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EXTENSION OF THE EXPERIMENTAL FIELD-CURRENT LAW
TO REGIONS OF HIGH FIELDS AND LARGE CURRENTS

INTRODUCTION

Electron emission from metals may be classified into four
types: 1. Thermal emission, 2. Photoelectric emission, 3.
Secondary emission, 4. Tield emission.

The laws governing the first two types are fairly well es-
tablished. However the latter two are not so well understood.
This thesis deals specifically with the fourth type.

' Field emission occurs where the electric field at the surface
of the metal is in such a direction as to accelerate electrons
away from the metal, its magnitude, computed geometrically, being
about a million volts per centimeter.

In order to appreciate the theoretical laws governing field
enission, it is necessary to consider briefly the existing kmow-
ledge concerning the structure of metals. Metals are considered
to be crystalline structures consisting of orderly three dimen-
sional spacial arrays of atoms or ions. These ions are located
so close together that their valence electrons are either completely
disassociated from the atoms, or at best only very loosely bound to
them., Thus the valence electrons are free within the metal and
nove about between the ions which are fixed.

Each atom may yield one, two, or sometimes three valence
electrons, which thus become the free electrons of the metal.,

3

Usually about 1022 electrons per cm” are free to move. These so
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called conducfion electrons coﬁstitute what is frequently referred
to as an electron gas; their motion may constitute an electric cur-
rent.

Because of the existence of ions within the metal, the early
concept thet the interior of a metal has a uniform potential must
be discarded in favor of a more complicated distribution.

The attractive force between a nucleus of atomic number Z, and

an electron, is given by Coulomb'!s law:
o JfgLZ
&
where f is the attractive force,
Qe the electronic charge,
r the distance between the nucleus and the electron, and
€ the permittivity of free space. (5, p. 64-75).
The potential energy of the electron is expressed by the equation
w= _2Q2
&r
where the potential energy of the electron is assumed to be zero
at infinity. Thus for a single atom, the potential energy and
fields of force would appear as in Fig. 1. A curve of Was a
function of r is shown for two closely spaced atoms in Fig. 2.
Figures 1, 2, and 3 are from (5, p. 65-65),

A two dimensional picture of the potential energy distribution

inside and at the surface of a metal consigting of many closely




spaced ions can be constructed as in Fig. 3 (15, p. 118), (5, p. 65).
The potential energy curve consists of a series of humps similar to
the single hump of Fig. 2. Because of the absence of further nuclei
beyond the surface of the metal, the potential energy approaches

zero for increasing values of r. An electron with energy corres-
ponding to that of point A at the level a~b of Fig. 3, is free to
move back and forth but encounters potential energy barriers at (a)
and (b) end thus cannot escape. Such an electron is tightly bound

to the nucleus and cannot contribute to the conductivity of the
metal. A free, or conduction electron, corresponding to the point

B of Fig. 3 is free to move about within the confines of the metal,
but upon nearing & boundary of the metal will encounter a potential
energy barrier which it cannot surmount unless it receives additional
energy. This barrier is kmown as the surface barrier. Since the
bound electrons have very little chance to escape from the metal,
consideration will be given to the so-called "free" electrons.

Fermi (7, p. 902-912) and Dirac (3, p. 661-677) in independent
investigations deduced an energy density function which adequately
describes the state of the free electrons in the metal at all times.
Figure 4 is a plot of this distribution function for tungsten at
0°%. The number of electrons per unit volume of metal having any
particular energy W is represented by O, and the maximum energy that
any electron in the metal can have at O°K, byyuf. It is observed
that even at absolute zero, electrons may have energies ranging from

Zero up tq/A., the greatest number of electrons having energies near

Mo
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r— Position of nucleus

Fig. 1 TForce and potential energy for an electron
in the vicinity of an isolated nucleus.

N

Fig. 2 Potential energy of an electron along a
line through two ad jacent atoms.

= Zero of potential
energy at infinity

b=

ig. 3 Potential energy of an electron along a line
through a row of atoms in & metal,




In order to escape from the surface of the metal, an electron
may, as in the case of thermal, photoelectric, or secondary emission,
acquire in some manner sufficient energy to surmount the potential
energy barrier, or it may penetrate a "thinned barrier" as in field
emission, The miﬁimum amount of energy that must be imparted to an
electron at absolute zero in order to permit it to surmount the
barrier and escape from the metal, is known as the work function of
the metal, and is designated by ¢ in Fig. 5.

The barriers, as represented in Figs. 3 and 5, -are infinitely
thick., However, it is possible to make the barrier finite in thick-
ness and in some cases relatively thin, and to simulteneously reduce
the barrier height, by creating an accelerating electric field at
the surface of the metal.

Figure 6 compares the surface barrier of the metal for a con-
dition of no external field with that for an accelerating electric
field.

When an electron in a metal impinges on 2 surface potential
barrier with a velocity normal to the surface, wave mechanics pre-
dicts that a probability exists that the electron will emerge from
the metal without change of energy. This process is called "tunnel-
ling" and its probability of occurrence depends upon the energy of
the electron associated with its motion normal to the barrier, and
upon the barrier's height, thickness and general shape. It is pos-
sible to obtain a barrier transmission coefficient and, by summing

over the various electron energies, to obtain a theoretical relation-

ship for emitted current density, J, in terms of applied electric
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field F and other paramaters. Fowler and Nordheim (9, p. 173-181)
and Nordheim (17, p. 626-639), following this procedure, obtained

the expression

J = 6.2x10-6 LA ; I'ge-.ﬁl-ﬁ_ﬂf_ﬁ?zb_f(y)
CEyals P

where
J = current density in amperes/cm°.
T = electric field in volts/cm.
¢ - work function in electron volts.

f = 3/14Y1- E(k) - K(x
() __g:g[ o <>]

v :]/E__F 3 k= 2Y1- and
52)2, 14y1-y

K(k) =/ ?1-1@ sin®0) -3 ©

(c]
B(k) :/”(l—k‘“ sine) d e
o

Numerous experiments have been pei‘formed to check the theory
of Fowler and Nordheim, The early work of Milliken and Lauritsen
(11, p. 45-49), Milliken and Eyring (8, p. 52-67), Eyring, MacKeowan
and Millikan (9, p. 900-909) and the Staff of the General Electric
Company of London (10, p. 609-635) 1eft- 1ittle doubt that, at rela-

tively low current densities, the total field current is related to

the geometrically computed applied field by the empirical eguation
I s eroR




where C and b are constents. The theoretical equation of Fowler
and Nordheim reduces to this form at low current densities since
in this region f(y) is nearly unity and the effect of the F° temm
is negligible compared to that of the exponentizl term.

That the electrons in field emission are emitted without change
in energy has been established experimentally by Henderson and
Fleming (16, p. 887-894). This concept is basic to the wave mech-
anical theory of field emission.

The distribution in energy among the emitted field electrons
has been measured by Henderson and Dahlstrom (12, p. 473-481) and
by Dyke (4, p. 39-44) end founé to be in good agreement with the
energy distribution predicted by Fowler and Nordheim. This agree-
ment is further regarded as an experimental confirmation of the
distribution in energy emong the free electrons in metals, as pre-
dicted by Fermi (7, p. 902-912) and Dirac (3, p. 661-677).

Stern, Gossling and Fowler (20, p. 699-723) have made a detailed
experimental study of the theoretical field emission equation. 3By
varying the work function of the emitter they found good agreement
in the dependence of the total emission current upon work function.
They were able, by combining the results of several experimenters
with theory, to arrive at values for the current density J and area
A for the various emitters used. They have reported areas between
8:!:10':'8 and 1.2x10'10 cn® and current densities between 1z102 and

2.1x107 amps/cmz and have concluded that the effects of space charge

are negligible except, perhaps, in one or two cases where unusually
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large current densities were observed.

When the emitting surfaces are pure, the field emission is found
to be independent of temperature up to temperatures approaching ther-
mel emission values (13, p. 59-60), (2, p. 239-240). However vhen
the emitting surfaces are conteminated, & so-called "fugitive temper-
ature" effect exists. This has been reported by Stern, Gossling and
Fowler (20, p. 722-723) and Dyke (4, p. 54-55). Under these condi-
tions a chenge in temperature from 300°C to 700°C mey change the
current reversibly by as much as a factor of 100.

The emitting area, current density and emission pattern from a
point emitter were examined in detail by M%ller, using a tube similar
in principle to an electron microscove, which projected the emission
pattern upon a fluorescent screen with a magnification of 2x105.
Emissions from various crystal faces were found to depend upon the
work functions of each face and were enhanced by spots‘of impurities,
or decreased by adsorbed oxygen. By direct observation, the enitting
areas of the various small spots were found to be as low as 10"ll cn®
with corresponding current densities as high as 106 amperes/cmg.
Iller concludes that when the tungsten point is sharpened by electroQ
lytic etching, the whole point area emits, and thet there are no
rough projections on its surface.

The foregoing experiments, in which continuous voltages were
used, show in nearly every case reasonably good comparison with
theory. With one exception these empirical observations were made

at relatively low current densities.
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The behavior of the field emitter at very high current densi-
ties and electric fields is of unusuel interest in view of the theory
of Fowler end Nordheim. At electric fields approaching 10° volts/cn
the effect of the F° term in the theoreticsl equation becomes signifi-
cant. Thus at these high electric fields one might expect a depart-
ure from linearity of log, J as a function of‘%. This departure is
in the direction of more current for a given voltage. However, Stern,
Gossling and Fowler have éhown from theoretical considerations, that
the space charge due to large emitted current densities may be great
enouzh to appreciably reduce the electric field near the emitter,

This is true for fields approaching 108 volts/cm and results in the
emission of less current at any given voltege than would otherwise be
expecieds

The behavior of the emitter when the electric field reaches the
velue F = 7 x 106 ¢2 is of special interest. Thus for tungsten for
which the work function is 4.5 volts, the field value from the above
expression would be 1.42 x 108 volts, at which, according to the theory
of Fowler and Nordheim, the surface barrier is reduced to a level
corresponding to that of the top electron energy for zero temperaé
tures. Thus it would appear that at fields above this critical
value, the most energetic electrons in the metal have energies greater
than thet of the surface barrier., The transmission coefficient for
these electrons is thus greatly increased. In fact, at fields greater
than 7.0 x 106 ¢2, the theory of Fowler and Nordheim no longer applies
and predictions of the behavior of the field emitter mst be sought

elsevhere,
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The transmission coefficient for an electron whose energy is
greater than that of the surface barrier is shown by Rojansky (19,
p. 218) to rapidly epproach unity as the electron energy reaches 2
value of roughly ten times the barrier value. This is of course a
much larger coefficient than in the case in which the electron energy
is less then that of the barrier. Thus one might expect the emitted
field current to increase markedly as the electric field approaches
W2 o0 i 106 ¢2. In view of the large number of free electrons in
a metal (roughly 1022 per c.c.) the available current night be ex~
pected to be phenomenally large under these conditions.

Several experiments have been performed (1, p. 113-118) (=20,

P. 699-723) in the attempt to test the theory of Fowler and llrdheim
at large current densities and high electric fields, and worthwhile
progress has been made. It is generally difficult, however, to ex-
tract currents of very large densities, using direct current methods,
because of the instability of the field emitter. In spite of the
inability to reach very large current densities some comparison of
the depéndence of the current density upon the exponential term and
the term in Fz in the theory has been made by examining the behavior
of the emitter over a very large current range.

Milliken and Eyring (13, p. 55) examined the behavior of the

11

field emitter over the range of currents extending from 10~ to

6 x 10'4 amperes. Upon re-examination of these data, Stern, Goss-
ling 2nd Fowler (20, p. 700) conclude that they fit the relationship

I = ARRe-YF
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where

I is the total current in amperes,

F the electric field in volts/cm,

A, and b are constants.
This is in agreement with the theory of Fowler and Nordheim, The
maximum current density obtained by Millikan and Eyring is computed
to be 9 x 10° amperes/cn®,

Abbott and Henderson (1, p. 117) extended the range of observed

field currents from 10717 to 10'5 empere and conclude that the func-
tional dependence of the total field current emission upon the field

is best represented by an equation of the form

e CF%"“/F

where the symbols have the meanings already given. They note that
their observations are not necessarily in disagreement with the theory
of Fowler and Nordheim since this theory describes current density J
whereas Abbott and Henderson dealt with total current from 2 rela-
tively large emitting area or areas. The meximum current density
is 8 x 10° amperes/cn®, which is relatively low.

There is one isolated reference in the literature to direct
current field emission in which total currents extending from 10-3'

to 4 x 1072

emperes, with a2 maximum current density as high as 2 x
107 amperes/cmz are reported. This performance is remarkeble indeed
in view of the more usual behavior of the direct-current field

enitter. The area of the emitter was calculated to be 1.2 x 10‘10

which is in reasoneble agreement with those observed by Miller.
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It is the purpose of this thesis to observe the behavior of
field emitters at the highest possible values of electric field and
resulting current density. A comparison between experimental results
and theoretical predictions is mede in order to test the existing
theory and extend it where necessary,

At the higher densities currents are drawm for only a few
millionths of a second, This technique limits the undesirsble
effects of emitter heating and deterioration caused by positive ion
bombardment and by conduction currents through the emitter., It is
thus possible to subject the emitters to electric fields of suffi-
cient megnitude to reduce the metallic surface barrier by an amount
approaching ¢ so that unusuelly large field currents may be obtained,
The effects of space charge and emitter heating are considered, An
electron microscope type of tube is used to study the emission

patterns of pulsed emitters.
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A PULSE METHOD FOR INVESTIGATING FIEID EMISSION

In order to test the theoretical field current law it is
necessary to find valuesaf total current for correspond ing values
of voltage. If pulse methods are employed, the instantaneous
megnitudes of these quantities must be determined during the pulse
time. The cathode ray oscillogreph suggests itself for this pur-
pose, and has been successfully employed in these experiments.

A voltage pulse heving a sew-tooth shape is desirable in order
to obtain data at several different voltages during a single pulse.
A method of obtaining satisfactory pulse shape is to discharge a
capacitor through a fixed resistence. The voltage developed across
the resistance deceys exponentially from the capacitor'!s initial
voltage to zbout 30% of the initial voltage in RC seconds, where R
is the resistance in olms and C the capacitance in farads. Thus the
value of either R or C, or both, may be adjusted to produce the
desired pulse length.

The voltege pulse is reduced by means of a capacitance divider
and recorded on an oscillograph.

The corresponCing pulse of current is passed through a2 "current
pick-up impedance" and the voltage produced across this impedance is
applied directly to the vertical deflection plates, or amplifiers, of
another oscilloscope tube.

The horizontal axis of each oscilloscope tube represents time.

Thus one oscilloscope presents voltage as a function of time and the

other current as a function of time. Since the relationship between
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current and voltege is desired, it is necessary to remove the time
parameter by determining the value of current for = given voltage.
This was done by generating time markers which blank the two oscillo-
scope traces, simulteneously and periodically, for short intervals
during each trace. These time markers caused the traces to appear
as broken lines as in Fig. 25. The oscilloscope tracés are photo-
graphed by two 35 mm, f 2.3. Feirchild Type A Oscilloscope Recording
Cameras equipped with automatic shutters and film advence mechanisms.
The values of current and voltage at corresponding pairs of time
markers were determined from the photographs.

The data were gathered on & "one-shot" basis. The timing se-
quence wes arranged such that closing a telegreph key opened the
camera shutter, started theAtwo oscilloscope sweeps and the time-
narker generator, triggered the high voltage pulse generator, ap-
plied the pulse to the field current tube, closed the shutter, and
advanced the film.

A combined block and schematic diagram of the pulser and its
associlated circuits is shown in Fig. 8. The d-c voltage generator
waes used to charge the 0.25 mf capacitor,'through the 2 megohm re-
sistor, to any desired voltage between zero and sixteen thousand
volts. The 5022 hydrogen thyratron tube acté as a switch that can be
closed so as to discharge the capacitor through the 50 ohm shunting
resistor thus applying the éondenser voltage to tﬁe field current

tube. Figure 24 is a photograph of the apparatus.
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The Time-Marker Circuit

Figure 7 is a block diagram and Fig. 9 is the schematic diagram
of the trigger generator and time-marker‘generator. A one-shot multi-
vibrator is triggered by means of a telegraph key. The multivibrator
executes one complete cycle and returns to its initial quiescent
state. The output wave from the multivibrator turns on two oscilla-
tors, one having a frequency of 1.0 megacycles/ sec, the other 0.1
megacycles/sec. The outputs from the two oscillators are separately
clipped, squared, differentiated after which they are further clipped
so that one sharp positive spike is produced for each cycle of each
oscillator. The 1.0 megacycle oscillator produces voltage spikes at
1 micro-second intervals while the 0.1 megacycle oscillator produces
them at 10 micro-second intervals. These voltage spikes are applied
to the cathodes of the cathode-ray-tubes thus providing intensity
modulation of the trace in the form of blank spots at one and ten‘
micro-second intervals as shown in Fig. 25.

The trailing edge of the multivibrator output pulse also gener-
ates a trigger voltage which starts the oscilloscope sweeps and
triggers the 5C22 thyratron.

In order to produce sharp one micro-second marker pulses stray
capacitance and inductance effects must be minimized. The frequency
content of such a train of voltage spikes should include the 1.0
megacycle/sec fundamental as well as its harmonics up to at least the
15th. All the circuits utilized as s:quare and clip this wave to pro-

duce the micro-second voltage spikes must necessarily pass this band
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of frequencies, This requires high frequency compensation, low
plate loads, low gain per stage of amplification as well as care in
keeping shunt capacities and lead inductances as low as possible.

The Trigger Amplifier and Pulse Generstor

The trigger amplifier and pulse generator are represented
schematically in Fig. 10. These circuits are treated in consider- #
able detail since they introduce rather difficult clippingz problems.
The trigger pulse which is generated by the timing circuit is ampli-
fied by the 6L6 amplifier of Fig. 10. The amplified trigger voltage
is applied to the grid of the 5022 causing this tube to conduct.
During the conduction period the potentials of the cathode and grid
of the tube rise to the pesk pulse voltage which may be as high es
15,000 volts. This repid voltege rise of the grid and cathode gen-
‘erates a pulse which travels in a2 reverse direction through the
trigger amplifier. In order to prevent arc-over in the trigger
amplifier every time the system is fired it was necessary to intro-
duce the 715 B diode clipper tubes of Fig. 10. One 715B prevents
the back voltege from rising above B 4 potential (560 volts), the
other prevents the back voltage from going below ground potential,
Type 715 B tubes, which are capable of supplying peak currents of
10 amperes, were used in order to prevent the charging of the stray
capacitence between the 5022 grid, the 6L6 plate, and ground. These

leads must be short, and of large conduction area and small inductance

since di has a very large velue during the pulse rise time so that
at

the L di voltage will be large unless L is kept sufficiently small,
dt
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The 0.25 mfd. capacitor of the pulse generator is charged
through a resistance of 2.0 megohms. The charging time constant
is 0.5 second. During the discharge time the 2.0 megohm resistor
acts like an open switch effectively preventing recharging of the
capacitor during this period. The 5022 hydrogen thyratron is
caﬁable of withstending and switching 16,000 ﬁolts, and can pass
peak currents up to 325 amperes. The pulse rise time, limited
mainly by the thyratron brealkdown time, is of the order of tenths

of microseconds. TFigure 11 is a photograph of the pulse generator.

Voltage Dividers

The voltage pulse must be reliably recorded on the oscillo-
graph without distortion of any type. Since this voltage is large
it must be accurately divided to a value suitable for application
directly to the deflector plates of the oscilloscope. Three conven-
ient types of voltage dividérs are applicable. One is the straight
capacity divider represented in Fig. 12a., Figure 12b shows a straight
resistence divider; Fig. 12c a balanced RC divider. PFig. 12d is an
unbalanced RC divider which may produce distortion. Any of the three
dividers, a, b, or ¢ will present a true picture of the voltage pulse
but, unfortunately, types a and b become unbalanced when adapted for
use directly on the deflector plates of the oscilloscope because of
the capacitance between the deflector plates and the connecting

leads. The capacity divider becomes unbalanced because of the neces-

sity of placing a resistance in parallel with the deflector plates in
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ige 12 Various types of voltage dividers,
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order to provide a ground reference voltage for spot centering and
focusing. The error introduced in the latter case is negligible when
the time constant 3202 of Fig. 124 is large compared to the period

of the pulse. In the actual recording circuit Ro is chosen large.
Capacitor O, must also be large in order to accommodate the large
division voltage ratios which are necessary for viewing high voltage
pulses. In this case the error introduced will be negligible.,

The divider actually used consisted of a 50 micromicrofarad
vacuum capacitor, cl, and a mica capacitor C, whose value is chosen
to give a proper division ratio for a normal oscilloscope deflection.
The small capacitor G1 must.withstand pulse voltages up to 16,000

volts.

Current Piclk-up Devices

In order to measure the current through the field current tube
a current pick-up impedance is connected in series with the tube as
shown in Fig. 8. When the voltage pulse is applied to the tube,
field-current is produced which flows through the current pick-up
impedance producing across it a voitage that has a known relation-
ship to the current through it. This voltage is applied to either
the deflector plates, or the amplifier, of the current indicating
oscilloscope.

The simplest type of impedance is & resistance, Since the
voltage developed across a resistence is directly proportional to

the current, the use of a resistance as 2 current pick-up impedance
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places a rather severe limitation on the readable ratio of meximum
to minimum current for each pulse. This is because of the width of
the trace of the oscilloscope relative to the total available de-
flection. Ratios as high as 30/1 cen be read with reasonable ac-
curacy. Thus each pulse when plotted on a loge i graph will produce
a curve which is undesirebly short. It is advantageous to increase
the ratio of measureable maximum to minimum current. This is DOS—
sible by using a non-linear current pick-up device. Investigation
of such possible devices led to the seleé¢tion of crystal semi-
conductors similar to those used in U,H.F. detection devices., Radar
crystals of the 1N21 series are useable for currents ranging from a
few microamperes to two or three miliamperes., Fizures 13 and 14 are
typical crystal calibration curves. A ratio of maximum to minimum
current of about 1000/1 produces voltage ratios of about 30/1 vhen

a crystal is used. Crystals when properly calibrated serve guite
satisfactorily and increase the presentable current range by a factor
of 30.

Crystals have a tendency to burn-out when subjected to exces-
sively high currents. High current crystals such as the 1N34 are
capable of passing pulse currents of the order of tenths of amperes.
Furthermore several 1N34 crystals can be used in parallel for
currents in the ampere region. It is necessary to make d-c and
pulse calibration checks of a2ll crystals before, and during, use

as pick-up devices in order that any variation in their character-

istics can be noted. TFigure 15 shows calibration curves for several
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1N34 crystals for both continuous and pulsed current. The use of
1N34 crystals has permitted ratios of maximum to minimum pulse cur-
rents ag high as 140 to 1. This is less than expected because of
the adverse effects of stray capacitance in the measuring circuit.
It is planned to utilize the non-linear characteristics of Thyrite

for future higher current work,

Photographic Recording

The voltage and current pulses presented on the two oscillo-
scopes were recorded photographically. Since these pulses were be-
tween 5 and 30 microseconds in length they posed a rather difficult
photographic problem. However the use of oscilloscope tubes having
fluorescent screens that emit predominantly blue light and which
have 3,000 volt accelerating potentials, together with high speed
Linagraph-pan film and D-19 high contrast developer, makes it pos-
sible to photograph single sweep oscilloscope writing speeds of
ebout one inch per microsecond.

In the early part of the work the recording was done with two
4 x 5 view cemeras equipped with f 2.7 Aeroektar lenses. Super XX
film was used. Later two automatic 35 mm. Fairchild radar recording
cameras with f 2.3 lenses were employed. The latter cameras have

clock and data recording chambers which are photographed at each

pulse. This is convenient in keeping exact data records.




Experimental Tubes

Experimental tubes of several different designs have been used.
A simple type, shown in Figs. 16 and 17, consists of a very sherp
point emitter placed near a plane anode surface. Provision was made
for heating the metals sufficiently to outgas them. The anode was
bombarded by electrons supplied from an auxiliary filament located
near it on the side opposite the point. The point is mounted on a
horseshoe-shaped tungsten filament which can be heated by a current.
Tubes of this type permit the development of high field intensities
at relatively 1ow'voltages.

An emitter incorporating a single sharpened point may be sub-
ject to damage due either to positive ion bombardment, or to re-
sistive heating, if the current densities during field emission are
high. The result is that the point becomes dull and ceases to emit
at available voltages. This necessitates the removal of the experi-
mental tube from the vacuum system, and the replacement of the point
enmitter. In order to obtain more data per tube replacement a tube
containing five points, Figs. 18 and 19, was constructed. The large
cylindrical anode approximates a plane surface in the vicinity of
each emitter. This anode was outgassed by bombardment with electrons
supplied by a spiral tungsten filament placed inside the anode for
this purpose. Each emitter point was mounted on its own filament loop
for outgassing purposes. Such tubes furnished the mejor portion of

the data faken.

Valuable data can be gathered from a tube which is similar to
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Fig. 17
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the electron microscope type of field emission tube used by M%ller,
and pictured in Pigs. 20 and 21. The tube envelope is a two lifer
Pyrex flask with a coating of willemite over one-half of the inner
surface of the sphere. The anode is a ring-shaped piece of tungsten
wire located near the center of the sphere. The emitter, placed
near the anode, is a sharp tungsten point. This type of tube is
referred to as a projection tube or an electron microscope tube.

The emitted electrons divergé and strike the willemite screen causing
it to fluoresce. The pattern on the willemite screen is an enlarged
projection of the emission pattern of the point and shows the de-
tailed distribution of the emission at the surface of the emitter.
Such patterns have been observed under both diréct current and pulse
conditions.

A tube utilizing a linear filament and cylindrical symmetry has
been constructed as shown in Figs. 22 and 23, The anode is a
double ended tungsten spiral 2.4 cm in diameter, 2.8 cm in length
using a wire diameter of 0.015 inch. It can be heated by a current
to the outgassing temperature. The linear tungsten filament is
0.001 cm in diameter and can be outgassed in a manner similar to that
used for the anode, The inner glass surfaces are dusted with wil-
lemite which fluoresces under electron bombardment. This tube con-

tains a comparatively small amount of metal and is therefore easily

outgassed,
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Fige 21 Electron microscope type tube.

Pig. 22 Linear filament type tube,
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The field at the surface of the filement is expressed approxi-

nately by
2k )
= a logg 2
where a ig the radius of the filament,

b the radius of the anode and

V the applied voltage.
This indicates that a thin filament is necessary in order to obtain
an intense electric field in its vicinity. Extreme difficulty was
encountered in establishing a filament of the proper dimensions and

in mounting it to withstand the mechanical shock of the pulse voltage.

Calibrations

All devices used for determining voltage and current must Dbe
carefully calibrated. To this end all measurements were referred to
one scale of a standard d-c voltmeter and to a General Radio Imped-
ance Bridge.

Voltage oscilloscope calibration consists of applying known d-c
voltages to the oscilloscope plates to deflect the base line and photo-
graphing these deflections with the recording cameras. Although the
base line appears as a straight line when located at the center of the
oscilloscope it is curved when deflected above or below the center of
the tube., This distortion tends to bow the ends of the trace toward
the center line. Although corrections for this can be determiped from

the calibrations most of the data are taken from the center of the

scope face and thus suffer no significant distortion.
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The sensitivity of the current indicating oscilloscope was de-
termined by applying various lmown a-c voltages to the oscilloscope
amplifier input and recording the resulting deflections photograph-
ically. The sensitivity is expressed in terms of voltage per milli-
neter of deflection.

To determine the voltage division ratio of the capacitance
divider each capacitor, while in its operating position, was measured
by means of the General Radio Impedance Bridge. The voltage division
between two capacitors in series was then calculated in the usual
menner. Finally the capacity divider and the oscilloscope deflection
which it caused were checked by applying a kmown d-c voltage to the
divider by means of a vacuum switch.

The current-voltage characteristic of each current piclk-up
crystal was obtained from direct current measurements of the voltage
across the crystal and the current through it. This calibration
covered current ranges from a few microamperes to about 30 milli-
amperes. In order to extend the calibration curve to large currents,
a2 known voltage pulse was applied to each crystal in series with a
known resistance. The voltage across the crystal was recorded by
the camera of the current reading oscilloscope while the voltage
across the resistor and crystal in series was recorded on the voltage
recording camera, From these two curves crystal voltage and crystal
current can be found., The excellent agreement between pulse currents

and d-c currents at the same voltage can be seen on the overlapping

portions of the crystal calibration curves of Fig. 15,
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The Leeds and Northrup type R galvanometer, used for the direct
current field emission measurements, was carefully calibrated against
the standard voltmeter and the impedance bridge. Its sensitivity is

1.18 x 10710 ampere per millimeter at one meter.
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EXPERIMENTAL PROCEDURE

Tield emission experiments can be successfully performed only
in a vacuum equal to, or better than, 10"7 mm of Hg. The vacuunm
system employed for this work consisted of = two stage, water cooled,
oil-diffusion pump (11, p. 66-67) backed with a type 1405H Welch
Duo-seal mechanical pump. The fore-pressure was measured with an
0il McCleod gauge; the high vacuum with a Distillation Products
VG-14A, or similar type ionization gauge. A total-obstruction char-
coal trap was used in the pumping line on the high vacuum side and
was baked out along with the tube and ion gauge. The charcoal trap,
although not immersed in liquid air, trapped gas and oil vapors and
effected a considerable improvement in the vacuum. Octoil S was
used as the diffusion pump oil.

The vacuum system was mounted in 2 stationary framework with
provision for lowering an oven over the high vacuum portion of thé
system during the baking-out period. Two thirty-ampere Variacs
provided adjustment for controlling the oven temperature. During
the bake-out period of five to fifteen hours, the tube, charcoal
trap, and ion gauge were heated to a temperature of 500°0. After
the system had cooled to nearly room temperature, clear glyptol was
painted over the glass joints and seals of the tube as a precaution
ageinst minute leaks that might exist in the glass and in-seals.

Next, the metal parts were heated to eppropriate outgassing tem-

peratures by conduction, bombardment, or in an induction furnace,

The temperatures were measured by means of a Leeds and Nothrup optical




pyrometer. After the metals had outgassed for several hours, the
vacuum wes measured, and if found satisfactory, the field current
tube was put into operation.

Prior to any pulse operation, direct current runs were made %o
establish the relationship between current and voltage at low current
densities. This initial period of operation also tended to stabilize
the operating characteristics of the emitters. Pulse data were taken
by meens of techniques and methods already described. Usually the
pulse voltages were increased with successive pulses. Sometimes many
pulse readings were made at the same peak voltage in order to see
whether or not similar voltage pulses produced similar current curves.
In general the procedure was determined by the trend of the visually
observable results. The pulsed voltage wes eventuelly increased to
the maximum which the particular tube would stand., Experiments, or
runs, were usually terminated by burning off the point, or blowing up

the filament emitter, so that field emission could no longer be pro-

duced in the tube.




EXPERIMENTAL RESULTS

Data from pulsed field emitters are taken from photogrephs of
oscilloscope traces which record the voltage applied to the emitter
and the current which it yields. TFigure 25 reproduces typical
photographs. Corresponding values of voltage and current, at any
instant, are determined from measured deflections on the photogre-
phic image, following the procedure outlined previously in the dis-
cussion of the methods of celibration. A graph of loge i versus
104/v for four pulses from a typical emitter is shown in Fig. 27.
The excellent reproductibility of the data, which Fig. 27 indicates,
is typical of the pulsed emitters which have been studied, with a
few significant exceptions which will be noted later.

Date from the same field emitters when used as sources of
continuous direct current emission are also plotted as loge 1 versus
10%/y. In Figure 26, which is typicel, this relationship is found
to be linear. Direct currents in the range 10-11 to 10-6 amperes
were studied.

Data for both direct current and pulsed operation are combined
in Figs. 28, 29, and 30 in order to describe the performance of each
of three very sharp tungsten point-to-plane emitters over a wide rang
of emission currents. These three emitters were used in the experi-
mental tube shown in Figs. 18 and 19.

It is possible to compare the experimental curves of Figs. 28,
29, and 30 with the theory of Fowler and Nordheim (9, p. 179) by the

use of a method due to Stern, Gossling and Fowler (20, ». 699-700).
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Fowler and Nordheim (9, p. 173-181) and Nordheim (17, p. 626~
639) consider that there exists at the surface of a metal, a poten-
tizl barrier which is the sum of three potentials., These are the
roughly rectangular potential barrier dve to the metal, the poten-
tial due to the applied field, and the potential due to the image
force on an emitted electron. This potential distribution is shown
in Fig. 6. Tree electrons inside the metal may, according to wave
mechanical theory, strike and penetrate the barrier. An expression
for emission current density is obtained if the probability of
penetretion is integrated over all availsble electron energies
taking account of the shape and height of the surface barrier.
Fowler and Nordheim find the density of this field current to be

7 = 6.2x10°° 4—3"* e -6.8 X 1o7¢% £(y). Amperes/cm.?

('¢+/a)¢5,i F
vhere F - electric field in volts/cm.,

= metallic work function incelectron volts,

= the usuel metallic parameter (see FPig. 6),

£(v) = Y rah-rD |z - K<k>]
2 13V

J e eF s k = 2)1-

@ 1 471-

z 3
K(k) = (112 sinf@) 24O

4

E(k) - (12 sin®o) ae

This thé%retical equation is plotted for velues of the work

function @ = 3, and ¢-_— 4.5 volts in curves 9 and 7 respectively,
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Fig. 3l A third curve is drawm from theory under the assumption that
f(y) = 1 (curve 8, Fig. 31). This is the earlier theoretical curve
from the original work of Fowler and Nordheim (9, p. 173-181). It
neglects the contribution of the imege force to the surface potentia
barrier. It is the latter curve which Stern, Gossling and Fowler
used in their comparison between experiment and theory. A slight
modification in their method permits o comparison of the experimental
data of Figs. 28, 29, and 30 with the most recent thgory of Fowler
and Nordheim (9, p. 173-181), (17, p. 626-639).
| Consider first curve 8 of Fig. 31l. The departure from linearity
in the plot of log, i versus 108/F is detectable only at very large
fields. The effect of the imege force, i.e., f£(y), is two-fold and
accounts for the difference between curves 8 and 7. PFirst, £(y)
causes curve 7 to be offset in the direction of higher current den-
sities and second, the departure from linearity becomes observable
at somewhat lower values of the electric field.
An examination of the form of f(y) shows it to be approximately
equal to unity at fields lower than those for which detectable cur-
vature sets in. Values for f(y) are given by Nordheim (17, p. 638)

and are reproduced in Table 1.
TABLE 1

1 1 1 1 ' 1 1 1 1 1
850 40,2 0.8 204 - 10,5 ~'0.6" '0.7.-.10.8 10,9 31,0

J
| £f(y)?' 1 10.95110,904%0.849%0.781'0.696'0.603%0.494%0.345' 0
1 ! 1 ! ! 1 ! ! 1 1




25

| | Experimental curves with slopes
< Barrier reduced to « ad justed parallel to 1heoret|ccl curves
| for J assuming & to be known.
20+ (D Emitter #1, d=45 for pulsed range
(@ Emitter #2, d=45
(3 Emitter #3, d=30 " l u
15 BN @ Emitter #3, dugs » v
| (5 Abbott and Henderson, for @=4.5
| ® Millikan and Eyring, for ¢ =45
10 I o o pulsed field emission ‘
&E‘ | @ o—-—o direct current field emission
o = { J62x10% g WJ%L“?’@K»
> O @ 2—Barrier reduced tou N ©)
a s |
» e |
- o !
5 O 2 |
IS
e} ~ : °® o\
c -p _
) d’o @ \o‘\ ° o®
- o °\\ \\\ L
- S
= _IO_ \\:\ \\\\
| AN o
=I5 e
-20._
25 L 1 1 B | |
I 2 3 4 5 6
8 .
10 (F in volts per cm)
F
Fig. 31 Greph of log, 1 versus reciprocal voltage showing comparisons of experimental

curves with %beoretlcdl curves.

g



54

vhere y = 3.78 x 1074 Y7 F is expressed in volts/em
¢ @ is expressed in volts.

When the surface barrier of the metal is reduced by the amount¢
to the level a«, (Fig. 6) f(y) is reduced to zero., This occurs for
F=1.42 x 108 volts/cn if @$= 4,5 volts, the accepted value of the
thermionic work function of tungsten. The theory of Fowler and
Nordheim extends to this 1limit, which is indicated by the vertical
daghed line which terminates curve 7, in Fig. 31, This limit is
reached at somewhat lower values of field when$ = 3 as shown in
curve 9, Fig. 31,

A comparison between experiment and theory amounts to a deter-
mination experimentally of the three unknowns, F, J and ;6 o« Ex-
perimental values for the electric field do not usuelly agree exactly
with theoreticel values. Careful studies (13, p. 52-67) (20 p.
699-723) (1, p. 113-118) (17, p. 626-639) have shown that field emis-
sion occurs at measured electric fields which are found to be from
1/2 to 1/100 as large as expected from theory. A current of 101
amperes from very sharp emitters usuvally requires a measured electric
field of the order of 10% volts/em. Theoretical velues for the
fields are considered to be correct, and the disagreement with ex—
perimental values is attributed to sub-microscopic projections or
minute spots of impurities which experiment has not as yet detected.

Fortunately, the worlk function ﬂ has been determined experi-

mentelly, by methods independent of field emission, and is known for

metallic emitters whose surfaces are clean and well outgassed.
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The relationship between the emission current density J, the
emitting area A and the total emitted current i has been investi-
gated experimentally by Mlller (16, p. 541-550) using an electron
microscope technique which permitted the emission pattern, enlarged
by a factor of 2 X 105, to be viewed on & fluorescent screen. From
this work the values of J and A have been determined, with pre-
cidon, under actual operating conditions. ller used a very sharp
tungsten emitter formed by electrolytically etching the end of a
wire in sodium nitrite. The importance of iflller's work is apparent
since it determines accurately the variables J and A under the ex-
perimental conditions used. Hence with ¢ known, and F known with-
in reasonable limits, a check on the order of magnitude of the theo-
retical equation can be made using emitters similar to Mﬁller's.

The emitters used in the present work are very sharp tungsten
points prepared by electrolytic etching in sodium hydroxide, which
is considered equivalent to the method used by 1M1ler. In order to
obtein sufficiently large current densities, using the potentizal
source available, it was necessary to achieve maximum field strength
at the emitter by forming it into a very sharp point. This precluded
the possibility of determining experimentally the applied electric
field since the points were so sharp that only an electron microscope
could be expected to resolve them. The electric field was determined,
therefore, from the theoretical equations assuming ¢ to be knom.

This method is sufficiently accurate to permit an order-of-magnitude

conparison between experiment and theory and thus permits an
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approximate calculation of J and A for the emitters used. The values
thus obtained are close to those observed by Mler vnder similar con-
ditions.

To determine the electric field ¥, current density J, and emit-
ting area A, as described above, it is only necessary that ¢ be
known, and that the experimental curves in Figs. 28, 29 and 30 be
replotted with slopes parallel to those of the theoretical equations
for J when these are plotted with the lmowmn value of ¢ . This is
done in Fig. 31, curves 1, 2, 3, 4, 5 and 6. The slopes of the ex-
perimental curves in Tigs. 26, 28, 29 and 30 are seen in the case of
2 single emitter to vary as a function of its emission history.
Evidently the work function, which essentially determines the slope,
may change as the emitter ages.

Stern, Gossling and Fowler (20, p. 701) report such a dependence
of slope upon work function and assign a probable range of 3 <P 4.5
for emitters similar to those used here. They report that sodium,
or other impurities of low work function, contaminate the emitter
surface and furnish considerable emission at low fields. These im-
purities are "burned off" by the passage of large currents causing
the emitter to return to its normel work function. Apparently ordinary
out-gassing procedures do not necessarily remove such spots of im-
purities. The passage of large field currents at high field strength
serves to "clean up" the emitting surface.

Miller has observed visually the effects of contamination of the

emitting surface by small areas of impurities of low work function. He
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notes that scattered impurities on the emitting crystal face tend
to accumulate in certain areas as small as 10-11 cn®.  These small
areas of low work function contributed most of the emitted current.

Henderson and Dahlstrom (12, p. 475) observed that field emitters
tend to emit large unstable currents at first, then settle dowmn to
lower current and more stable emission.

These effects have 21l been verified experimentally, using the
several tubes described herein, and are consistent with the assump-
tion that small areas of the emitter are initially contaminated with
impurities.

Thus Figs. 28 and 29 may be interpreted as follows. The direct
current portion of the curves have slopes differing from those of
the pulsed portions in a direction indicating that the direct current
data were largely contributed by small areas of impurities of low
work function. These emitters were conditioned by continued passage
of d-c currents, in an attempt to remove such impurities, and there-
fore the d-c curves represent steble d-c states at low current densi-
ties. In view of the possibility of damege to the point it was not
considered wise to pass larger d-c currents than those used. The
pulsed portions of the curves have slopes which are steeper than
those for d-c operation and are assumed to correspond to work func-
tions of¢ = 4,5 volts for tungsten. This value cennot be fer wrong.
At worst the work function might conceivebly be reduced to 4 volts if
tantalum from the aznode were deposited in sufficient quantity upon

the emitter; Fortunately, the values of J, A, and T derived by this
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nethod are rather insensitive to small changes in ¢ s &8 will be
shown later, A value of ¢:= 4,5 volts is therefore assumed to be
satisfactory for the pulsed portions of each emitter.

The slopes of the theoretical curves, #ﬁ and #8, may be taken
from the dotted straight lines that are plotted in Fig. 31 in order
to extend the linear low-field sections of the curves into the region
of high fields. This approximation neglects the effect of the small
curvature in the theoretical curves at very high fields. The result-
ing error amounts to less than a factor of 2 in the calculation of
J, and A, and does not impair the order-of-magnitude-check on theory.

In Pig. 31, curves 1, 2 and 3 correspond to Figs., 28, 29 and 30
in that order. 1In each case the slope of the pulsed portion of the
experimental curves has been drawn parallel to that of the straight
line portion of the theoretical curve for @ = 4.5 volts. This is
accomplished by multiplying the 104/V values from the experimental
curves by the ratio of the slopes of the experimental to the theo-
retical curves. Values of the log, i remain unchanged.

The experimental curves of Millikan and Byring (13, p. 55) end
of Abbott and Henderson (2, p. 117) are plotted in a similar fashion
and appear as curves 5 and 6 respectively, of Fig. 3l.

The maximum current densities and the emitting areas shown in
Table 2 are measured graphically from Fig. 3l. Current densities are
teken from the theoretical curve 7, at fields corresponding to the
maximum values indicated by the various experimental curves., Areas

are calculated upon the assumption that the total current is the




. ASSUMED | AREA OF EMITTER J, CURRENT DENSITY IN

EMITTER IDENTIFICATION [VALUE OF @ | IN CM2 (FROM GRAPH) | AMPERES PER CM2(FROM GRAPH)

# PULSED 4.5 2x10° 3x107

# 2 PULSED 45 8 x10'° 3% 107

# 2 DIRECT CURRENT 3x 102 6x 10°

+ ¥
3 PULSED AND D.C.| 45 8 x10'0 1 x108

##3  puLse anpD DC.| 30 1% 1019 3x108
MILLIKAN 45 7x 107! 9x 108
ABBOTT AND HENDERSON| 4.5 1 X 10° 8x103
EXPERIMENTAL VALUES

 WITH ELECTRON AREA OF EMITTER IN CM2 J, CURRENT DENSIT
MICROSCOPE IN AMPERES PER CM
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product of current density and area.

It is convincing that the emitting areas found by this method
are in close agreement with those reported by M%ller. This argues
for the correctness of the method insofer, at least, as orders of
megnitude are concerned.

The emitting area from the data of Abbott and Henderson is found
to be the largest listed in Table 2 while the maximum current density
listed is smallest. As noted in their paper (2, p. 117-118) Abbott
and Henderson found the best check between theory and experiment
vhen emitting areas were small and of uniform current density and
surface field., Where this is not so, the total current i becomes a
complicated integral of the current density over a larger, non-
uniformly emitting area. Abbott and Henderson note that the net
effect is a departure from linearity in the loge i versus 104/V
plots, and observe such a departure experimentally. The calculated
values of area and current density made from their data are con-
sistent with the foregoing explanation offered by Abbott and
Henderson.

On the other hand, the calculations made from the data of Milli-
kan and Eyring show their emitting areas to be much smaller and their
current densities much larger than those of Abbott and Henderson. A
more favorable comparison between theory and experiment is to be ex-~
pected in the former case and it is significant to note that Millikan

and Eyring obtained close agreement with theory. Their plots of

logg i/Iz versus 104/V show no detectable departure from linearity.
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Furthermore, the experimental conditions relative to emitter geometry,
work function, total current range, etc. are nearly identical to those
of Mﬁller, and it is thus significant that the calculated area and
current density are in close agreement with the experimental values
found by M%ller. This has been generally accepted as a conclusive
argument for the correctness of the Fowler and Nordheim theoretical
equation for current density in 211 but the highest field regions.

The areas found for the emitters used in this work lie in a
small range, centered around the value observed by Wler. The area
determined for the direct current portion of the curve for emitter
# (Curve 1, Fie. 31) is 3 x 10712 cn®, and is listed in Table 2.
This is wnusually smell. Ite current density is 6 x 109 amperes/cn®
which is unusually large. Furthemmore, from the slope of the d-c
portion of curve 1, Fig. 31, the emitter is found to have a work
function equal to epproximetely 3 volts. These observations are
consistent with the assumption that this d-c emission comes from a
very small spot of surface impurity of low work function.

Figure 32, from Mller's work, shows & photograph of the enlarged
emission pattern from 2 tungsten field emitter. In his Fig. 5c¢, the
small, bright areas are @ssociated with intense emission from impuri-
ties. This observed behavior is in close agreement with that predicted
from curve 1, Fig., 31. Presumably these small areas are "burned off"
at higher fields leaving the larger, more stable emitting area. This

may explain the slope of the pulsed portion of curve 2, Fig. 3l.

The behavior of the emitter a2t the high field extremity of the




Fig. 5a. Wolframkathode, [011]- Fig. 5b. 1 min bei 2100° K akti- Fig. 5¢. 1 min bei 15000 K ge-

Richtung in der Mitte, bei 2600° K viert, 4000 Volt. gliitht, 3800 Volt, scharf begrenzte
geglitht, 4100 Volt, 2. 105 A, Thoriumflecke auf den (111)-
Ebenen.

Flectron microscopic projection of emitting cathode surface showing emi

. 1is
Fig. 32

He i =i . ‘ oy
small spots of impurities of low work function. From Muller (16, p. 545)
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pulsed curves is of great interest. No curvature is observed for the
pulsed range of Fig. 28 (and curve 1, Eig; 31). These date are con-
sidered to be reliéble since the currents are well over one hundred
times as large as the relizble lower limit of detection of the pulsed
current recording apparatus. The reproducibility of these data is
remarkably good from pulse to pulse as shown in Fig., 27. From the
curve of Fig. 28 it is seen that no curvature in the loge i versus
10%/V plot exists for the pulsed range of emitber #l. The curvature
predicted by theory would be small in the range of current densities
covered by pulse measurements; however, it is believed that the pre-
dicted curvature, if present, could be detected by the existing
apparatus. This slight departure from theory, at these very large
current densities, may be in part explained by the effects of space
charge. A preliminary study of these effects is reported by Stem,
Gossling, and Fowler (20, p. 705-709).

A definite curvature is noted in the pulsed portion of the
curve in Fig. 29, The results for emitter #3, Fig. 30, are indeci-
sive in this respect. There exists some doubt as to the validity
of the experimental points representing maximum current in the case
of each pulse in Figs. 29 and 30, At the leading edge of each
current pulse some radiation pick-up from the pulser is possible and
may introduce a small error in the recorded peak current value., Ex-
perimental points below the current maximum are lmown to be reliable.

It is noted that the curve of Fig. 29 shows a definite curvature in

the reliable points, i.e. excluding the highest, and that this
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curvature is in a direction supporting the theory. Figure 30 is in-
decisive in this respect, because a straight line can be drawn
through the reliable points for some pulses, as shown in the insert.
Figure 28 is strictly linear over the pulsed range where the current
varies by a factor'of 100. The general conclusion, thereforé, is
that no curvature in excess of that predicted by theory is observed
in the log, i versus 104/V graph., It is to be emphasized that all
of these results were obtained 2t large current densities.

It is clear that the emitter will furnish very large currents
when its surface barrier is reduced below the value,‘/A s Which cor-
responds to the level of the highest energy electrons in the metel.
It would be expected that the behavior of the field emitter would
change greatly for small changes of field in the region for which
this occurs. An indication as to what may happen to the emitter,
under these conditions, is furnished by Rojansky (19, p. 217,219).

The maximum current densities observed from curves 1, 2, and 3,
Fig. 31, occur at velues of the field remarkably close to the value,
F=1ls42 x lO8 volts/cm, for which the surface barrier of the metal
has been reduced by the amount @ to the level Mt . This velue of -
field is shown by the dashed vertical line in Fig. 31, for¢ = 4,5,
At this value of field the theory of Fowler and Nordheim no longer
applies. Those electrons whose energies are above the barrier height
have a2 transmission coefficient which approaches unity as the ratio
of electron energy to barrier energy becomes large. Hence these

electrons would contribute the major share of the observed field
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current in this special case. In view of the large number of free
electrons in a metal with energies near the top 1eve1/u , the field
current may be expected to increase enormously as the applied electric
field nears and passes the critical value for which the barrier is
decreased to 0 .  Some heating of the emitter appears reasonable in
view of the large current densities and the small areas and metallic
volumes involved. The effect of such heating would be to raise the
energies of some of the free electrons in the metals to levels zhove
fﬁnmwﬂwﬁh&eWWWMMG%mmeofMG%mLMMC
energy Gistribution, This effect is noted graphicelly in Fig. 4.
Thus when the barrier is lowered to - value slightly above/fz G 5 B e
lowering less than.#), even a relatively small temperature rise
would furnish a considereble number of electrons with energies above
the barrier. These electrons would contribute significantly to the
existing field current. This increase in current in turm would fur-
ther increase the emitter heating and hence result in an unstable
condition., It is reasonable to assume that unstable currents would
increase very rapidly with increase in field and would finally result
in the formation of a vacuum arc in which the current is carried by
electrons and metallic ions. It might be expected, also, that the
point of instability would occur at lower values of the electric field
in the case of continuous direct current emitters than in the case of
pulsed emitters at low recurrence rates. These effects have been ob-

served thus giving further support to the theory of Fowler and Nordhein,

The maximum stable current densities observed in curves 1, 2, and
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3, Fig. 31, occur at times near, but below, the upper limit for the
theoretical eguation for ¢ = 4,5, A further increase of the field
by a few percent resulted in instability of the emitter, in the case
of curves 1 and 2, These emitters were vaporized following the pas-
sage of a brief but brilliant arc. In view of the vacuum, which was
better than 10-7 mn of Hg, and the thorough preliminary outgassing of
the metal parts, it seems likely thet the arc consisted of a large
current carried by electrons and metallic ions rather than by gaseous
ions. The existence of vacuum arcs has been noted by Trump and Van
de Graaff (21, p. 327-332), who calculate the probabilities Br the
liberation of metallic ions by electrons which impinge on metallic
anode surfaces. They found that the number of positive metallic ions
liberated per incident electron is less than 1 x 1079 at voltages
less than 20 k.v., but increases repidly at higher potentials. They
also found that at corresponding voltages, roughly one electron is
liberated per vnositive ion incident on'a metallic surface. The num-
ber of electrons also increases rapidly with increasing voltage.

Thus in 2 tube, positive metallic ions liberated at the anode can
strike the emitter and liberate more electrons which in turn produce
more positive ions. This process becomes cumulative and produces
vacuum arcs at potentials around 200 k.v. However, breskdown within
the tube at voltages of 20 k.v. or less ig attributed by Trump and
Van de Grazaff to field emission effects. These results are consis-
tent with, and help to expiain, the behavior of the field emitter

near the point of instability.
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The vacuum arc observed in these experiments appears thus to be
initiated by large values of the field current. Vhen currents are
limited to pulses of & few microseconds duration as in the case in the
experiments represented by Figs. 28, 29, and 30, instability and
vacuum arcs occur at electric fields near, but slightly below, the
critical values predicted by theory. This slight difference between
experiment and theory is probably due to resistive heating of the
emitter by the high current density, or by positive ion bombardment,
of both. Continued vacuum arcs vaporize the emitter. Photographs
typical of points which have passed sustained vacuum arcs are showmn
in Fig. 33. In some cases, the liquified portion of the metal cools
in the shape of a spherical cap. In others, 2 considerable amount
of emitter material appears to be transported to the anode surface.
In both of these events the geometry of the emitter is greatly changed.

In one case an emitter survived a vacuum arc at very large cur-
rent levels and returned to its initial state, apparently undameged.
Pulses 1, 2, and 3, Fig. 30, insert, were taken at increasing values
of peek voltages. TFigures 34, 35, 36, and 37 show the photographs
of tﬁe voltages and current pulses from which the curves of Fig. 30
were taken. The curves for pulses 2, 3, and 4 correspond to Figs.
34, 35, end 36 respectively. TFigure 34 shows the norﬁal behavior
of voltage and current curves during a pulse. Figure 35 (pulse 3,
Tig. 30) shows the voltage and current pulses during the time of

occurrence of & vacuum arc. It is seen that the voltage pulse drops

well below its peak value when the arc occurs, as indicated by the
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abrupt termination of thé normal oscilloscope trace. Simultaneously
the current increases sharply and the current trace is deflected off
the oscilloscope face. Figures 34 and 36 (2lso pulses 2 and 4 of Fig.
30) are for emitter, #3, for pulses applied immediately before and
immediately after the vacuum arc which this emitter survived, Figure
35 shows conditions during the vacuum arc. From the similarity be-
tween the plots of pulses 2 and 3, Fig. 30, insert, it is apparent
that the emitter characteristics remained unchanged in spite of the
arc. Figure 37 records the eventual destruction of emitter #3 during
a second vacuum arc which occurred some time later. The arc shown in
effect in Fig. 35 occurred late in the pulse when much of the energy
of the pulse had been dissipated. Presumably this accounts, in part
at least, for the survival of this emitter. In Fig. 37, the arc
which destroyed the emitter occurred near the voltage peak when maxi-
mun energy was available in the pulser.

The change recorded by the voltage pulse of Fig. 35, together
with elementary circuit analysis leads to an estimate of the current
carried by the emitter during the vacuum arc: at least 100 amperes
for one microsecond. Thus at the onset of instability the totel
emitter current changed from & few milliamperes to approximately 100
amperes in much less than a millionth of a second. This is regarded
as a remarkable performence, not the least part of which is the fact
that the emitter survived,

In Fig. 34 and in pulse 2, Fig. 30, arcing occurred three micro-

seconds after both voltage and current reached their maximum values.
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Normally, vacuum arcs occur near the voltage and current peaks.
Photographs of four pairs of oscilloscope traces, for voltage and
current, taken during vacuum arcs are presented in Fig., 38. The
traces of Fig. 34 are included again, at the top, for comparison.

A consideration of the genergl behavior of arcs of various types
suggests that the arc should be expected to occur at or before the
voltege and current peeks.

Although in three of the current-voltage pairs of Fig. 38, arcs
occur at the voltage peaks, the 3 microsecond delay between voltage
maximum and arc formatién shown in Fig. 34 suggests that some pro-
cess within the emitter itself may at times be a controlling factor
in determining the time at which an arc starts. TFor example if
considerable heating occurs at the minute emitting areas due to
resistive effects, or to positive ion bombardment, it is conceivable
that a thermal time lag may exist during which the heat is conducted
to other areas of the crystal. As noted above, a small amount of
heating could result in emitter instebility when, in the presence of
very high electric fields, the barrier is reduced to or near the
value f+ . Since it is well known that various crystal faces have
work functions differing by a tenth of a volt or so and that this
difference is normally enough to cause the greater part of the emis-
sion to come from areas which have the slightly lower work functions
(M1ler 16, p. 544-546) it mey then be thet a small amount of heating
at high fields can result in an increase in the emitting area. This

could occur if heating were sufficient to raise electron energies
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over the barriers of the several crystal faces, if the barrier is
lowered to a value approaching/gc by the presence of the high ex-
ternal field. If such an effect exists it would be expected to be
more pronounced near the point of instebility.

The series of voltage and current oscillograms shown in Figs.
39, 40 and 41, which were taken during the transition through the
point of instability for emitter # in Pig. 29, exhibit a peculiar
performence which mey be attributed to the increase in area due to
heating as discussed a2bove. The data for pulses #1 and 2, Fig. 30,
were taken from the oscilloscope traces of Pigs. 39 and 40, respect-
ively. A comparison of current pulses between Figs. 39 and 40 shows
that chenges take place in the emitter parameters near the pez2k of
the current curve, In fact it is just at this point, in time, at
which the arc occurred in Fig. 41, for the same emitter. The voltage
peak in Fig. 39 corresponds to 5600 volts across the point to plane
emitter., In Figs., 40 and 41, the peak voltages were 5900 volts.

Evidently the performance shown in Fig, 40 for emitter # wes
obtained for conditions very close to those of ingtability. Evi-
dence of a change in the characteristics of the emitter is brought
out in the insert of Fig. 29, in which data taken from Fig. 40 are
plotted as pulse #2 and compared with pulse #1 in Fig. 29 which was
plotted from similar data teken from Fig. 39. It is seen that the two
curves are displaced vertically although their straight line portions

remain sensibly parallel. Thus the values of loge i in pulse 2 are

increased by a constant amount over those of pulse 1., This is readily
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explained by the simple assumption that the area of the emitter is
increased between pulse 1 and pulse 2. This area increase may be a
result of emitter heating. That thé region of instability was ap-
proached during pulse 2 is evident from Fig. 31, which indicates
that the peak field is approaching a value for which the barrier
height is reduced to M . The next pulse at the same applied vol-
tage, shown in Fig. 41, ceused & vacuum arc. Thus it wes by unus-
vally good fortﬁne that the photogrephs in Fig. 40 were obtained.

There is considerable additional evidence to indicate that re-
sistive or bombardment heating may influence the process of field
emission. Generally speaking these effects are more noticeable for
large currents than for smell ones, and are greater for direct than
for pulsed currents.

Dyke (4, p. 39-44) has observed that a considereble current of
electrons having energies greater ﬂmﬂlllis to be found when the dig-
tribution in energy among emitted field electrons is determined ex—
perimentally under direct current conditions. Studies at currents
up to roughly a microampere from a sharp tungsten point emitter indi-
cate that the effect is negligible at small currents and is appreci-
able at larger values.

It is well known that direct current emission from sharpened
points of small area becomes unstable at total currents in the range
from microamperes to milliamperes. Incandescant fragments have been

observed to leave the point at higher currents. Eventually the emitter

is destroyed, evidently due to heating effects. Further evidence in
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support of emitter heating has been observed with the tube shown in
Figse 20 and 21.
This tube is an electron microscope type in which the emitted

electrons leave the sharpened tungsten point emitter, pass through a
small ring shaped anode and impinge on & fluorescent screen, It is
similar in detail to the one used by MMiller (16, p. 542) An enode
potential of approximately 6000 volts produced an emission pattern
approximately an inch in diameter on the fluorescent screen. Initi-
ally the spot appeared on the side of the tube at an angle of approxi-
metely 45° with the axis of the emitting point. As the anode poten-
tial was increased gradually, and as the resulting emitted current
reached the value of a few microamperes, the emission pattern increased
somewhat in brilliancy, but remained unchanged in position and detail
as was to be expected. However after a few minutes of operation at

i constant potential both the emitted current and visual brilliance of

‘ thé spot pattern began to increase slowly. At the same time the
enission pattern on the screen moved graduvally over to the axis of
the enitter. It was then necessary to readjust the cameras. The
potential across the tube was reduced to zero for a short period dur-
ing the readjustment. When the potential wes subsequently returned
to its original value, no emission was observed, nor could any be

| detected at voltages almost twice as large as those used at the time
of the intense emisgsion.

Upon microscopic examination the point appeared as shown in Fig.

43, Initially it was sharp, as in Fig. 42. Apperently, the continued
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enission of direct current of the order of microamperes at potentials
of approximately 7000 volts had sufficed to melt the point of the
emitter, Furthermore, the emitter had evidently continued to emit
while in, or near, the molten state. This probably explains the
movenent of the emitting area across the surface of the emitter, and
accounts for the large increase in current and visual brilliance that
was observed at constant voltsge. ZEvidently, upon removal of the
voltage, the molten emitter was drawn into a sphere by surface forces,
and had cooled in this shape. Obviously, the electric field would be
greatly reduced in the case of Fig. 43 as compared to Fig. 42. This
accounts for the lack of emission when the voltage was re-established.

An electron microscope tube of the type shown in Fig. 22 and 23,
employing a linear tungsten filament 0.001 cm in diameter, concentric
with a helical anode, was used to observe the emission patterns from
linear emitters. The technigue is similar to Miller's (16, p. 542)
but is adapted to cylinérical symmetry. The emission from the tung-
sten field emitter passes through the anode and falls on & coating of
willemite on the inner surface of the glass wells of the experimental
tube, where & megnified image of the émission pattern can be observed,
and photographed. TFigure 44 reproduces photographs of the enlarged
emission pattern from several of the emitters in this tube. Several
conclusions mey be drawm from these observations.

Apparently only a small fraction of the area of the tungsten wire

furnishes emission. This area increases, i.e., more emitting spots

appear, as the current and electric field are increased.
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Fig. 42 Enitter point before use. Megnification 2000x.

Fige. 43 Enitter point after use., Magnification 1500x.
Tungsten emitter used in electron microscope
tube, before and after use.
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Because the total area of emission is larger for a2 linear file-
ment then for a sharpened point, much larger direct currents can be
dramn from the former before emitter instability sets in. There a
single sharpened point emitter may have as many as four separate
well defined areas of emission, & linear wire may have fifty or more
such areas.

The main purpose of the investigations using the various elec-
tron microscope tubes has been to compare the behavior of the emis-
sion patterns for direct current operation with those of pulsed
operation. In the few ceses that have been studied successfully so
far, the emission patterns for direct and stable pulsed currents are

identical a2t similar values of electric field. This is important to

the interpretation of the foregoing pulsed data.
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SUMIIARY

The use of short pulses of voltage has permitted the investi-
gation of high density field emission currents without the emitter
damage that occurs with d-c measurements. A plot of loge i versus
104/V yvields, in most cases, & straight line which confirms the ex-
perimental field current law. 3By assuming a value for the work
function of the emitter, the experimental curves can be compared to
the theoretical curves in which loge J (J = current density) is
plotted against lOB/F, where F is the electric field, This compari-
son shows order-of-megnitude agreement between theory and experi-
ment, The theoretically predicted deviation at high fields was
also observed in the case of one emitter at high current densities.
From the grsph comparing theory with experiment, current densities
and emission areas can be found. The emission areas were found to
be between 10'9 and 10712 en® and to compare favorably with areas
found by other experimenters employing similar type emitters. The
maximum current density has been computed to be as high as 6 X 109
amperes cmz. This extends considerably the range over which the
law has been verified.

High electric fields approaching values for which the potential
barrier is reduced to the level of the most energetic electrons in
the metal create vacuum arcs within the tube. The field value for
which this occurs corresponds to the upper field limit of the Fowler

end Nordheim theory. Beyond this limit new theory must be developed.

A consideration of heating at large current densities upon the
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enitter and the effect upon the ensuing vacuum arcs indicates that,
at the present pulse lengths, the vacuum arc may occur slightly
below the critical field valuve as computed from theory. In one
instance & point emitter passed a current estimated at 100 amperes
for a fraction of a microsecond without changing its normal emission
characteristics. Further shortening of thé pulse lengths may permit
repeated pulses at such high current levels and thereby yield per-
tinent information concerning the nature and cause of the vacuum
arc, In future work it is planned to combine the methods used in
this reseagrch with electron microscope techniques to determine

enitter geometry accurately and to provide an experimental means for

neasuring the electric fields,
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