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Now the Rollin 61m is of the order of 100 molecular
layers thick, and it forms over available surfaces quite
suddenly as the temperature is lowered past the ) -point.
In the outer edges of the Rollin 61m the liquid must be
in nearly the same state as bulk liquid. This does not
say, however, that the superQuid cannot be in a some-
what different condition near the wall, and for a greater
distance than the natural thickness of the film above

the X-point; in fact, the peculiar ability of the superQuid
to stabilize so thick a 61m would imply that this must
be the case. If it is true that Ss/0, and still London's
equation holds, then it must follow on the basis of the
above picture, that the partial molal entropy of the
superfluid near the wa11 must be zero (and its enthalpy
must have the proper value for it to exist in equilibrium)
and the superflow must take place in these layers. One
might question the hypothesis, and feel that it is easier
to believe from the experimental check of London's
equation simply 'that 8s is equal to zero for bulk liquids

as well as for layers near the wall of the tube. However,
the thermomechanical eGect alone cannot prove this, and
the discussion of the eGect of He' on the X-point does
oGer some, at least circumstantial evidence, that 82
may not be zero."

In conclusion we should call attention once more to
the tentative character of the very. mechanistic ap-
proach used in this section. Gorter's equation appears
to rest necessarily on some such mechanistic approach
with, in addition, some such special assumptions as we
have indicated. London's equation, on the other hand,
can be based upon a much more general type of deduc-
tion and related directly to a quantity like c which can
be, at least in principle, experimentally determined.

Without committing them to any of the views
expressed in this paper, I wish to thank Professor S. R.
de Groot and Dr. K. G. Denbigh for stimulating
discussions.

'i ~ J. C. Morrow, Phys. Rev. 84, 502 (1951).
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Field emission was obtained from a single crystal tungsten emitter under conditions of very high vacuum
and clean surfaces. The geometry of the emitter was determined by electron microscopy permitting accurate
calculation of both the surface electric 6eld and an average current density. The use of pulse electronic
techniques extended the observations to the upper limit of the current densities for which the normal Geld
emission was stable. Above this limit an explosive vacuum arc occurred between electrodes.

From these experiments the following conclusions were drawn. (j.) The wave mechanical, image force
corrected theory quantitatively predicted the observed average current density up to that density for which
space charge dominated the emission. (2) Space charge was eRective at a current density of the order of 107
amperes/cm', where a marked deviation occurred from the usual current-voltage relationship. Space charge
eAects permitted the simultaneous operation of multiple emitting areas of di6ering geometries. (3) At a still
higher critical current density in the range 10' to 10' amperes/cm', a field emission initiated vacuum arc
occurred between electrodes resulting in a change of emitter geometry, Current density was the dominant
criterion for the initiation of the vacuum arc.

'HE 6eld emission of electrons from a cold metallic
cathode occurs in the presence of a large surface

electric field. Observations on the eGect were published
by Lilienfeld' in 1922 following the initial report of
Wood later, Millikan and Lauritsen' introduced the
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support during the later part of the work was received from the
Microwave Laboratory of the University of California.
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Society: Phys. Rev. 82, 575 (1951);85, 391 (1952);85, 752 (1952).
As partial fu161lment for the Ph. D. degree, preliminary data to
part of this work was submitted to the Physics Department,
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following empirical relationship describing the phe-
nomena:

I=C exp( —8/V), (I)
where I and V are current and voltage, respectively, and

. C and 8 are constants.
Classical theory4 fails completely to provide a 6eld

emission mechanism. According to wave mechanics,
which has been applied with increasing success, the
copious conduction electrons penetrate the potential
barrier at the metallic surface when the barrier is
thinned by the applied field. Comparisons between
experiment and the original theory of Fowler and
Nordheim, ' which assumed a simple triangular poten-

4 W. Schottky, Z. Physik 14, 80 (1923).
5 R. H. Fowler and L. W. Nordheim, Proc. Roy. Soc. (London)

A119) 173 (1928).
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methods, it is of interest to extend the comparison
between experiment and theory by the use of suitable
pulse electronic techniques with which improved
cathode stability would be expected, since positive ion
bombardment, resistive heating, surface contamination,
migration, etc., are thus minimized.

The predicted field current densities are suKciently
large to stimulate interest in the practical application
of field emission and to support its proposed contribu-
tion to voltage breakdown in vacuum. It was therefore
desirable that the experimental observations include the
upper limit of current densities for which the normal
field emission was stable at microsecond pulse lengths
and those densities above which voltage breakdown
occurred between electrodes.

I I

5 CM

FzG. 1. Experimental Geld emission tube.

tial barrier, have been well summarized by Jenkins. '
%hen the theory' is modified to include the effect of

the electron image force, ~ there results the relationship8

P2
J= i.55 X i0 —exp

—6.85X10rp'f(y) ~

(2)

where J is the current density in amperes/cm', Il is the
electric field in volts/cm, P is the work function in
electron volts, and f(y) is an elliptic function of the
variable

y=3.78X10 'F'/P.

Values of f(y) are available in tabularr or graphic' form.
Early comparisons between experiment and theory

were limited by the inability to resolve field emitter
geometries by use of optical microscopy. Haefer"
improved the resolution of the emitter geometry by
use of electron microscopy and verified Eq. (2) within
a rather large experimental error, which was due to the
use of an approximate electric field calculation" and the
inability to view the emission pattern" and hence to
judge the surface cleanliness while the current-voltage
relationship was observed. Current densities up to 10'
amperes/cm' were recorded for the steady state emission
to which observations were limited.

Since the theory (2) predicts current densities in
excess of 10"amperes/cm', which is considerably greater
than those reported previously" by direct current

' R. O. Jenkins, Reports ort Progress t'rl Physics (The Physical
Society, London, 1943), Vol. IX, p. 177.' L. W. Nordheim, Proc. Roy. Soc. (London) A121, 626 (1928).

A. Sommerfeld and H. Bethe, IIundhuch der Physik (J.
Springer, Berlin, 1933), Vol. XXIU, No. 2, p. 441.

9 F. R. Abbott and J.E. Henderson, Phys. Rev. S6, 113 (1939).
'0 R. H. Haefer, Z. Physik 116, 604 (1940).
"Dyke, Trolan, and Dolan (to be published).
n E. W. Mueller, Z. Physik 106, 541 (1937).

EXPERIMENTAL METHOD

The experimental tube envelope (Fig. 1), which was
Pyrex, enclosed a needle shaped tungsten 6eld emission
cathode (C) which faced the anode (A) a sheet of 5-mil
molybdenum, with an anode-cathode spacing d =0.5 cm.
Electrons from the filament Ii were used to heat the
anode by bombardment during the outgassing pro-
cedure.

A thin aluminum coating was evaporated onto the
int rior of the glass envelope of the experimental tube
and connected electrically to the inseal 8. It was held
at anode potential in order to prevent the glass envelope
from charging electrically. It has been found impossible
to obtain reliable, reproducible data when uncoated
envelopes of the same type were used.

The present anode structure was chosen to inhibit
cathode contamination and voltage breakdown due to
anode sects when large 6eld currents were emitted.
The anode was outgassed, cleaned, and smoothed at
high temperature to minimize the bombardment of the
cathode by anode material, ions, or clusters. The
cathode surface was known to be clean and smooth
(prior to breakdown) judged from electron micrographs,
electrical behavior, and from the operation of numerous
similar cathodes in preliminary experiments in which
the emission pattern was viewed on metal backed
phosphor anode screens. Suitable techniques for emitter
fabrication, conditioning, and high vacuum were thus
chosen;" however, metal backed phosphor anodes, which
were not readily outgassed, contributed excessive

- cathode contamination when the emitted direct current
was large, and were thus not suited to the present
experiments.

The field emission cathode was electrolytically
etched from a blank of commercial 5-mil tungsten wire
(Callite 200H) mounted at the apex of a hairpin
filament which was used to outgas and smooth the
emitter. "

The experimental tube was evacuated with a type
GHG-10-02 D.P.I. mercury diffusion pump and liquid
air traps. The high vacuum side of the system was
baked at 500'C, after which all metal parts (except the
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coating 8) were outgassed simultaneously at a tem-
perature above which evaporation was appreciable.
After a minimum of four such cycles, the experimental
tube, a Bayard-Alpert ionization gauge, "and a separate
Pyrex envelope housing a tantalum getter filament were
sealed oB as a unit at a pressure of 10 ' mm of Hg or
better as indicated by the gauge. Subsequently, a layer
of tantalum was evaporated onto the wall of the getter
tube, after which all metal parts of the experimental
tube were again heated. Residual gas was thus trans-
ferred to the active tantalum layer, and after several
such cycles the pressure of chemically active gases was
reduced to 10 " mm of Hg or better, judged by the
contamination rate of the field emission cathode. "
The final vacuum was thus sufficiently good to insure
that the electrode surfaces remained free from con-
tamination by residual gases for a time that was long
compared with that needed for the experiment, i.e.,
several hours.

Under these conditions it was possible to draw stable
direct currents up to 8 milliamperes at 20 kv, corre-
sponding to a cathode current density of the order to
10' amperes/cm' as will be shown later. Although the
cathode would probably emit larger stable direct
currents, the 8-milliampere current limitation was
imposed to avoid excessive anode temperature which
accelerates the contamination process. At this level the
contamination of the cathode surface was evidenced by
a decrease in direct current over a period of seconds, the
cathode returning to its initial condition following a
Rash at 2200 -C for a few seconds in the absence of field.
The contaminant was probably oxygen" liberated at
the anode, whose temperature exceeded 1000'C at the
current and voltage levels indicated above. Pulsed
currents considerably larger than those achieved with
direct current techniques were drawn without evidence
of cathode contamination.

Figure 2 describes the experimental system. Poten-
tials in the range 0—20 kv were furnished by a rectified
800-cycle power supply whose input was regulated
mechanically by the inertia of a motor-generator set.
During direct current operation, potentials were read
by a Weston Model 622 milliammeter in series with a
20-megohm Weston Type 2 resistor. Currents were
indicated by a current sensitive Leeds R Northrup
Type R galvanometer.

During pulsed operation, a positive potential which
approximated a square wave of either -', or 2 micro-
second duration and whose amplitude was variable
from 2 to 35 kv was furnished by a pulse generator
which included a conventional 4 section, 6.7 ohm line
(for 2 psec operation) or a 50-ohm coaxial cable (for
tz issec operation) either of whose outputs (8 kv or less)
was switched by a triggered spark gap directly to the

u R. T. Bayard and D. Alpert, Rev. Sci. Instr. 21, 6, 571 (1950)."J.A. Becker, Report Eleventh Annual Conference on Physical
Electronics, Massachusetts Institute of Technology, 1951 (un-
published).
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's G. N. Glasoe and j.V. Le Bacciz, Pulse Generators (McGraw-
Hill Book. Company, Inc. , New York, 1948), Radiation Laboratory
Series.

experimental tube or to the primary of a pulse trans-
former (T807, AN/APS-3). Its output potential, which
was applied directly to the anode of the experimental
tube, was divided by a conventional calibrated capacity
divider" whose output was connected to the deflection
plates of a Tektronix Type 511 oscilloscope (CRTi).
A Fairchild Type A, 35 mm f/2. 3 automatic camera (C i)
recorded the current which was drawn by the experi-
mental tube. For this purpose, a noninductive carbon
resistance was inserted between the cathode and ground
and was connected at the cathode end directly to the
deRection plates of CRT2. A Tektronix 517 oscilloscope
was used to record the current in the latter part of the
work.

Pulsed data were taken on a single-shot basis. A key
activated the trigger generator, Fig. 2, whose voltage
impulse caused the system to cycle once and then
return to the quiescent state. It simultaneously trig-
gered the pulse generator and the sweeps of both oscillo-
scopes and opened the shutters of the cameras (Ci) and
(Cs) and advanced their films. Filament temperatures
were measured with a Leeds R Northrup optical
pyrometer.

A Sorenson voltage regulator stabilized the primary
supply for both oscilloscopes.
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The current-voltage relationships for emitters X-89,
X-81, N-10, and Q-7 for combined direct current and
pulsed operations are shown in Figs. 3, 4, 5, and 6,
respectively.

Figure 3 illustrates the typical experimenta1 pro-
cedure. Direct current readings were taken, then re-
peated (not shown). Pulsed currents of 1 @sec duration
were then drawn, immediately following which the data
were reproduced in the sense of decreasing currents, the
reproducibility precluding the possibility of signi6cant

- l3.

- l4
0-

- l5

- I6 - 2-

- l7.

-I8

I

l.5 2.0
I

2.5 ' 3.0
IV in Volts)

3.5 4.0

A'

FIG. 3. Field current-voltage characteristic for combined pulse
and direct current operation of emitter X-89. Curve AB repre-
sents the characteristic for the hypothetical case of a constant
emitting area equal to that at A. Curve CE.was predicted by the
theory (2) and curve CD from J~ V&, both assuming a uniform
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FIG. 4. Field current-voltage characteristic for combined pulse and
direct current operation of emitter X-81.

cathode contamination or geometric alteration during
the experiments.

The current-voltage relationships in Figs. 3, 4, 5, and
6 have several characteristics in common.

1. Each graph is linear for a considerable range of currents (A
to C) below a critical current Ig, in which range the empirical
equation (1) was confIrmed.

2. At currents greater than I, the current-voltage relationships
depart from linearity in the direction of lower current for a given
voltage, the departure presumably being due to space charge,
since cathode contamination or geometric alteration are precluded
by the reproducibility of the data.

3. At voltages slightly higher than the maximum value shown
on each graph the normal Geld emission was abruptly terminated
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FIG. 6. Field current-voltage characteristic for combined pulse and
direct current operation of emitter Q-7.

by a low impedance vacuum arc (except for emitter X-89). While
the pulsed field emission was stable at current densities a factor
of two or more lower than the arc level, the emitter tip was usually
damaged (melted) during the arc.

The emission from X-89 was discontinued at a current
level slightly below that for which an arc was expected,
and the emitter was removed from the experimental
tube in order to obtain the electron micrographs of two
profiles of the emitter shown in Fig. 7.

Electron micrographs of two profiles of emitter N-10
are shown in Fig. 8A, prior to insertion into the experi-

Pre. 8. A. Electron micrographs of two profiles of emitter X-89
prior to its insertion into the experimental tube; B. a composite
of several electron micrographs showing one profile of emitter
N-10 after a vacuum, arc.

mental tube (the radius of this emitter was later in-
creased slightly by surface migration at high tem-
perature during the final outgassing procedure, judged
from its subsequent electrical behavior). After arc
damage this emitter appeared as in Fig. 88, which is a
composite of several electron micrographs. Figure 9
shows a typical profile of emitter Q-7 after arc damage.

RESULTS

The analysis of the present experimental data (I)
over most of its range further supports the validity of
the wave mechanical, field emission theory involving
the electron image force and extends its comparison
with experiment to higher current densities than those
previously reported, (II) presents evidence for the
presence of space charge limited 6eld emission, and
(III) suggests mechanisms which may have initiated
the voltage breakdown leading to'the vacuum arc. This
analysis follows.

L Comparison between Experiment and Theory
A current density J, an average for the emitting

area A, was derived from the present data and'"com-

FIG. 7, Electron micro-
graphs of two profiles of
emitter X-89 following its
experimental use as a field
emitter.

2 p
0 Profile

I I

2/4

90' Proftte

FIG. 9. A composite of
several electron micro-
graphs showing one pro-
file of emitter Q-7 after
vacuum arc.
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pared with the current density J predicted by the
theory (2) when the electric field Fp at the emitter apex
and the value @=4.5 ev were used. When A was known,
values of J were readily calculated from

J=I/A, (3)

where I was the experimental current.
For emitter X-89, the emitting area was estimated

from the measured emitter radius and the calculated
dependence. of ct,~r.'ent density on polar angle 8, meas-
ured from the emitter apex. For this emitter, whose
geometry was determined from electron micrographs
(Fig. 7) the ratio F/F p as a function of 8 calculated by
a previous method" is shown in Fig. 10. This, with the
theory (2) and @=4.5 ev, predicted the ratio J/Jp as a
function of 0 shown in Fig. 11. Curve C resulted from
F,= 7X10' volts/cm, curve A from Fp=3X 10' volts/
cm, these two values of Iio corresponding to the points
C and A on the graph of Fig. 3, i.e., to the extremities
of its linear portion, as will be shown.

Eighty-6. ve percent of the total current was emitted
by the area bounded by 8=53' for the curve C and
8=40' for curve A (Fig. 11). An extension of these
boundaries to larger values of 0 would result in an
unreasonable increase in area without significant current
increase. Wraith the emission boundary thus arbitrarily
de6ned, and with the emitter radius r=2.3)&10 ~ cm,
averaged from the two micrographs of F'ig. 7, the areas
corresponding to C and A. are Ag=1.2&10 ' cm',
A~=7.6X10 "cm'. These, with Eq. (3) and currents
at C and A from Fig. 3, yielded current densities
Jc=6X10s amperes/cm', and J~=6 amperes/cm'.
This part of the data was readily compared with the
theory (2), as follows.

The electric 6eld Fo at the emitter apex was calculated
from

Fp=PpV, (4)

where V was the measured value of the applied
potential.

0
4

'
~ 4 I 4

0' l5' 50' 45' 60' 75' 90' l05
8

Fn. 10. The dependence of electric field Ii upon polar angle 8
for emitter X-89 calculated with use of an equipotential surface
which was closely fitted to the emitter profile judged from its
electron micrographs (8=0', F=Fo at the apex).

The geometric factor Pp, calculated for emitter X-89
using Eq. (3) of reference 11 with a=0.33X10 P cm,
ro=1.8)(10 ' cm, and v=0.07, was

Pp
——(9.9&1.5)X10' cm '. (5)

The significant experimental errors in Pp occurred. in the
calibration of the electron microscope (10 percent) and
the determination of emitter geometry averaged from
the electron rnicrographs of its several profiles (5 per-
cent).

Equation (5) includes a 7 percent correction to
account for the eGect of the supporting filament struc-
ture. "No significant correction was required for the
effect on Pp introduced by the difference between the
experimental anode (Fig. 1) and the theoretical anode
used for the calculation of Pp Lreference 11, Eq. (2)$
since the eGect was necessarily small compared to the
10 percent change in Pp noticed when the aluminum
coating on the inner surface of the envelope of the
experimental tube (Fig. 1) was changed from anode
potential to emitter potential. This value of Pp agrees
within the experimental error with the value P which
the theory (2) required in order to predict the observed
experimental current-voltage curve. Use of Eqs. (2)
and (3) with the assumptions of a uniform work function
@and a constant emitting area A over which the electric
field had the constant value Ii gave

d(ln I) d(lnI)
X10'.

d(10'/F) d(104/V)
(6)

To evaluate P in the present case the theory (2) was

I.O

08.

06--
J
J, 04--

0.2-.

0
l5' 30 45 60 75 0

8

FIG. 11.The dependence of current density J upon polar angle
8 (measured from the emitter apex) calculated for emitter X-89
from the field emission theory (2) and the data in Figure 10,
assuming a constant work function @=4.5 ev. Curve A for
Fo=3X10r volts/cm; curve C for to= 7X10' volts/cm corre-
sponding to the points A and C of Fig. 3.

"Emission was obtained from a long, needle-shaped field
emitter in another experimental tube, with and without the effect
of a typical filament structure which was slid along the needle
in the final vacuum with the aid of an external magnet. The
filament was moved from its normal position (2 mm from the
emitter tip), to another position far removed from the tip. The
corresponding change in p0 was calculated from the change in
applied potential required to establish a common current.
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TABLE I. Data for several emitters.

Emitter
number

X-89
X-81
N-10

-7

Poem 1

9.9X10'

P~cm 1

12.8X10'
14.6X10'
4.0.X10'

19.5X10'

Jg
amp/cm2

6X 106
7X 106
9X10'
1X107

amp/cm2

6
11
6

3X10'

F
Emitter
rad1us

cm

2.2X10 ~

2.7X10 5

2.5X10 5

1.5X10-'

G
Emitter

cone angle
in degrees

13
10
32
6.5

Jx
amp/cm2

2X107
3X10'
2X 108
6X10'

Vmax
kv

6.9
6.9

32.1
4.75

graphed in Fig. 12 with &=4.5 ev; the current-voltage
relationship AB (Fig. 3) for emitter X-89 was calculated
for the required hypothetical case of a constant emitting
area with the aid of the data from Fig. 11. According
to (6), the ratio of the slopes of these two graphs yield

P =(12.8&1.9X10s cm '). (7)

The error in p due to the ignored variation of F
with II (Fig. 10) was less than 5 percent; that introduced
by the neglect of the known distribution of work func-
tion with crystallographic direction" was less than 7
percent. With other minor errors such as those inherent
in the current and voltage measurement, p was known
within &15 percent. While Ps and P for emitter X-89
agree within the combined experimental error, addi-
tional data from four other emitters indicated that
p )ps by approximately the same percentage in each
case.

Careful inspection of the electron micrographs of
emitter X-89 revealed that the radius of curvature of
the surface near the tip varied slightly with crystal-
lographic direction; apparently the simple crystallo-
graphic faces (probably 110) were planes of small but
significant area. The surface at other crystallographic
directions had smaller than average radii of curvature
and hence larger values of P than apparent from (5)
and Fig. 10; these surfaces were probably those for
which g&g according to Nichols;" hence most of the
current originated at these surfaces. These eGects
account at least in part for the observed difference
between p and ps, the former being probably more
correct than the latter.

This conclusion was strengthened when the experi-
mental current densities J& and J&, previously calcu-
lated for emitter X-89, were graphed in Fig. 12 at
electric Geld values calculated from the corresponding
voltages Vc and V~ from Fig. 3, using P„from (6).
Thus, the theory (2) and experiment agree in the range
of current densities 6&J &6X10' arnps/cm' within the
present experimental error.

Haefer" used the hyperboloidal approximation to
evaluate Ps in experiments whose agreement with
theory appears to be subject to a larger experimental
error than that claimed. No mention was made of the
uncertainty in Ps resulting from the use of the hyper-
boloidal geometry with emitters whose shapes approxi-

"M. H. Nichols, Phys. Rev. 57, 297 (1940).

mated a cone with a hemispherical cap. A hyperboloid
tangent to the emitter at the apex can intersect the
emitter at only one other polar angle; either the apex
of the hyperboloid has a smaller radius than the emitter,
or it diverges from the emitter along the shank. Ps is
increased by the former and decreased by the latter,
being sensitive to both. "With Haefer's formula for Ps,
the two surfaces are coincident at 0=0' and 0= 10', and
fortunately the two opposing errors in ps are com-
rable for this fit.

Haefer's formula yields Pe ——8.0X 10' cm ' for
emitter X-89, a value lower than the present value (5)
by 19 percent. This error, if assigned to Haefer's values
of Ps, may be compensated for by the previously
ignored effect of the filament structure on Ps, which
effect is not less than 25 percent judged from the re-
ported filament structure in his work. and the present
experiments. Further error in Haefer's work may have
resulted from surface contamination, since the published
emission pattern )his Fig. 12(a)j is not that now
generally accepted for clean tungsten" " as was
claimed.

Current densities J~ and J~ for emitters X-81, N-10,
and Q-7 are shown in Table I, columns D and F, . When

G
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0.6 18 2.2 2.6 3,0

IO/F (F IN VOLTS PER CM)

FIG. 12. A graph showing the dependence of current density
upon electric Geld. The solid line resulted from the Geld emission
theory (2) with &=4.5 ev; the experimental data at A and C
represent the average current densities Jg and Jg with corre-
sponding values of P from Ii =P V, for emitter X-89. The theory
is terminated at the dashed line GG when the surface potential
barrier is reduced to the top Fermi electron energy level.

' E. W. Muel]er, Z. Physik 120, 270 {1943)."J.A. Becker, Bell System Tech. J. 30, 907 (1951).
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the radii of these emitters were obtained from a com-
parison between the data in Figs. 4, 5, and 6 with the
theory (2), current densities were calculated by the
method used with emitter X-89. The data from Fig. 11
were assumed applicable to all emitters. This method
was used since the required emitter radii were not
available from micrographs after use due to arc damage
(Figs. 8 and 9); micrographs taken before the emitter
was inserted into the experimental tube accurately
identified emitter cone angles (Table I, column G) and
provided an estimate of emitter radii within a factor of
2 (surface migration caused subsequent changes in
radii during the outgassing procedure). Current den-
sities J for these three emitters are known within a
factor of 3.

The following conclusions were drawn from the fore-

going discussion and an inspection of Table I and Figs.
3, 4, 5, 6, and 12: 1.The empirical equation (1) is valid
in the range Jg(J(Jq for each emitter. 2. Experi-
mental values of J for emitter X-89 agree with those

-predicted by the theory (2) in the range 6(J (6X10s
amps/cm', within the experimental error. 3. Pp and P
agree within the experimental error; Pp is sensitive to
both emitter radius and cone angle. 4. It is significant
that the lowest average current density Jt.- for which
space charge effects were observed was of nearly the
same value for each emitter; these values of Jg were in

the range 6X10s(Jc(1X10r amperes/cm'.

II. Syace Charge

It will be shown that space charge necessarily inQu-
enced the emission when the current density exceeded
a critical value J&, the effect being confined mainly to
the area from which the charge originated provided that
J was not considerably greater than J&. Because the
largest value of J was found at the emitter apex where
the electric field was greatest (Fig. 11) space charge first
influenced the emission from a small area at the apex,
the effect spreading to neighboring areas (at larger i))
as the applied voltage was increased sufficiently to
increase J to Jq in those regions.

At an area where the emission was space charge
limited, i.e., J&Jz, further increases in current density
followed approximately"

Jcx V&,

while at areas for which J&Jg, the emission increased
according to (2). The total observed current increase
above Io (Fig. 3), therefore, fell between the values
predicted by (8) (curve CD) and by (2) (curve CE).
For both of these limiting curves, a constant emitting
area and a uniform current density distribution were
assumed; hence, neither of them represents the true
experimental situation.

In order to show first that space charge inRuenced the
emission when J&Jq, the space charge q, within a
distance s&&r from a unit emitting area of radius of
curvature r was approximated as follows:

The average space charge density p, within the
distance s was

IO

where
p, =J/0 esu/cm',

ti= s [vp+ (2e/m) '(Fps) '$ crn/sec.

(9)
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FIG. 13. The surface distribution of current density J .for
emitter X-89. The abscissas were chosen so that the area under
each curve is proportional to the corresponding total current.
Curve 1, which is a replot of curve C, Fig. 11, corresponds to the
point C, Fig. 3 just prior to the onset of space charge effects
(J=Jz at the emitter apex, the average current density being Jz).
Curv'e 2 corresponds to the largest current shown in Fig. 3, the
portion I'M resulting from use of Eq. {8}for the space charge
limited region, and the portion I.M resulting from the use of Eq.
(2) for areas in which space charge was absent.

s=2X10 ' cm. (12)

The charge q, within this distance s from the emitter
surface was sufhcient to cause a measurable change in
the electric field in the proper direction and of sufhcient
magnitude to account for the departure from linearity
observed at the points C of the current-voltage rela-
tionships of Figs. 3, 4, 5, and 6. Since s was approxi-

sp Stern, Gossling, and Fowler, Proc. Roy. Soc. (London) A124,
699 (1929).

The initial velocity vp (if any) was negligible. Now,

q, =s.p, = 2Js'*(m/2e)~F p (10)

for a unit emitting area. A 1 percent change in P [see
Eq. (4)j which was detectable experimentally, would
be expected from space charge effects when

q, =0.01o.,

where 0. was the induced surface charge per unit area.
Combining (9), (10), and (11) with 0'=Fp/4' Fp=2.3
X10' esu/cm and J=3X10"esu/cm' the latter two
being typical of the experimental data when V= Vg,
one obtains
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mately one-tenth of an emitter radius, the charge q,
evidently aGected mainly the emission from its area of
origin.

Thus, space charge aGected only the emission from a
small area at the apex of emitter X-89 where J=J~,
when V= Vz, and the corresponding current-density
distribution was that shown in Fig. 11, curve C. These
data from curve C were replotted in Fig. 13, curve 1,
using values of the variable A/2m. r'= (1—cos 0) as ab-
scissae (the emitting area being hemispherical), in order
that the area under the curve be proportional to the
total emission current. During the subsequent voltage
increase Vo to Va (Fig. 3), current densities were
assumed to increase in accordance with (8) at areas for
which I)Io, and in accordance with (2) at areas for
which J&Jq. The former required the portion I'M of
curve 2, (Fig. 13) and the latter gave the portion I.M.
This interpretation attributes most of the current
increase above Ig to an increase in the e6ective emitting
area rather than to a large increase in current density
at the emitter apex.

Areas under curves 1 and 2, Fig. 13, are proportional
to the respective total currents, their ratio being 2.4.
The corresponding ratio of the maximum experimental
current I,

„
to Io (from Fig. 3) was 3.3. Thus, the

present assumptions lead to approximately the observed
increase of the total current above I, for emitter X-89;
improved agreement should result when the distribution
of p with crystallographic direction'r is recognized. Such
experiments are in progress.

As a result of the sects of space charge, the total
emission current from a cathode was increased by the
effective operation of emitting areas in parallel at
approximately a common current density, although the
individual areas had widely diGerent values of current
density at lower voltage in the absence of space charge,
due to differences in both Ps and g. This technique was
experimentally demonstrated to be valid for multiple
emitters.

III. The Field Emission Initiated Vacuum Arc

The foregoing data described the normal behavior of
field emitters whose emission was stable and repro-
ducible over a large range of currents extending into
the space charge region. It is of particular interest to
investigate the phenomena which occurred when
attempts were made to extend the emission to still
higher currents. YVhen this was done an explosive
breakdown occurred between electrodes even under the
best initial conditions of vacuum and surface cleanli-
ness, the breakdown phenomena being commonly de-
scribed as the "vacuum arc." In much of the earlier
work with voltage breakdown, the values of the sig-
nificant variables such as current density, electric field,
work function (surface contamination) were uncertain.
In the present work these variables were known ac-
curately prior to breakdown.
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Fro. 14. Current and voltage oscillographs from emitter Q-7
during its transition from the normal 6eld emission (at A)
to the vacuum arc (at E) corresponding to a total voltage change
of 5 percent. Both current and voltage plateaus are of approxi-
mately one microsecond duration. The current oscilloscope sensi-
tivity at 8 eras less by a factor of 2.$ than that at A, B, C, and D.

Breakdown occurred between electrodes when the
current density, averaged over the cross-sectional area
of the emitter cone at its junction with the emitter
hemisphere, exceeded a critical value J,; to a good
approximation

J =(I,„/mr') amperes/cm',

where I was the largest value of the normal, stable
field current prior to breakdown shown in the curves of
Figs. 4, 5, and 6, and r was the average radius of the
emitter hemisphere (Table I, column F). The values of
J, from the several ernitters (column H) are in suf-
ficient agreement to suggest that current density was
the most important variable in the present voltage
breakdown; no correlation with voltage was apparent
from an inspection of column K.

The current and voltage oscilloscope traces from
emitter Q-7 taken during the transition between the
normal, stable field emission, Fig. 14A, and the ter-
minating vacuum arc, Fig. 14K, are instructive. The
current trace A, for which I=2.2&(10 ' ampere, was
typical of all smaller currents. It exhibits a constant
current plateau of approximately 1 microsecond dura-
tion (the anomalies at the leading and trailing edges of
the current pulse were characteristic of the cathode
circuit and are not related to the emission current). A
4 percent increase in voltage which would normally
result in a 25 percent current increase caused the
change A to D, marked by a "tilted" current trace
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indicating an increase of current with time during a
single pulse (with constant voltage), the degree of tilt
increasing with current level. The series A —D was re-
versible and reproducible, the emitter apparently suf-
fering little change in the process as indicated by the
similarity between the first and second pulse runs (Fig.
6) made, respectively, before and after several cycles
A D A—(F—ig. 14). A one percent increase in voltage
yielded the nonreversible change D—E, voltage break-
down occurring near the expected peak of the current
pulse. The time of formation of the ensuing vacuum arc
was less than 5X10 ' sec, judged from an inspection
of the current trace E (total current during the arc
was greater than that indicated by the current trace E,
due to saturation of the oscilloscope ampliGer, Tek-
tronix Type 517). Emitter Q-7 appeared as in Fig. 9,
after arc, its radius increased by a factor of approxi-
mately 150 by a process in which it was melted.

The foregoing data suggest that voltage breakdown
resulted from increased emitter temperature due to a
current density dependent mechanism accompanying
the emission process. Possible mechanisms which might
have produced the required heating are resistive heating
and the Nottingham mechanism. " The former is
favored by the sensitive dependence of the breakdown
process to current increase indicated in Fig. 14. A
solution for the adiabatic case applied to the present
emitters showed that resistive heating would yield an
excessive emitter temperature rise in a microsecond
when J&10" amperes/cm'. The increase in emitter
temperature predicted by the two mechanisms when
heat conduction is considered will be presented in a
forthcoming paper together with additional experi-
mental evidence.

The foregoing interpretation is reasonable if the
thermal component of the emitted current was com-
parable in magnitude to the normal field current (ac-
counting for the tilted current pulse, Fig. 14D), a result

. that is expected according to I.e Page and Du Bridge, "
s' W. B. Nottingham, Phys. Rev. 59, 907 (1941).
ss W. R. Le Page and L. A. Du Bridge, Phys. Rev. SS, 61 (1940).

when the surface potential barrier is not large compared
with kT (the barrier in the present case was about 1 ev
above the top Fermi leve17 woolen Fs 8&——& 10' v/cm. The
work of Guth and Mullin" concerning electron emission
at intermediate electric fields and temperatures adds
further support. The required temperature dependent
current increase probably originated in part at least at
areas whose normal Geld emission was not space-charge
saturated.

During the formation of the vacuum arc (Fig. 14E)
the current increased by approximately two orders of
magnitude in 5)&10 ' second, the normal Geld emission
prior to the arc being space-charge limited in part. The
observed current increase required either that J was
considerably greater than Jz in which case space charge
was necessarily neutralized, or that the effective emitting
area was correspondingly increased, or both. The
positive ions required by the former may have been
supplied by the heated emitter whose surface material
was evaporated as ions or as neutral atoms which were
ionized near the emitter surface in the high density
electron beam. In view of the required rate of ion
delivery, the excellence of the present vacuum, and
transit time considerations it is unlikely that the present
breakdown was initiated by ions" or clusters" liberated
at the anode.

The observed current increase of two orders of mag-
nitude which accompanied the formation of the vacuum
arc was certainly sufhcient to account for the additional
heating required for the geometric deformation shown
in Figs. 88 and 9.
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