By the proper choice of load line one can in general 

obtain a clear characteristic. In some cases however 

the oscillations seem to be inherent in the-mode of 

discharge.

The 0dip° discussed in Chapter III can be in part 
explained by one or more of the following:

a) the effect of secondary emission at the anode 

caused by primary electrons and metastable atom 
bombardment;

b) the effect of secondary electrons released at 

the cathode caused by impinging.metastable atoms 

and positive ions;

c) the effect of space charge phenomena and the 

adjustment of space charge fields- to suit 

boundary conditions in the diode*

The second mode of the high pressure diode occurs at a 

diode voltage less than but near the second ■ionisation 

potential of helium. It is possible that cumulative 
processes cause the second electron of helium to be 

removed *

Visual phenomena observed in the interelectrode region

of the diode were similar to those observed by Johnson,
122Malter, and Webster for the medium pressure diode* 

The -following should be investigated:

a) dependence of the V~T characteristic on the
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interelectrode spacing;

b) dependence of the V-I characteristic on whether 
the cathode is directly or indirectly heated;

c) dependence of the V-I characteristic on the type 
of anode and cathode material used;

d) dependence of the V-I characteristic on type of 
anode-cathode geometry used;

e) dependence of the V-I characteristic on the type 
of gas or gas mixture used;

f) effect of gaseous impurities on the hot-cathode
discharge i.e. - effect on the V-I characteristic

g) the characteristic of hot-cathode discharges at 
pressures greater than 100 mm;

h) the characteristic of all modes in all pressure
and temperature ranges using probe and optical
techniques to determine;

i) electron and ion densities as a function 

of position; 
ii) electron and ion energies as a function 

of position;
iii) the properties of the ionization, recombina 

tion, and electron attachment phenomena in 
the discharge.
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APPENDIX A
SPACE CHARGE LIMITED CURRENT IN VACUUM AND 

GAS-FILLED THERMIONIC DIODES

One may consider two basic cases of space charge limited

current emission in a thermionic diode:
-  61. The vacuum diode which is evacuated below 10 mm

of Hg;

2. The gas-filled diode in which the assumption is made

that the electron mobility in the ambient gas is constant

(this is only true over a limited range of E/p).

The parallel-plane diode is considered due to the simplification in 

the mathematics. The case of the cylindrical diode geometry is con

siderably more complicated mathematically although the same dependence 

of j vs. V occurs.

Case I:

It is assumed that in the vacuum case the emitted electrons 

leave the cathode with zero initial velocity. Equations A-l-3 adequately 

describe the situation.

<) v- ^
A-1

A-2

A-3

A-1



A-2
V * potential

f  a electron charge density 

v ■ electron velocity 

e ■ electronic charge 

m * electron mass 

£0«» permittivity of free space

Equation A-3 becomes upon rearranging,

The current density is given by,

where n is the particle concentration at some point x. The charge 

density is therefore.

Now Eq. A-6 is substituted into Eq. A-l to give,

A-4

A-5

A-6

A-7

Upon multiplying each side of Eq. A-7 by 2 ^  and integrating.

A-8



A-3

Now the boundary condition that —  = 0 at x=0 is applied to give,dx

A- 9f ,  -

Upon integrating Eq. A-9 and application of boundary conditions, 

one finds,
d = interelectrode spacing

A-10a

1 ?V A-10b
i A- 10c
n oC X'* A-lOd

Case Ila:

Generally, in a gas, it is incorrect to assume a linear relation

ship Vs K E  at some pressure p. This relationship is, however, often 

applied in gas discharges and is valid under limited circumstances.

Below in Table A-l are the approximate limits of validity for assuming 

a constant electron mobility.



Table A-l

Range of Validity for Assuming Constant Mobility

Gas Range of E/p for Assuming Constant Mobility

He Hum 3;5 < E/p < 4.5 voIt/cm/mm of Hg

Neon 0.8 < E/p < 1!4 volt/cm/mm of Hg

Argon 2.5 < E/p < 4.3 volt/cm/mm of Hg

The equations to be used are:

K =» electron mobility



A-5

substituting Eq. A-14 into Eq. A-11

A-15

SO

2 JV 4^  % L L  
3 7  A-16

or
a t =  i W * A-17

Using the previously assumed boundary conditions and integrating Eq. A-17,
A-

or
A-18

A-19

<<v-

* AV X A-2 Ob

I ^  V ̂ A-20c
Vi o<- X ^ A-20d

A-20a

Case lib:

The second most widely used assumption for the dependence of 

the drift velocity on the applied electric field is VlT C  ^

where c is a constant. This dependence can be shown theoretically to 

come from assuming a Druyvesteyn distribution in energy for the electrons 

in the interelectrode spacing. However, this distribution is true only 

under the following conditions:



A-6
1. The neutral gas particles and positive ions must be

at rest (approximately), i.e. - the average electron

energy is greater than the thermal energy imparted 

to the gas molecules;

2. Only electron-gas molecule collisions arc important;

3. All collisions are elastic;

4. Constant momentum transfer cross section;

5. Spatially constant E field, i.e. - E is not a function

of the co-ordinates.

Condition 1 is reasonable over lower values of E/p in general. Condition 

2 is reasonable especially in the anode glow mode since for the most part 

only thermionica1ly emitted electrons and neutral gas molecules exist in 

the interelectrode spacing. Condition 3 is reasonably valid since the 

degree of ionization for the anode glow mode is almost negligible. Con

dition 4 presents difficulties since it is true only for a relatively 

small range of E/p in helium. The cross section is relatively constant 

over an electron energy of 1 to 2.25 ev. This range corresponds to an 

E/p of approximately 2 volts/cm/mm of Hg. So for this value of E/p one

finds
A-21

A-2 2

v A-2 3

A-24

n oc T 3 A-2 5



A-7
The results are summarized in Table A-2 for the three cases 

considered.

Table A-2

Summary of Results for Space Charge 
Limited Current

Case V vC j < not

I V 1 X"^

H a X - "
lib x^f
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EQUIPMENT LISTING'

■1  ̂ '̂ .

Pressure G a u g e 5 x 10 > to 1 0 mm of Hg, Veeco Gold
Cathode Discharge 'Gaugej, Cato No „ D.G-2-10^ Veeco Discharge

Tube, Cat,: No, DG-2-11.

Pressure Gauge, 0.1 mm of Hg to atmos,, Veeco, Cat* No * SP~1,

Veeco Thermocouple Gauge Tube, Cat. No* DV-4AM.

Pressure Gauge, 0-100.mm of Hg^ Wallace and Tiernan Absolute

Pressure Gauge, FA-160120* . - t;

Diffusion Pump, 851,/sec.., air cooled, - Veeco EP2-AB*

Mechanical Pump, Welch Duo-Seal Vacuum', Pump, Model No * 1402 „

Optical Pyrometer, 700°C to 3200°C, ^Pyro^ Micro-Optical Pyrometer

Oscilloscope, high persistence screen, Hewlett Packard, Model 130B

Filament Supply, 0-25 amp*, 0-50 volt, Electro Universal Filter
"  ■: * . 1 : :

D„ C. Power Supplyj, Model NF.

Amplifier, 80 watts, Knight, Model Ho„ 93SZ695.

Diode Plate Supply, 0-500 volts, 0-200 ma, Heathkit Regulated

. Voltage:Supply, Model PS-3, i
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V: V,
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— > V

L - Temperature-limited mode 
M - Langrauir mode 
N - Ball-of-fire mode 
P - Anode-glow mode

Fig. 1.1 V-I Characteristic of a Gas-Filled Diode.

Fig. 1.2 Appearance of the Fig. 1.3 Appearance of the Ball-
Anode-Glow Mode. of-Fire Mode.12*2"
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Fig. 1.

Fig. 1

a. node.

4 Cylindrical Diode 
Geometry.

Fig. 1.5 Plate-Anode Diode 
Geometry.
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6 Cut-Away View of the Fig. 1.7 V-I Characteristic of
Indirectly-Heated Cathode . a Vacuum Diode •
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V
Fig. 1.8 V-I Characteristic of Fig. 1.9 V-I Characteristic of

Low Pressure Diode. Medium Pressure Diode.

Jar

Fig. 2.1 Schematic Drawing of the Vacuum System.
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Fig. 2.2 Line Drawing for Illustrating Vacuum Procedure .
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Fig. 2.3 Diode Supporting Structure.
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10 ma/div. 
... = 1845°c 

p - 8 X 10 -3 
of 

5 v/div. 
10 m 1/div . 
T-= 1145°' 

-3 
P = 6 x 10 nnn of Hg 
5 v/div. 
10 ma/div. 
T ::: 1845°C 

- 3 P = 3 x 10 mm of Hg 
5 v/div. 
10 ma /div. 
T -= 1845°C 
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Fig. .3. H (Cone lu ed) 

P = 10- 3 mm of Bg 
5 v/div. 
10 mc'l/div. 
T = 1847°C 

-4 
P = 8 x 10 mm of lg 
5 v/div. 
10 ma/div. 
T ::a 1847°C 

------F 

Fig. 3.17 General V-I Characteristic for the Medium
Pressure Diode . 
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P ::: 1.6 mm 
5 v/div . 
20 ma/div. 
T = 2093°C 

P = 2.8 mm 
5 v/div. 
5 ma/div. 
T = 185o0 c 

P = 3. 7 mm 
5 v/div. 
5 ma/div. 
T = 1852°C 

P = 4 mm 
5 v/div . 
2 ma/div . 
T = 1810°C 

P = 6.8 rnm 
5 v/div. 
5 ma/div. 
T = 1820°C 

Fig. 3.18 V-1 Characteristic for the Medium-Pressure Diode. 

C-17 



I 

I 

I 

I 

v 
(f) 

v 
(g) 

v 
(h) 

v 
(i) 

p .t: 6.8 DID 

5 v/div. 
5 ma/div. 
T = 1856°C 

p = 8.4 1IID 

10 v/div. 
5 ma/div. 
T = 1847°C 

P = 9. R mm 
10 v/div. 
5 ma/div . 
T -= 1847°C 

p = 10 D1l 

10 v/div . 
5 ma/div. 
T = 1847°C 

F "g o 3.18 (Concluded) 
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Fig. 3.19 Variation of Breakdown Potential With 
Pressure in the Medium Pressure Diode

to

Pressure (mm of Hg)
Fig. 3.20 Variation with Pressure of the Slope of the

V-I Characteristic in the Low-Voltage Arc Mode.
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P = 6 mm of Hg 
10 v/div. 
5 ma/div. 
1950° C 

Fig. 3. 21 V-I Characterist i c for t he Medium- Pr essure Di ode. 
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(a) P = 9. 8 mm o f Hg 
10 v/d iv . 
S ma/d i v. 
T = 1938 ° C 
R = 3. 1 k.o..... 

(b) P :::: 9 • 8 mm o f llg 
10 v/div . 
5 ma/div. 
T = I938°c 
R = 1. 1 k..n._ 

Fi g . 3. 22 V-I Characteristic f or the ~1edium-Pressure iode. 
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Fig. 3.23 General V-I Characteristic for the High-Pressure Diode.



;., <::.Ill'!'< 

I r 
F 
~ 
~li->"....:. 

-

I 

I 1 

,-

L ,.,.,. 

r 
1\ 
\ 
j , 

v 
( ) 

v 
c) 

_F) r--

/ --
-:--

............. 
- -
-b-

... r 

P = 9. 5 ram. of 
10 v/div. 
10 ma/div. I 
T = 1990°C 

p == 19.7 of 
- 10 v/div. 
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P ::: 14 mm of Hg 
10 v/div. 
5 ma/div. 
T - 197QOC 

P = 25 of Hg 
20 v/div . 
5 ma/div. 
T -= 18QQOC 

Fig. 3.24 V- I Characteristic for the li gh-Pressure Diode. 
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Fig. 3.24 (Concluded) 

(e) P ::: 50.4 mm of 
20 v/div . 
5 ma/div. 
T = 1820°C 

(f) P = 59.6 mm of 
20 v/div . 
5 ma/div . 
T = 1790°C 

(g) p = 70 tmn of Hg 
20 v/div. 
5 ma/div. 
T = 1810°C 

Hg 

Hg 

(h) P = 80.4 mm of g 
20 v/div. 
5 ma/div. 
T = 1790°C 

(i) p = 94.4 of lg 
20 v/iiv. 
5 ma/Jiv. 
T = 1790°C 

(j) P = 100 mm of Hg 
20 v/div 
5 ma/div. 
T .:. 1800°C 
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Fig. 3.25 Variati n of 
High• re.,. u r 
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l,c> ?c to 

t ime 
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0 ~b r~l.l f<d ~.......,, } ~ ~?1" ~£. 

0 ,_, ~0 • ~e. c. - ~ ~ f-

j ; r-
<fo .,~ no l6o 1~0 l -40 1..\"'0 lbO t-

ott 1 i a l t~it 1 rest>ure in the 

P = 18 r.nn of Hg 
T = 22oooc 
0.1 msec /div. 

P = 18 nnn of Hg 
T - 22oooc 
0.1 msec/div. 

Fig. 3.26 Oscill a tjons Occurring in Hot-Cathode Discharge. 
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Fi . 3 . 27 Simplif i ed V- I Characte ris t ic of a Diode . 
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(a) P -= 5 • 5 tmn of lg 
5 v / div . 
2 ma/div . 
R = 5.1 k ll-

(b ) P : 5. 5 mm of Hg 
5 v / div . 
2 ma /div. 
R = 2.1 k ,.n... 

(c) P == 5. 5 mm o f g 
5 v/div. 
2 ma/div . 
R = 0.6 k ..tl-

Fig . 3 .28 Va r iation of V- I Char acteri stic wi th the 
oa Line . 
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( ) P ~ 6.8 mm of Hg 
5 v/di v . 
5 ma/div . 
R = 5.1 k.n... 

(b) P = 6 .8 mm of 
5 v/div. 
5 ma/div . 
R = 3.1 k.,r..... 

(c) P ; 6 . 8 mm of Hg 
5 v/div . 
5 ma/div. 
R = 1 .. 6 k..n...., 

Fig. 3.29 Variation of V-I Characteristic with the Load Line . 
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( a) P ::: 5 of Hg 
5 v/div. 
5 ma/div. 
R - 5. 1 k..ft-

( b) P = 5 mm of Jig 
5 v/Jiv. 
5 ma/div. 
R = 2.1 1<:...a-

(c) p = 5 r:'l1l c f Hg 
5 v/div . 
5 ma/div. 
n. = 0.6 l< Jl.. 

Fig. 3.30 Variat ion of V-I Characteristic ith 
the Load L.ne. 
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P ~ 14 mm of Hg 
10 v/div. 
5 ma/div. 

R ~ 3.4 k..O... 

Fig. 3.3 V-I Characteristic at a Pr~ssure of 14 mm of g. 

v 

P = 6 tmn of Hg 
10 v/div. 
5 ma/div. 

R = 1 k.a... 

Fig. 3.32 V-I Characteristic at a Pressure of 6 mm of Hg. 
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(a) P = 0. 8 of I g 

(b) 

(c) 

5 v/div. 
10 ma/div. 
2058°C 

P = 0.3 mm 
5 v/div. 
10 ma/div 
2050°C 

P =: 0.8 DB 
5 v/div. 
10 ma/div. 
2046°C 

of Pg 

of llg 

Fig. 3.33 Variation of the V•I Characteristic with Cathode 
Temperature. 
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(o) 0.1 maec/div. 
0.5 ma/div.

(b) P a 20 nrnn of Hg 
T a 2300°C 
20 v/div.
5 ma/div.

(c) 0.1 msec/div. 
0.5 ma/div.

Fig. 3.34 Appearance of Oscillations on V-l Characteristic.



Fig. 3.

Fig. 3.

35 Visual Observation of Hot-Cathode Discharge 
at 5 mm of Hg.

36 Visual Observation of Hot-Cathode Discharge 
at 5.4 mm of Hg



C-32

Fig. 3.37 Visual Observation of Hot-Cathode Discharge 
at 5.8 ran of Hg

o-o

Fig. 3.38 Visual Observation of Oscillating Ball-of- 
Fire at Approximately 5.5 ram of Hg

Fig. 3.39 V-I Characteristic at Approximately 5 ran of Hg
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Fig. 3.40 Visual Observation of the Hot-Cathode Discharge.


