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Investigation of the Prebreakdown Gap Currents between
Clean and Cesium-Coated Tungsten Electrodes

CAROL J. BENNETTE,* R. W. STRAYER,! E. C. COOPER,* AND L. W. SWANSON$
Field Emission Corporation, McMinnville, Ore.

Prebreakdown currents have been measured between tungsten electrodes with varying
amounts of adsorbed cesium and oxygen under both high vacuum conditions and in the
presence of a cesium pressure of 2 X 10 ~6 torr. Under the conditions investigated, the pre-
breakdown currents were due to field emission from small protrusions on the cathode; the
corresponding current-voltage characteristics were stable and reproducible. The main effect
of surface adsorbates was to change the work function of the emitting surface. The gap
voltage for a permitted gap current was thus found to be a function of surface roughness and
of amount of contamination upon the electrodes and to be directly proportional to gap spac-
ing. Typical values of the gross field for O.ljua gap current between thermally smoothed sur-
faces are 3.1 Mv/cm for clean tungsten and 0.62 Mv/cm for an optimum cesium coverage.
The local electric fields at the tips of protrusions on the electrodes, as determined by analysis
of the resulting current-voltage characteristics, are much higher, up to TO Mv/cm. Evidence
for field and temperature induced geometrical changes of the surface is given and discussed.

Introduction

T TNDESIRED leakage currents and electrical breakdown
^ between electrodes in high vacuum is a subject receiving
increased interest at the present time, primarily because of the
need for operation of high-voltage apparatus in outer space.
The systems studied range from clean electrodes in ultrahigh
vacuum to electrodes in relatively low vacuum where surface
conditions are not well defined. This paper attempts to
bridge the gap between these extremes by reporting meas-
urements of time stable gap currents, hereafter referred to as
prebreakdown gap currents, between atomically clean tung-
sten electrodes in ultrahigh vacuum and electrodes with
known amounts of cesium and/or oxygen. An understanding
of the nature of the prebreakdown currents is helpful in under-
standing the origin of leakage current and processes that
lead to the actual high-vacuum arc.

Experimental Procedures

The experimental tube used for the present study is shown
in Fig. 1. The tube was a diode consisting of a spherical
electrode (diameter equal to 25 mils) and a planar electrode
with variable gap spacing. This configuration permitted
independent variation of the electric field at the electrode
surfaces and of the. total gap voltage, so that the effects of
these two parameters on prebreakdown gap currents could
be determined separately; it also permitted accurate deter-
mination of the gross field at both surfaces. The spacing
was varied and measured by means of a stainless-steel bellows
and a micrometer head.

The tube envelope was constructed from aluminosilicate
glass to reduce helium diffusion after tube evacuation and
sealoff. During the investigation of effects of higher cesium
pressures, a portion of the tube envelope was kept hot by
an external heater in order to prevent the development of
electrical leakage paths on the inside of the glass walls.
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Cesium was deposited on both electrodes by heating the
cesium reservoir and keeping the electrodes cold, or onto
one electrode only by maintaining the other at a sufficiently
high temperature to thermally desorb the cesium. For the
experiments reported here, both electrodes were always
coated with the same degree of coverage of cesium and/or
oxygen. The temperature of the spherical electrode was
determined by measurement of the resistance of a segment
of the supporting tungsten filament. The degree of cesium
coverage on the electrodes was determined by measuring the

Fig. 1 Voltage breakdown study tube with variable spac-
ing electrodes: A, field emission microscope; B, cesium
ampule; C, beatable section of in-seal; D, spherical elec-
trode; E9 plane electrode; F, stainless-steel bellows;
G, 10-mil tungsten filament for electron bombardment

heating of plane electrode.
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Fig. 2 Fowler-Nordheim plots of I-V data obtained with
the sphere negative at an electrode spacing of 2.8 mils at

the indicated cesium coverages and work functions.

work function of the emitting surface and then using the
known relationship between work function and coverage for
cesium on tungsten.1 When measurements were performed
in an ambient cesium pressure, the latter was varied by con-
trolling the temperature of the cesium reservoir, with the
tube itself being operated at a temperature above that of the
reservoir. With cesium on the electrodes, measurements
were taken while the tube was shielded from light to eliminate
excessive photo currents.

The small field emission microscope, containing a tungsten
emitter and attached to the main bulb as an appendage,
monitored the vacuum conditions and helped determine the
degree and type of possible contamination on the electrode
surfaces, without itself acting as a source of contamination.
Vacuum conditions were better than 10 ~10 torr in all cases re-
ported here, except when a higher pressure of cesium vapor
was purposely introduced for some of the measurements.

The prebreakdown current can thus be measured as a
function of voltage, electric field, electrode temperature, de-
gree of cesium coverage, and cesium vapor pressure. The
procedure generally followed consisted of the measurement
of gap current I between electrodes free of contaminants,
as a function of gap voltage V for a series of gap spacings d}
all other parameters being held constant. Then one of the
parameters (such as degree of cesium coverage) was modified
and the measurement repeated; thus, the effect of the particu-
lar parameter upon the prebreakdown current was determined.

In connection with the present studies, field emission
microscopy has been used to establish relationships between
coverage and work function for cesium and/or oxygen on
tungsten, and to study formation of protrusions on clean
tungsten surfaces. Details of construction and uses of field
emission microscopes are presented elsewhere.2"4

Results and Discussion

Prebreakdown gap currents between clean and cesium-
coated tungsten electrodes were measured as functions of
the following parameters: electrode gap spacings from 1.5
to 10.0 mils, surface work functions from 1.2 to 5.1 ev (de-
pending upon the amount of cesium and/or oxygen on the
surface), ultrahigh vacuum (pressures less than 10~10 torr)
and ambient cesium pressures up to 2 X 10~6 torr, tempera-
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Fig. 3 Room temperature Fowler-Nordheim plots of
J- V data obtained with the sphere negative at the indi-
cated electrode spacings for an ambient cesium pressure

of 2 X 10~6 torr.

tures of the clean substrate between 293° and 1000 °K, both
polarities of electric field, and various degrees of surface
roughness.

Nature of the Gap Current

For gap currents between 10~10 and 10~4 amp, the current
was found to be due to field emission only under the condi-
tions mentioned previously. This fact was established by
analyzing the I-V data according to the Fowler-Nordheim
equation (A5) (see Appendix) for field emission, whereby
the linearity of the plots of log I/72 vs 104/T ("Fowler-
Nordheim plots") establishes the field emission nature of the
gap current, since no other current-initiating mechanism is
known to have this particular functional relationship. The
linearity of the present data is illustrated in typical plots in
Figs. 2 and 3. Figure 2 summarizes data obtained at a fixed
gap spacing (d = 2.8 mils) for work functions between 4.5
and 1.6 ev, corresponding to cesium coverages on the spherical
electrode ranging from 0 to 0.7 monolayer; similar data
were obtained for other gap spacings, and also for cesium on
oxygen-contaminated electrodes for which the work functions
varied from 5.1 to 1.2 ev. Figure 3 illustrates the linearity
of Fowler-Nordheim plots of the I(V) data obtained for an
ambient cesium pressure of 2 X 10 ~6 torr at various electrode
spacings and with the electrodes at room temperature. For
clean tungsten surfaces at temperatures between 293° and
1000 °K, the I-V data obeyed the temperature dependent
field emission equation (Al).

For fixed values of gap current, temperature, and surface
work function, the gap voltage was a linear function of gap
spacing, as shown in Fig. 4 for 7 = 1.0 /-ia and a cesium cover-
age of 0.7 monolayer. This direct proportionality between
V and d at constant current, showing that the gross field
^o = V/d to draw a constant gap current I was independent
of d over the range of d investigated, is additional evidence
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Fig. 4 Room temperature plot of voltage required to
maintain 10~6 amps vs electrode spacing with the sphere
negative and cesium-coated such that its work function

is 1.6 ev.

that the gap current was due to field emission and further
indicates that / originated at protrusions on the electrode
surface which were small compared to the minimum gap
spacing investigated. There may be a large number of
protrusions on the surface; however, since in field emission
the current is a highly nonlinear function of local field and
therefore of electrode geometry (see Appendix), emission
from a single protrusion, or at most a small group of pro-
trusions of similar geometry, will predominate.

Surface Field Enhancement Factors

The gross field, obtained from the slopes of such curves as
in Fig. 4, is considerably less than the actual field F at the
emission sites, determined by analyzing the I-V data ac-
cording to Eqs. (A4-A6).

Protrusions on the electrode surfaces reduce the gap voltage
required to sustain a given gap current by enhancing the
field locally. The factor by which the field is locally en-
hanced due to surface roughness is defined as the surface en-
hancement factor 7 and is the ratio of the maximum electric
field F at the tip of a protrusion to the gross field FQ — V/d
in the gap, i.e., 7 = F/F0. Thus, FQ for a given field-emitted
gap current is a function of both the work function of the
emitting surface and its enhancement factor, as shown in
Fig. 5. Enhancement factors observed in this work, as ob-
tained by Eq. (A7), range from 10 to 340 depending on prior
treatment of the electrode surfaces. For a relatively low
enhancement factor of 12 on the spherical electrode and a
gap current of 0.1 /za, F0 for clean tungsten was 3.1 Mv/cm,
whereas FQ for tungsten, with the lowest work function ob-
tainable by cesium adsorption, was reduced to 0.62 Mv/cm.

Different enhancement factors are usually found for the
two electrodes; this is illustrated by Fig. 6, which shows two
Fowler-Nordheim plots of I-V data obtained by reversing the
polarity of the electrodes. Since gap spacing (hence, gross
field FQ = V/d) and surface work functions were the same
in both cases, the ratio of the slopes of the two curves is equal
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Fig. 5 Gross field, F0 = F/d, as a function of enhance-
ment factor 7 for various electrode work functions for 1
fji,SL emission current, assuming an emitting area of 10~10

cm2.

to the ratio of the maximum enhancement factors of the two
electrodes.

Surface Geometry Changes Due to Temperature
and Electric Field

The size and shape of protrusions on an electrode in vacuum,
and thus the degree of surface roughness and the enhancement
factor, can be changed by heating the electrode and by ap-
plying an electric field to its surface. For tungsten pro-
trusions with sharp tips below approximately IJJL in radius
and at temperatures below the melting point, it can be shown
that the primary mechanism causing changes in radii is sur-
face migration.5-6 An expression for the change in protrusion
length dz/dt due to surface migration has been derived and
confirmed experimentally6 for several refractory metals; it is
approximately

dz
dt

1.25
kT (1)

where 12o and AQ are the atomic volume and surface atom
density, respectively, DO and Q are the diffusivity constant
and activation energy for surface migration, S is the surface
tension of the protrusion material, r the radius of the pro-
trusion, T is temperature, and F the applied field.

In the absence of an electric field, the second term inside
the brackets in Eq. (1) is zero, and the following expression
can be derived for a protrusion having a terminal tip radius
r and a conical shank with vertex half-angle a:

r4 - r0
4 = Cat (2)

where r0 is the initial tip radius of the protrusion, C is a func-
tion of temperature and properties of the protrusion material,
and r is the radius obtained by heating at a temperature T
for a time t. Because of the fourth power of the radius in
Eq. (2), the variation of r with t is insensitive to the choice
of a, and becomes insensitive to r0 after sufficient heating
such that r » r0. Figure 7 shows Eq. (2) graphed in a form
to give the approximate radius of a tungsten protrusion ob-
tained when the surface is heated to a temperature T for vari-
ous heating times, assuming a negligibly small initial tip
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Table 1 Geometry changes due to heating

Emitting area, Apex radius,
Electrode 7 cm2 cm

Sphere after arc 25.0 1.5 X 10 ~n 2.2 X 10 -•
Sphere heated to 3000°K

for 10 sec 11.0 2.2 X 10~9 2.66 X 10~5

Plane after arc 20.0 3.65 X 10~12 1.08 X 10~6

Plane heated to 1400°K
forlSOsec 16.3 5.4 X 10~12 1.3 X 10~6

radius. It can be seen that, except by very prolonged heat-
ing at extremely high temperatures, it is difficult to obtain
radii larger than a few microns by heating only. This means
that a reduction in 7 due to heating will occur if the tungsten
protrusions have tip radii less than a micron, but that very
little change will occur if the protrusions are large and have
initial tip radii larger than a few microns.

The importance of the heating temperature on the magni-
tude of 7 can be seen in Table 1, which presents data taken
on both the sphere and the plane electrodes after an arc had
occurred. Changes in 7 and in effective emitting areas ob-
tained from Eqs. (Al) and (A7), both before and after the
arc, show that, generally, an arc roughened both anode and
cathode, creating small protrusions. (Even though, in a
few cases when 7 was initially very large, an arc would, on
the contrary, reduce 7). The results given in Table 1, ob-
tained after heating two roughened surfaces to 1600° and
3000 °K, respectively, verify the prediction of Eq. (2) and
Fig. 7, namely, that heating to higher temperatures results
in a smoother surface, i.e., in protrusions with 7 lower and
larger radii of curvature. In no case investigated, and despite
favorable circumstances (i.e., the sphere was a single crystal,
small diameter refractory metal electrode), was it possible
to attain enhancement factors less than 10 by heating.

Application of an electric field affects surface migration of
the substrate in two ways: 1) if the field is high enough and
if the initial protrusion is large enough, it reverses the direction
of migration so that the protrusions are enhanced, since the
second term in the brackets of Eq. (1) will dominate; and
2) the field reduces the activation energy Q so that the migra-
tion rate increases.7 We have some evidence of protrusion
growth due to field-induced surface migration. In a field
emission microscope, a positive field of 100 Mv/cm was
applied to a smooth emitter heated at 1000°K; this pro-
duced a large number of protrusions in a short time with 7 ̂
3 to 4 and an effective emitting area of ~10 ~12 cm2 (see Fig.
8). Also, when a negative field of 43 Mv/cm was applied to
an emitter that already had a small protrusion on it, the pro-
trusion was observed to grow even at room temperature.
Thus, protrusions have been observed to grow under the
influence of a high electric field of either polarity. The
mechanism of nucleation of protrusions on a clean cathode
surface by an electric field, as reported here, has not been
positively identified; a possible mechanism would be nuclea-
tion by sputtering, which has been observed in the presence
of high electric fields, on contaminated surfaces,8 or even on
clean surfaces in the presence of residual gas.9

It is interesting to note that our results suggest that protru-
sion growth, by field and temperature alone, is possible on
both anode and cathode surfaces, in accordance with the
observations of others8; however, the fields required for
nucleation of the protrusions shown in Fig. 8 are higher than
the maximum enhanced fields attained with gross electrode
structures. It is possible that such mechanism for protru-
sion growth as field-induced surface migration or yield to
field stresses may be more evident for lower melting metals
or with differing surface conditions. In these cases, larger
field enhancement factors and, hence, field emission cur-
rents at moderate gross field gradients might be expected.
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Fig. 6 Fowler-Nordheim plots of I-V data for both po-
larities of field at a constant gap spacing and work func-
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Fig. 7 Radius of a tungsten protrusion as a function of
temperature for various heating times, for a conical pro-
trusion with half-angle a — 0.1 rad and initial radius

r0 = 0.
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Radiation Associated with Prebreakdown Current

Small pinpoints of light similar to those reported elsewhere
in connection with electrical breakdown8' 10~12 were observed
on the anode when the current in the gap was 0.1 IJL& or
larger. This radiation has been identified13 as optical transi-
tion radiation, which occurs when a moving charged particle,
in this case an electron, traverses a boundary between two
media with different optical properties.14' 15 There is no
fundamental difference between transition radiation and
Cerenkov radiation; for the former, the velocity of the
charged particle is less than the speed of light in both media.
Although transition radiation is not a factor contributing to
the prebreakdown current, since it has been observed over
several orders of magnitude range in current without causing
deviations from field emission behavior, it does give some
indication of how many protrusions are emitting. In some
cases, particularly where the enhancement factor was quite
low (7 = 10) only one spot of radiation was visible, whereas
when the enhancement factor was large (7 > 100) several
spots of radiation were observed, indicating that more than
one protrusion on the surface was emitting. It can be
shown8 that, when more than one protrusion is emitting,
the Fowler-Nordheim plots corresponding to the measured
7-7 characteristics will, in general, be linear, but the values
of 7 will be weighted strongly toward the highest values that
could be calculated for each single emitter.

Effects of Cesium and Oxygen

Adsorption of cesium and/or oxygen on the electrode sur-
faces affects the prebreakdown gap current mainly through
the changes caused in work function of the electrode sur-
faces. Figure 9 shows the variation in work function with
cesium coverage for clean tungsten and for tungsten with
two different underlying degrees of oxygen coverage. For
cesium on clean tungsten the work function can vary as
much as a factor of 3; the voltage across the gap would have
to be reduced by about a factor of 5 in order to maintain a

5.0

53.0

2.5

2.0

1.0

(a) o Cs on clean W

(b)° Gs on 0-W; <£ow*4.55ev

(c)* Cs on 0-W; <£ow"5.!6ev 400

300 -

200 P
o

|
I

100

Fig. 8 Field emission patterns indicating the growth of
prolusions: a) initial pattern, / = 10 /za, V = lOkv; b)
pattern after heating at 1600 °K for 20 min with a positive
field of 140 Mv/cm at the emitter surface, I = 10 /xa, V =

3.4 kv.
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Fig. 9 Field emission work function (solid lines) and
equilibration temperature (dotted lines) as functions of
average cesium atom density for varying degrees of initial

oxygen coverage.

constant field-emitted gap current. For cesium on tungsten
with a heavy coating of oxygen, the change in work function
is very nearly a factor of 5; the corresponding reduction in
gap voltage would be approximately a factor of 11 for a given
field-emitted gap current.

The equilibration temperature curves of Fig. 9 are related
to the mobility of cesium on the different substrates: the
higher the equilibration temperature the less the mobility;
they show that cesium is less mobile on oxygen-covered
tungsten than on clean tungsten for a given degree of cesium
coverage. The curves of Fig. 10 give the changes in work
function due to thermal desorption of cesium from substrates
with differing amounts of oxygen; they show that higher
temperatures are required to desorb cesium from oxygen-
covered tungsten than are necessary for cesium on clean
tungsten. Thus, the general effect of oxygen is to bind the
cesium more tightly to the surface, so that higher tempera-
tures are required to change the work function of the surface.

The effect of increasing the cesium vapor pressure within
the gap is to increase the cesium coverage on the electrodes
for a given electrode temperature; for a cesium vapor pressure
of 2 X 10~6 torr with electrodes at room temperature, the
cesium coverage is greater than a monolayer. Our data indi-
cate that, for the gap spacings (which are very much less
than the mean free path of electrons within the cesium gas)
and cesium pressure investigated, and for unheated elec-
trodes, the prebreakdown gap currents are affected only
through variations in work function. At higher cesium
pressures, or at larger gap spacings, or at higher electrode
temperatures, other mechanisms could become important.
For example, at 300 °K, desorption of cesium from the anode
in ionic form can occur at fields of 20-50 Mv/cm, depending
upon the coverage, by field desorption.16 Under conditions
reported here, no evidence of cesium ion formation by field
desorption was observed, since the field at the anode was
generally less than 20 Mv/cm when the electrodes were
coated with cesium.

It has been reported elsewhere17 that above 300 °K an
applied negative or positive field causes a corresponding re-
versible increase or decrease in the cesium coverage in the
high field region due to a thermodynaimcally motivated dif-
fusion process along the shank of the protrusion. At low
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Fig. 10 Average field emission work function as a function
of desorption temperature for cesium on the indicated
substrates.. |* The emitter was heated for 60 sec at the in-
dicated temperature prior to each work function determi-

nation.

coverages (0.1 monolayer) and fields of 30 Mv/cm, the
cesium coverage on the cathode is reduced by 50%. Such
an effect has also been noted in this work and is illustrated
in Fig. 11 where deviations from linearity of the Fowler-
Nordheim plots are observed at high fields in the direction
expected due to a reduction in cesium coverage. The shape
of the curve after it deviates from linearit}^ depends on the
time between data points and the temperature of the surface.
That the change in coverage is reversible can be deduced from
the similarity in slopes (and hence, in associated work func-
tion) of curves 2 and the upper portion of curve 3 of Fig. 11,
where the I-V data of curve 2 was obtained, and then the
field was removed for a time sufficient to allow the cesium
to return by surface diffusion to its initial coverage before
data of curve 3 was taken.

It is interesting to note that for cesium coverages less than
0.7 monolayer the field-induced cesium coverage changes
at the cathode increase the work function, i.e., decrease the
field emission current, whereas the coverage changes at the
anode result in a decrease of work function which reduces the
rates of ion forming mechanisms, such as field desorption.16

Thus, the field-induced cesium coverage changes at both elec-
trodes are in the direction that opposes emission of charged
particles into the gap, and hence in the direction that promotes
gap stability and retards the onset of breakdown. The
practical implication is that this effect tends to stabilize the
prebreakdown current and increase the voltage that a given
gap can withstand.

Concluding Remarks

Under the conditions investigated and reported here, i.e.,
very high vacuum, controlled amounts of contaminants on
clean substrates, and controlled surface roughness, the pre-
breakdown gap current and gap voltage characteristic is
stable, reproducible, and due to field emission. No evidence
of ion generation or electrode sputtering was found, although
under different conditions, such as higher gas pressures,
larger gap spacings, and higher electrode temperatures, both

of these may occur. The experiments reported in this paper
have to do primarily with the origin and nature of gap cur-
rents detected prior to the onset of irreversible processes
and electrical breakdown; however, the work is being ex-
tended into a more detailed study of the current-voltage
characteristics up to the actual vacuum arc. Mechanisms
by which field emission can lead into complete breakdown are
discussed in detail elsewhere8' 18~22; in such cases, cesium
coverage and enhancement factors should greatly alter the
apparent breakdown fields. For clean electrodes or when
the cathode has the higher enhancement factor, cathodic
processes are likely to play a predominant role. Dyke et
al.21 have shown that high cathode current densities obtain-
able in field emission can resistively heat the cathode enough
to vaporize some of the cathode material and cause an arc;
they18 have also derived the following expression relating the
temperature at the tip of an emitter to its radius and the
emitting current density /:

TmaK = 9.5 X 10-4J2r2°C
For Tmax = 3000 °C, close to the melting point of tungsten,
/ varies between 2 X 109 and 2 X 107 amp/cm2 for r between
10 ~6 and 10 ~4 cm. In the course of this investigation,
electrical breakdown has been observed several times for
clean tungsten electrodes; when observed, it occurred at
field of 70 Mv/cm or higher and current densities exceeding
107 amp/cm2 in accordance with the cathode resistive heating
mechanism.

In addition, the experimental evidence generated here
and elsewhere22 indicates that, under certain conditions of
field and temperature of the electrodes, changes in the geom-
etry of protrusions can occur; these changes cause increases
in 7, and thus, increases in field emitted gap current, which
may in time culminate in a vacuum arc even though the gap
voltage is held constant.

In conclusion, the work reported here establishes that: 1)
for the conditions investigated, field emission is the dominant
causes for prebreakdown (or leakage) current; 2) the occur-
rence of high local field enhancement factors, even on the
most carefully treated electrode surfaces, indicates that in
almost all cases electrode surfaces are subjected to local field
considerably higher than the average potential gradient
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Fig, 11 Fowler-Nordheim plots obtained at room tem-
perature with the sphere negative at a gap spacing of 4.5
mils. Curve 1 is for the clean tungsten surface. Curves
2 and 3 are for a cesium coverage corresponding to a work
function of 2,9 ev. The deviation from linearity at high
currents in curves 2 and 3 illustrates the field effect on
the equilibrium cesium coverage as discussed in the text.
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across the gap, making field emission a likely occurrence even
though the gross fields are well below the values known to be
required for field emission; 3) the presence of cesium affects
the prebreakdown currents only through the changes it causes
in surface work function; and 4) an applied electric field in-
duces local changes in cesium coverage which inhibit the
emission of charged particles across the gap.

Appendix

Since the field emission nature of the prebreakdown gap
current was established, field emission techniques were used
to analyze the data. These techniques are based on the
experimentally confirmed Fowler-Nordheim law of field
emission23- 24 by analyzing the I-V data according to the
following expression,24 which contains the approximate
correction for the Boltzmann tail to the Fermi distribution
for a particular temperature range :

, F) = P(T)AF* exp(-b<i>^/F) (Al)
where A is directly proportional to emitting area and is a
slowly varying function of <£, b is a constant, and

P(T; = wp/simrp (A2)

(A3)

(A4)

in which p is given approximately by
p = kT2(2me)llz(t)ll2/heF

Substituting
F = j87

(where /3 is a function of gap spacing and of geometry of an
emitting protrusion only) into Eq. (Al) leads to an expression
in terms of the directly measurable field emission current and
voltage as

I = (£72) exp(-2.3ml04/TO (A5)
It follows that a "Fowler-Nordheim plot" of the I-V char-
acteristics (i.e., a plot of log™ I/T2 vs 104/~F) yields a straight
line having a slope m and an intercept B with the vertical
axis at 10 */V = 0. When the Fowler-Nordheim law is
satisfied, it can be shown24 that the work function 0 is related
to the slope m by the expression

m = -2.83 X 103<£3/2//3 (A6)
In this work, the field ^o for a smooth electrode surface

is essentially V/d, since all gap spacings investigated (d from
1.5 to 10.0 mils) were smaller than the radius of the spherical
electrode (12.5 mils). The local field F at the predominant
field emission sources can be independently derived from
the slope m of the Fowler-Nordheim plot and Eq. (A4); not-
ing that F = yFQ, and therefore /3 = y/d, it is possible to
determine 7 in terms of the experimentally determinable
parameters as follows:

7 = 2.83 X 10303/2d/ra (A7)
Since 7 is a function of electrode geometry only, it is, of course,
independent of 4> and d by virtue of Eq. (A6).

Using the work function <£i for the clean emitting surface
as a reference, the work function <£2 of the surface when
coated with an adsorbate can be determined from

where mx and m2 are the slopes of the corresponding Fowler-
Nordheim plots. When the average work function of the
clean surface is well known, as in the case of clean tungsten
(0 = 4.52 ev), the work function of the coated surface can
be determined with good accuracy. It should be emphasized
that work functions so determined are automatically weighted
toward the highly emitting (or low work function) planes of
a poly crystal-face surface.

In summary, knowledge of <£, d, and the current and volt-
age for some particular point on the Fowler-Nordheim plot
permits determination of 7, of the actual field at the emission
site, as well as of the current density and the effective emitting
area.25 This information is all obtained from the I-V data

without assuming any particular shape for the emitting
protrusion or protrusions.
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