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FIELD-EMISSION INVESTIGATION OF THERMAL
DESORPTION AND SURFACE DIFFUSION OF

CESIUM ON TUNGSTEN

SUMMARY

[Thermal desorption and surface diffusion of cesium coatings on a tungsten
substrate have been investigated by pulsed-field-emission microscopy.

Measured values of the heat of desorption for neutral cesium atoms vary with
cesium coverage from 18 kilocalories per mole at 1.0 monolayer of cesium to
69 kilocalories per mole as the degree of coverage approaches zero. Electric-
field strengths up to 13 megavolts per centimeter had negligible effect, within
experimental error, on the heat of neutral desorption at zero coverage. An aver-
age heat of desorption for cesium ions of 55 kilocalories per mole is obtained
for the range of coverage from O to 0.07 monolayer.

Measured values of the surface-diffusion activation energy range from 6 to
17 kilocalories per mole depending on the degree of coverage and the crystal-
lographic orientation of the substrate under the condition of zero electric field
at the surface. Application of d-c flelds of either polarity (ranging from 14 to
-22 MV/cm) is found to produce a significant decrease in the activation energy :
for surface diffusion. A tentative explanation of this effect is gilven. | ‘ ((/
(G

In the interpretation of the data, use is made of the detailed informatiom—
available by examination of the field-emission-microscope patterns.
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INTRODUCTION

This report concerns a study recently undertaken at the Field Emission
Corporation Research Laboratory of the familiar problem of the behavior of alkali
metal layers on metal substrates with present emphasis on the cesium-on-tungsten
system. The novelty of the present work stems largely from a cholce of experi- /.
mental technigues based on field electron emission E;agugre designed to comple-
ment other investigations by permititing measurements Under experimental condi-
tions not readily studied by other techniqueqéj The main objective of the present
work 1s to contribute to the fundamental knowledge and understanding of the be-
havior of alkali layers on metal substrates. A specific practical motivation of
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the work 1s provided by the desire to understand and prevent voltage breakdown
between cesium-covered electrodes at the high voltage gradients required for ef-
fective operation of ilon propulsion engines.

The behavior of ceslum atoms on a tungsten surface has been studied most
extensively by Langmuir and Taylor. Using thermionic technlques, they investi-
gated the surface mobility of cesium on tungsten (ref. 1) and the evaporation of
atoms, ions, and electrons from a cesium-coated tungsten surface as a function
of the degree of cesium coverage and the surface temperature (ref. 2).

The behavior of cesium on tungsten is, of course, complicated by the fact
that tungsten has a crystalline structure and is therefore anisotropic, so that
quantities of fundamental interest such as substrate work function, cesium bind-
ing energy, and surface migration rates depend on the crystallographic orienta-
tion of the substrate. To obbtain greater detall and to ascertain the magnitude
of thils effect, several investigators (refs. 3 to 5) have used various forms of
the thermionic-emission-projection microscope to investigate the dependence of
adsorption and/or evaporation of cesium atoms on the crystallographic orientation
of the substrate.

In space technology, cesium finds its most important uses in the areas of
thermionic converters and ion engines. However, the operating conditions are
fundamentally different in these two cases. Thermionic converters are character-
ized by elevated electrode temperatures, low voltage gradients at the electrode
surfaces, and a cesium surface layer that is in equilibrium with the cesium vapor
present at relatively high pressure in the gap between the electrodes. On the
contrary, lon engines are characterized, in general, by a relatively high vacuum,
high voltage gradients at the electrode surfaces, and electrode temperatures that
may be low enough to preclude both thermionic emission and evaporation of cesium
atoms or ions at an appreclable rate.

With this in mind, it is readily seen that the previous techniques based on
thermionic emission (refs. 1 to 5) can best duplicate those condltions Tound in
thermionic converters and are therefore well sulted to investigations pertaining
to these devices. These technigues, however, are not readily applicable to a
study of conditions prevailing in the accelerator systems of ion engines. For-
tunately, the methods of field-emission microscopy, and particularly the recent
extension in reference 6 of these methods in the embodiment of the pulsed-field
or T-F emission-projection microscope, are ideally suited to the present problem
and have been selected for this reason.

Tn the area of field emission, preliminary work has been done in an investi-
gation of the dependence of the work function of ceslum-coated tungsten on the
degree of cesium coverage (ref. 7). This research was sponsored by the National
Aeronautics and Space Administration through the office of Grants and Research
Contracts.




EXPERIMENTAL METHODS
Pulsed-Field-Emigssion-Projection Microscopy

[The main experimental tool used)so far in the present study of surface dif-
fusion and desorption rates[is a special version{illustrated in figure 1{of the
field-emigsion-projection microscope (FEPM)inrEt introduced by the authors of
reference 8. General discussions of field-emission microscopy have been pub-
lished (refs. 9 to 11). Details on construction and processing have been pre- ﬂﬁgg?i;”
sented in the literature (refs. 6 and 12). Briefly, the FEPM is a diode in
which field emission is drawn from the single-crystal hemispherical tip of a very
sharp needle (tip radius usually <1u) mounted at the center of an evacuated
spherical bulb coated with a phosphor. When a sufficiently positive '"viewing
voltage" is applied to the phosphor screen, electrons are emitted by tunneling
through the potential barrier at the emitter surface; this process, called fleld
or T-F emission, depending on the tip temperature, can be made to occur at all
temperatures to absolute zero. The fleld-emitted electrons travel along nearly
radial paths and form a visible field-emission pattern on the phosphor screen
that provides a highly magnified emission image of the tip surface. The FEPM is
characterized by a high magnification (approximately equal to the ratio of screen
to tip radius, typically in the 105 to 108 power range), a high resolving power
for smooth surfaces (typically 30 A, limited by the initial energy spread of
about 0.25 ev of the field-emitted electrons) and a still higher resolving power
(2.2 A in certain cases) for surface irregularities. Pattern detail arises from
local variaticns in field and work function at the tip surface, and the pattern
has a symmetry characteristic of the crystal structure of the tip material. Ob-
servation of the emission pattern of the uncoated tip provides a sensitive criterion
for checking the smoothness and cleanliness of the substrate prior to deposition
of the alkalil adsorbate.

[ The presence, migration, and desorption of an adsorbate such as cesium are
detected and measured through observation of the occurrence and time rate of re-
sulting changes in the field-emission pattern that permit a determination of the
assoclated physical constants (sticking probability, rate constant, and activa-
tion energies).| However, at the high values of applied voltage gradients re- /;‘/;7
guired for field emlssion, there 1s a possibility that the large electrostatic
forces accompanying steady-state fields may alter the processes under study and,
at hlgh temperatures, may even alter the shape of the substrate. To avoid this
reaction, the high "viewing field" required for field emission may be applied in
the form of very short pulses at low duty factor (e.g., l-psec pulses at a rate
of 30 pulses/sec), and the emisslion pattern is then viewed ags a motion plcture.
This technique, introduced in reference 6, minimizes the perturbing effect of
the viewing fleld on the event under study (in the experiment to follow this has
been verlfied by checking the insensitivity of the results to a change in the
duty factor and to a change in pulse voltage) and allows almost complete freedom
in the selectlon both of the tip temperature and of the magnitude and polarity of
the d-c voltage gradient, which may be applied at the tip (in addition to the
pulsed viewing field).
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Experimental Tube

The modified FEPM tube used in these investigations underwent several
changes in design before a model satisfactory in all respects was obtained. The
tube, illustrated in figure 1, used to obtain most of the data gilven subsequently
consists of a cesium reservolr, a cesium evaporation platform, and an FEPM ar-

rangement.

The cesium reservoir 1s a small cesium-containing glass ampule with a
preakoff seal. The ampule is obtained in the following manner: The cesium is
purchased from the gsupplier in partly evacuated (to about 1 torr pressure of an
inert gas, probably argon) glass ampules, each containing about 1 gram of pure
(99.9 percent) cesium. One of these commercial ampules is placed in a copper
tube that is fastened to a glass manifold connecting to five or six breakoff-seal
ampules and a high-vacuum system. After the system is evacuated and baked for
12 hours at 500° C, the glass ampule containing the cesium is broken by crushing
the copper tube and allowing the inert gas to be pumped away. When the vacuum
has returned to less than 108 torr, the ceslum is slowly distilled into the
preakoff-seal ampules. These are sealed of f and attached to experimental tubes
as needed. The breakoff-seal ampule is broken as a last step before sealoff
during evacuation of an experimental tube. During this step no change in pres-
sure in the experimental tube is observed by monitoring the field-emission cur-
rent in the tube or by reading the pressure of the ion gage attached to the
vacuum system.

Of the several methods of obtalning a controllable cesium source, the plati-
num platform, illustrated in figure 1, has proved to be the most satisfactory,
because a large number of reproducible doses are obtainable from one loading of
the platform. After breaking the seal of the cesium-containing ampule connected
4o the sidearm, the cesium is heated by an external Nichrome heater and con-
densed on the platform, which is maintained at 77° K by filling the Teflon
sleeve with ligquid nitrogen. To eliminate cesium distillation into the main body
of the tube during the loading of the source, a nickel disk is positioned over
the aperture; the disk can be removed magnetically. Subsequently, controlled
amounts of cesium can be evaporated from the platform onto the emitter tip by
heating the platform to a known temperature for a fixed length of time. In the
experiments described herein, the reproducibility of the amount of cesium evapo-
rated onto the tip was checked by measuring the corresponding change in work
function of the emitter surface and by observing its field-emission pattern.

This value was found to be within 5 percent, which was sufficient for the present
purpose.

The construction of the FEPM part of the experimental tube is standard
(refs. 11 and 12) except for provision made to measure and control the emitter
temperature (ref. 13). The tip temperature is derived from an accurate measure-
ment of the resistance of a small sectlon of the emitter supporting filament.
This measurement utilizes the fact that the resistivity of tungsten is a well-
known, monotonic, and nearly linear function of temperature over the range of
interest. The resistance of a segment of the loop is determined by passing an
accurately known d-c current through it and measuring the potential difference
across it by means of two small leads attached to the filament. The resistance
is calibrated by measurement at several well-determined temperatures.
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Procedure

After the experimental tube is evacuated and the platform source 1s loaded,
the tube is then placed in a large Dewar contailning liquid nitrogen, which pre-
vents ceslum migration and achieves a high degree of vacuum (~lO‘lB torr). The
Dewar has a window through which the field-emission pattern of the tube can be
viewed. The tube 1s kept at liquid-nitrogen temperature for all subsequent ex-
periments.

To measure migration and desorption rates accurately at a given temperature,
the temperature of the tip is raised quickly (within a few seconds) from liguid-
nitrogen temperature to the desired value and held constant for the chosen heat-
ing period by means of a filament temperature regulator (ref. 11), which controls
the resistance of a segment of the filament supporting the tip.

To determine the values of electric field at the emitter surface, the geo-
metrlcal ratio B of the electric fleld at the tip apex to the applied screen
voltage must be known. The quantity B can be determined from the measured
relation between fleld-emitted current and applied screen voltage for the clean
tungsten tip (Pgyv = 4.52 ev).

In a typical experiment, the tungsten tip is first cleaned by brief heating
at approximately 2400° K, then cooled to liquid-nitrogen temperature. Cesium is
then evaporated onto the portion of the tip facing the source, and the degree of
coverage on the tip 1s determined from its work function by using ILangmuir's data
to relate work function to degree of coverage (ref. 2) (see the following sec-
tion). The tip temperature and/or the d-c voltage gradient at the tip surface 1s
then Increased to the desired value, and the progress of cesium migration or
evaporation is determined through & recording of the successive field-emission
patterns and of the peak screen viewing voltage required to maintain a constant
peak fileld-emitted current from the tip. Observation of the shape of the moving
boundary of the cesilum-covered region permits a rough comparison of surface mi-
gration rates for different crystallographic orientations of the substrate. The
activation energy for surface migration and its dependence on the crystallo-
graphic orientation of the substrate are obtained from Arrhenius plots (1n t
against l/T) (ref. 14) of the time + taken for the boundary to move from one
selected reference position to another. (Ref. 14 gives a general review of the
terms of flrst-order reaction-rate theory.) The cesium evaporation rates as a
function of temperature and fleld are obtained by deriving the time rate of
change of the work function, which is itself obtailned through the field-emission
law from experimental current-voltage data.

WORK-~FUNCTION DETERMINATIONS

The work function of the emitting surface is used in this study to estimate
the degree of cesium coverage of the coated surface.

The field-emission method of determining the work function is based on the
well-known and experimentally confirmed Fowler-Nordhelm law of field emission
(ref. 9), which may be written in terms of the directly measurable field-emission
current I and applied voltage V as




I=Av2 exp[— ;%4‘_m (1)

where A' is the intercept and m 1s the slope of a Fowler-Nordheim plot of the
current and voltage plotted in the form of log I/V2 against 104/V. The work
function @ i1s related to m by the Fowler-Nordhelm law

I
d{log — 5/2
u = 2.83x10™3 & — (2)
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over the range of currents used. Absolute determinatlons of the work funetion
reguire knowledge of the geometric factor P. For the present study in which B
does not change as the emitter is coated with cesium, knowledge of the value of
B is not required and, using the work function ¢; for the clean uncoated emit-

ting surface as a reference, the work functlon @2 of the surface when coated
can be determined from

m2)2/5 (3)

P = CPz(ai‘

where my and mp are the slopes of the corresponding Fowler-Nordheim plots.

The work function of ceslum-covered tungsten tips has been measured by this
method for a wlde range of coverages. First, the fleld-emission current-voltage
characteristic I as a function of V was measured for the clean tungsten emit-
ter (illustrated by the fileld-emission pattern in fig. 8(a)) immediately after
high-temperature heating (>2400° K) of the tip, and the slope m3 of the corre-
sponding Fowler-Nordhelm plot was determined. Second, enough ceslum was evapo-
rated onto the tlp refrigerated at 77° X and then spread into a smooth layer by
low-temperature surface migration to provide an average degree of coverage well
above 1.0 monolayer. Then the tip was heated for 60-second Intervals to succes-
sively higher temperatures T until all the ceslum was removed. Following each
interval of heatdng, a work-function determination was made from the slope myp
of a Fowler-Nordheim plot.

The results of these measurements are shown In flgure 2. BStarting at
point A (low T, high degree of coverage 6, very low work function
oA = 1.45 ev), the work function increases to a maximum ¢p = 1.85 electron volts
at 265° K (point B), then decreases to a relative minimum ¢c = 1.60 electron
volts at 310° K (point C), then increases steadlly untll the cesium 1s completely
evaporated, and the clean tungsten work function ¢p = 4.52 electron volts is
reached at 920° K (point D). The change in work function between points C and D
is the same as that observed by Langmulr between the work functlon of a clean
tungsten surface and a minimum work function, which he obtained at 0.67 monolayer
(ref. 2). ILengmuir's results are replotted in figure 3 and extended to 1.0 mono-
layer. The value of work function at point B of figure 2 1ls in good agreement
with the value that could be inferred by extrapolation to 6 =1 of ILangmuir's
data. From thils, it is inferred that the measured work functions of this in-
vestigation can be related to the degree of cesium coverage by means of
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Langmuir's data (fig. 3) for coverages below 1.0 monolayer. This relation is
assumed for the remainder of the report.

Also plotted in figure 2 are the emitted current at 780 volts and the loga-
rithm of the pre-exponential factor A' of equation (1) as functlons of the
temperature to which the tip had been heated. It is interesting to note that the
current increases in the range from A to B in which the work function is also in-
creasing. This unusual behavior 1s explained by the very large increase in A
in this region. The magnitude of the increase in A', however, is not well
understood, since A' 1s a functlion of the surface properties of the emltter
(such as emltting area and work function), which do not vary rapidly.

It is Interesting to note that these work-functlon measurements, by means of
fleld emlssion at temperatures low enough that a high cesium coverage can be
maintained in a high vacuum, indicate that Iangmuir's minimum at 6 = 0.67 is
only a relatlve minimum, since still lower work-function values are obtained at
degrees of coverage greater than 1.0 monolayer. The minimum obtained here at
6 > 1 1s in reasonable agreement with the minimum work function of 1.38 electron
volts obtained earlier by similar field-emission methods (ref. 7). For very high
coverages (probably several monolayers) the work function of the surface is found
to approach that of bulk cesium.

THERMAL DESCRPTTION

Fairly complete measurements have been made by FEPM techniques of the de-
pendence of the heat of desorption on degree of coverage for cesium on a sub-
strate consisting of a clean single-crystal tungsten tip. Such a substrate ex-
poses a varilety of crystal planes, and, with one exception to be discussed, the
values obtained are effective averages over these various planes.

Thermal Desorption of Atomic Cesium

The basic data are shown In the curve of figure 2 for the measured work
functlion following heating for 60 seconds at successively high temperatures for a
tip with a high initial cesium coverage. Langmuir's ¢(6) data (fig. 3) can be
used to assoclate speclfic degrees of coverage to the data points to the right of
point B in filgure 2, so that the reduction in coverage 29 caused by each
60-second heatling period can readlly be determined. The average heat of desorp-
tion Eg assoclated with a small coverage interval (6 to 6 - A9) is easily de-
termined by substituting A0 and At = 60 seconds for d6 and dt in the re-
lation, according to first-order reaction rate theory (ref. 14),

e
- 3% = kaf (4)

where kg 1s a rate constant given by

Ea
kg = v expl- i (5)




A suitable value must be assumed for the vibration freguency v. The results
shown in curve 1 of flgure 4 assume Vv = 1011l seconds-l. The correctness of this
assumption was checked and confirmed, in the coverage range g = 0.22 to 0.15, by
using the rigorous but time-consuming method of determining the time required to
change the coverage from 6 = 0.22 to 0.15 monolayer at several temperatures and
then deriving E; from the slope of the corresponding plot of t against l/T,
which is shown by curve 5 of figure 5 and yields Eg = 48+2 kilocalories per
mole.

In the present case where the coverage Intervals A6 are not Infinitely
small, it can be shown that the average heat obtained by the foregoing method is
strongly weighted toward the maximum value encountered during the interval, that
is, toward the value Ey at final coverage where 6 decreases (through desorp-
tion) and where dEa/dG < 0; curve 1 in figure 4 has been traced accordingly.
The lowest heat (18 kcal/mole for 0.67 < 6 < 1) was obtained by assuming 6 =1
at point B of figure 2 for reasons gilven earlier. There 1s some evidence that
the observed vibrational frequency decreases with decreasing heat of desorption
(ref. 15); if this occurs in the present case, the heat of desorption at 6 =1
would be somewhat lower than is indicated in figure 4.

For comparison purposes, Langmuir's data (ref. 2) for E,(6) are reproduced
as curve 2 of figure 4. The results of the investigation herein differ signifi-
cantly, particularly at high 6; however, the heat of desorption would be ex-
pected to approach the heat of sublimation of cesium at high 6 (i.e.,

18 kcal/mole (ref. 16)), which leads to the belief that the values of this in-
vestigation are more nearly correct. This marked difference in heat of desorp-
tion is of practical significance because it strongly affects evaporation rates,
lower values at high 6 leading to higher evaporation rates at a given tempera-
ture, and therefore to a lower equilibrium coverage for a given rate of supply
from the vapor phase, particularly at moderately low substrate temperatures for
which the equilibrium coverage is fairly high.

An interesting consequence of the anisotropy of the substrate is the marked
change, shown in figure 6, which occurs in the relative emission from different
substrate crystallographlc planes as the temperature is raised. Whereas the
{110} and the {211} planes have the highest work functions (6.0 and 4.8 ev, re-
spectively) and therefore the lowest emlssion for clean tungsten (fig. 6(i)),
they become the most strongly emitting in the temperature range 300° to 700° K
(figs. 6(e) and (£)). In the range 700° to 900° K, emission becomes essentlally
confined to the vicinity of the {110} planes. It may be noted that this reversal
of the emission pattern demonstrated here in high vacuum and over a wide range
of temperatures by pulsed FEPM techniques has also been observed in a dynamic
?ystem ?nd at high temperatures using thermionic-emission-proJjection microscopy
ref. 5).

This reversal may be accounted for by the expected dependence on substrate
crystal orientation of two quantities: the rate of change dp/d6 of work func-
tion with degree of coverage, particularly at low coverages, and the heat of de-
sorption of cesium. At least at low degrees of coverage, the net dipole per ad-
sorbed cesium atom should be larger on high-work-function substrate planes,
causing a larger reductlon of the work functlon of these planes even 1f a uniform
coverage is assumed. Furthermore, such high-work-function planes may also corre-
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spond to a larger binding energy for cesium (see following section) and thus to
lower evaporation rates for adsorbed cesium, leading to a relatively higher
ceslum coverage on these planes at substrate temperatures sufficient to cause
appreciable ceslum evaporation. 3Both of these factors probably contribute to
the observed effect.

Ionic and Atomic Desorption at Low Cesium Coverage

The foregolng derivation of the heat of desorption Ea(e) for atomic cesium
is valld only if the observed decrease In degree of coverage is causéed by desorp-
tion In atomic rather than ionic form. This 1is certainly the case above
6 = 0.10 (at least in the absence of strong applied electric flelds), since the
heat of desorption for ions EP(Q), shown by curve 4 of flgure 4, which repro-
duces Iangmuir's data (ref. 2), is larger than E,(6) for 6 < 0.10. To deter-
mine the heat of desorption for atomic cesium at coverages below the crossover
of the Ep(6) and Fg(6), the FEPM was operated with a positive d-c bias voltage
applied to the screen, to return desorbed ions to the tip and of sufficilent
magnitude to limit desorbed ions having thermal energy to excursions outside the
tip surface of less than one lattice mrameter, so that desorbed ions would in
all probabllity be returned to their initial adsorption site. In this manner,
terminal desorption over the range 6 = O to 0.07 was investigated for two dif-
ferent screen bilas voltages (650 and 1500 v, corresponding to field strengths at
the tip of 6 and 13 Mv/em) to allow the estimate of the field effect on Es(6)
required for comparison of this data with the zero-field values obtained at
higher degrees of coverages. These measurements led to the two Arrhenius plots
shown by curves 1 and 2 of figure 5.

Two facts emerge from these results. First, there is no marked variation of
Ep(6,F) over a twofold varlation in applied field strength. This is not unex-
pected, since the field dependence of the heat of desorption for atomic cesium is
the sum of two terms, 1/2 aFe  and nF, where o 1s the polarizability and u
is the permanent dipole moment, both of which are relatively small at the field
strengths used herein. Thus, the values obtained (68742 and 69+2 kcal/mole) also
represent the zero-fleld heat of desorption of atomic cesium at 6 = O. Second,
the measured heat of atomic desorption varies very rapldly with degree of cover-
age as 6 approaches zero, even more rapidly than found by Lengmuir, and the
terminal value at 6 = O (6822 kcal/mole) is in close agreement with the value
obtained by Lengmuir (69 kcal/mole).

The heat of lonic desorption EP(G) is theoretically related to the heat of
atomic desorption Ea(e), in the absence of applied field, by the expression

Ep(6) = Eg(6) + V1 - o(6) ()

where VI = 3.87 electron volts 1s the ionlzation potential of cesium. Curve 3
of figure 4 shows the Ep(6) curve derived in this manmer from Iengmuir's o(6)
date (fig. 3) and the E,(6) data of this investigation (curve 1 of fig. 4). It
is interesting to note that this calculated curve Ffor Ep(6), based on Ey(6)
data for a single tungsten crystal, exhibits a minimm at o = 0.02, a phencmenon
observed experimentally by Langmuir for polycrystalline surfaces. This calcu-
lated minimum is a direct consequence of the very steep decrease of Ea(e) with




increasing 6 near 6 = O, which 1s sufficient to override the decrease of
9(6) so that, in view of equation (4), dEp(e)/de < 0 near 6 = O.

As a direct experimental check of the values so calculated for Ep(6) near
6 = 0, the terminal desorption experiment was repeated over the same range of
coverages (6 = O to 0.07) but with elther no d-c blas voltage or a small negative
bias voltage at the screen, so that desorption in lonic form is permitted. As
compared with the previous case of atomic desorption, the corresponding
Arrhenius plots (curves 3 and 4 of fig. 5) are shifted to lower temperatures and
yield a lower value of the heat of desorption, that is, 55+2 kilocalorles per
mole in both cases. In view of the foregoing discussion, this value represents
the maximum heat of desorption of cesium ions over the range 6 = 0 to 0.07 and
is indeed found to agree very closely with the EP(G) values derived from the
E,(6) data of this investigatlon by mesns of equation (6).

Finally, an analysis of the sequence of field-emission patterns obtained
during the terminal desorption phase confirms the features indicated previously
for the Eg(6) and Ep(e) curves near 6 = O and suggests an explanation of
these features based on the anisotropy of the crystalline substrate. The need
for an explanation is apparent since Tangmuir explained the steep slope of the
Eg(6) curve near 6 = O and the minimum in the Ep(6) curve by assuming the si-
multaneous existence of two surface phases, where the second phase is associated
with crystal boundaries (ref. 2). However, the data herein indicate an increase
in the slope of the Ea(e) curve near 6 = 0, which is even more pronounced than
that observed by Langmuir and which cannot be explained by Lengmuir's hypothesis,
since the measurements of this investigation were made on a single-crystal tip
that contained no grain boundary. .

Figure 7 shows a representative sequence of fleld-emission pattern photo-
graphs taken at a fixed screen voltage during the terminal desorption phase. The
same sequence is found 1n all cases (zero, negative, or positive d-c blas voltage
applied at the screen); however, the fraction of the total desorption time neces-
sary to proceed from the patterns in figures 7(e) to (d) was much greater with a
positive bias (which prevents lonic desorption) than in the other two cases where
ionic desorption predominates, thus confirming that, as 6 decreases from 0.07
to 0, the heat of atomic desorption increases much more rapidly than the heat of
ionlc desorption. Also, comparison of patterns in figures 7(b), (c), and (4)
shows steady darkening of the {110} reglons (therefore, steady increase in @
and steady decrease in 6 for these regions) but shows little or no change in
other regions, indicating that cesium coverage of these other regions was essen-
tially constant. Since the final pattern corresponds to complete removal of the
adsorbed cesium, it may be concluded that these other regions were essentially
free of cesium as early as the pattern shown in figure 7(b), so the heat of de-
gsorption measured for the final stage of desorption should be associated with the
(110} crystal planes of the substrate. In opposition, examination of patterns in
figures 6(d) (6 = 0.67) to (g) (& = 0.2) indicates that the more pronounced
changes in emission, and therefore In 6, occur in regions other than the {110}.
Therefore, Eq(6) values obtained at 6 > 0.2 are associated with these regilons
rather than with {110) planes. Thus, lengmuir's observation that the existence
of more than one state of binding for adsorbed cesium can account for the ob-
served behavior of the Eg(6) and Ep(6) curves near 6 = O appears correct, but
at least in the experiments of this Investigation the existence of several states
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of binding simply appears to be a direct conseqguence of the anisotropy of the
crystalline substrate. A different binding energy would be expected for each
crystallographic orientatlon of the substrate; however, as indicated by other
properties (e.g., surface tenslon, work function), the anisotropy of tungsten is
not pronounced except for the {110} planes, which differ markedly from other
crystal orilentations.

In view of the data herein, it is suggested that this marked differentiation
also occurs for ceslum adsorption, the {110} reglons being characterized by sub-
stantially higher binding energy for adsorbed atomic cesium. On thils basis, the
sharp increase observed in Ea(e) below 6 = 0.2 would be expected to occur when
© becomes sufflciently low so that a large and increasing fraction of the resid-
uval ceslum 1is concentrated on {110} planes and desorption from such planes be-
comes predominant over that from other regions of the substrate. This observed
concentration of cesium at a low degree of coverage on the high-work-function
{110} planes clearly shown by the results of this investigation 1s of course of
dlstinct interest and advantage for contact-ionization work.

SURFACE MIGRATION AT LOW TEMPERATURES

The methods being used herein provide a sensitive technique for the detec-
tlon of very slow migration because of the high magnification and small emitter
size of the FEPM. It was found that cesium deposlted on tungsten begins to dif-
fuse at temperatures well below room temperature by one of two different modes of
surface diffusion, the predominating mode depending on the amount of initial
cesium dose. .

High Initial Coverage

In the absence of an applied field and for high initial cesium coverage,
migration is readlly observed at substrate temperatures down to 170° K. Figure 8
shows a typical sequence of fleld-emission patterns taken at 187° X; as the mi-
gratlon proceeded, the pulsed screen voltage was adjusted to maintain an approxi-
mately constant pulsed-field-emitted current. Figure 8(a), taken at 77° K after
the tungsten emitter had been heated to 2400° K to provide a clean and smooth
surface, shows a pattern characterisitic of clean tungsten. Figure 8(b) identi-
fles the major crystal planes for the tungsten crystal orientation of fig-
ure 8(a). Figure 8(c) shows the pattern after an estimated 1.8 monolayers of
cesium had been evaporated onto one side of the tip held at 77° K. Emission oc-
curred only from the cesium-covered portion because of the much lower work func-
tion of that region. PFigures 8(d) to (i) are successive patterns obtained after
raising the temperature to 187° XK. The migration of the ceslum over the tungsten
substrate is shown, and the following conclusions are suggested:

(1) In figure 8, the boundary of the cesium-covered region remains quite
sharp as 1t progresses (at the rate of approx. ox10~7 cm/sec at 187° K). This
behavior, typical of high degrees of initial coverage, suggests that in such
cases ceslum spreads primarily as a result of relatively mobile "second-layer"
ceslum atoms migrating over the edge of the more tightly bound first atom layer
in direct contact with the cesium substrate.
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(2) The activation energy Eq in kilocalories per mole for this mode of
Aiffusion can be calculated from

Eq = 4.6X1073 T 1og<3“i§—2> (7)
X

where t 1s the time for the sharp boundary to move a distance x between

easily identifiable planes of the pattern at a temperature T, a 1s the distance

between adjacent adsorption sltes, and v ig the vibrational freguency of the

adsorbed cesium atoms. Using +t =_170 seconds, x = 3000 angstroms, T = 187° K,

a = 3 angstroms, V = 10t seconds'l, an activation energy of approximately

6.2 kilocalories per mole (0.27 ev) is obtained, which is in falr agreement with

Langmuir's estimate of 0.2 electron volt for diffusion in the second layer

(ref. 2).

(3) The boundary proceeds nonuniformly, indicating the migration of second-
layer cesium atoms 1is influenced to some extent by the crystal structure of the
tungsten substrate.

Low Initial Coverage

A second mode of diffusion, illustrated in the field-emlission patterns of
figure 9, 1s observed when the initial dose is apprecilably less than 1.0 mono-
layer. The final degree of coverage in figure 9 is 0.12 monolayer, as determined
from the work function measured after completlon of the migration process. From
this it is inferred that the average initial coverage was at least 0.24 mono-
layer. If desorption accompanies surface migration, the initial coverage calcu-
lated this way will be correspondingly higher; however, as was shown earlier, the
desorption energles in the coverage range in which these migration studies were
performed are conslderably higher than migration energies. It should be polnted
out that this justification is valid only 1f migration is measured over essenti-
ally the same collection of sites that the desorption energles are referred to,
1f the latter varies appreciably with coverage. The desorptlion energies from the
(110) plane and vicinity are gufficiently high compared with the corresponding
migration energies that desorption is negligible during migration over thils re-
gion. In the case of the (100) reglon and its nearby higher index planes, migra-
tion energiles are found to be somewhat higher and may approach desorptlion ener-
gles from these planes, which, although not directly measurable by the technique
used herein, give indication of being quite low. It is thought this latter con-
dition may account for the lack of sharp boundary diffusion over the (100) re-
gion and the apparent small concentration of cesium in this region, as shown In
figures 9(e) and 10(d).

To determine the effect of the atomlc surface structure of the substrate,
reference patterns (figs. 9(b), (c), (d), and (e)) were selected such that the
transition from one pattern to the next corresponded to ceslum migration over
fairly well defined substrate crystal planes. Transition A corresponds primarily
to migration over smooth close-packed (110) ledges, transition B corresponds to
migration over the edges of such (llO) ledges, and transition C corresponds to
migration over the rougher areas (on an atomic scale) in the (100) region.
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Measurement of the temperature dependence of the times required for each transi-
tion led to the Arrhenius plots of figure 11(a). From the slopes of the straight
lines corresponding to each transition are derived thelr corresponding activation
energles of 11.0+0.5, 12.3%0.5, and 17.4*0.5 kilocalories per mole for transi-
tions A, B, and C, respectively. (The probable errors simply represent the ob-
served scatter in the data.) These activation energies are in the order expected
from a consideration of the degree of atomic structure and roughness of the sub-
strate surfaces involved in each transition and bracket the average value of

%4 kilogalories per mole obtained by lLangmuir for a polycrystalline surface

ref. 1).

A preliminary investigation of the effect of degree of coverage on this mode
of surface diffusion has been made. At a higher initial dose of 0.66 monolayer
(inferred from a final uniform coverage of 0.33 monolayer), the activation ener-
gles for the three transitions were found to be approximately the same. However,
as can be seen in the emlsslon patterns of filgure 10, the actual amount of cesium
diffusing across the emitbter surface may be approximately the same as in fig-
ure 9 even though the initial dose was larger. When the inltial dose exceeds
0.5 monolayer, an additional receding boundary 1s observed indicating the onset
of certaln cohesive forces between adsorbed cesium atoms. It would appear that
the original dose supplies just enough cesium to maintain the diffusion (the dose
"cap" shrinks as the leading edge of the diffusing cesium progresses), in which
case the activation energies for migration would be expected to be insensitive to
initial coverage. The latter 1ls strictly correct only 1f site-to-site migration
in the advancing cesium boundary is the rate-determining step and not the process
of cesium migration out of the high concentration region. Qualitatively, 1t
appears that the advancing and receding boundaries move at nearly equal rates and
probably with simllar activation energies. The origin of the coheslve forces
responsible for condensation into this higher concentration phase is not pres-
ently well understood, silnce repulsive forces between adsorbed dipoles are nor-
mally assumed to predominate. At a lower degree of coverage (0.08 monolayer
initial, 0.04 monolayer final) lower activation energles are obtained (from
fig. 11(b), 8.3%0.5 kecal/mole for transition A and 9.6%0.5 for transition B, not
measured for transition C). In this case (fig. 12), the amount of cesium migra-
ting across the surface 1ls definitely less than that for the transitions shown in
figure 9, as evidenced by the reduced contrast between the brightness of the
cesium-covered and noncovered reglons of the pattern.

In general, the results herein agree with Langmuir's earliler value and, in
addition, provide a conflrmation and a measurement of the variation of the sur-
face migration rates and activation energies with the crystal orlentation of the
tungsten substrate. This variation, in turn, implies the existence of strong
local varlations in equilibrium degree of coverage for substrate surfaces, which
expose a varlety of crystal planes (e.g‘, polycrystalline surfaces) at least for
substrate temperatures near room temperature.

EFFECT OF EXTERNALLY APPLIED ELECTRIC FIELD ON SURFACE MIGRATION
Despite the existence of the field-emission microscope for some time and its
wide application to surface-diffusion studies, very little quantitative data re-
garding field effects of surface diffusion are currently available. It has been
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reported in reference 17 with the use of nonfield-emission techniques that the
diffusion coefficient D for surface diffusion of cesium on tungsten at 1500° X
decreases with increasing positive fields from 5 to 25 kilovolts per centimeter.
The current study of the same system with the use of field-emission techniqgues
allows the extension of applied fields of elther polarity to 20 megavolts per
centimeter and, in addition, the ability to examine the field effect of surface
diffusion on a particular crystallographic plane.

Measurements of the activation energy of surface diffusion Eg as a func-
tion of applied fileld were accomplished in a manner analogous to the zero-field
experiments. The maximum positive field strength under which surface diffusion
rates are measurable 1s limited by the onset of field desorption, which becomes
appreciable at fields greater than 20 megavolts per centimeter. Excessive field
emission, on the other hand, limits negative flelds to approximately the same

field strength.

Experimental Results

The field dependency of the activation energy of surface migratlon was meas-
ured over the diffusion modes indlcated in transitions A and B in figure 9. The
end-point fleld-emission patterns used in measuring the rates of these diffusion
modes were not altered visually by the application of the fleld. However, at
high positive and negative fields, the diffusion mode in transition A seemed to
proceed more rapldly relative to the mode in transition B.

The temperature dependency of the diffusion rates in the presence of an
electric field was found to obey the Arrhenius equation, thus permitting the
calculation of activation energies Eg of surface diffusion, which are listed in
table I. It is therefore assumed that the diffusion coefficient D obeys the
relation

2 B
=X - 2 I_,_El
D = =~ = pva“exp|- 77 (8)

where p 1s the probability of a successful silte change per vibration. For con-
venience, the pre-exponential factor pazv, in which p and v are constant,
will be referred to ags A and is also llsted in table I. The distance x can
be obtained from elementary geometrilcal consideration provided that the tip ra-
dius and angular change of the migrating cesium boundary are known. The angular
change can be determined from the fleld-emisslon patterns by using the known an-
gular separation of appropriate crystal planes, while the tip radius can be esti-
mated from clean tip Fowler-Nordheim plots. The tip radius pertaining to the
current study was estimated at 2500+500 angstroms.

Diffusion coefficients calculated at 200° and 1000° X are shown in table I
as D/xz, where x 1s approximately 1500 angstroms for both A and B type migra-
tion. At high temperatures, the results of thls report agree in trend with those
of reference 17. It should be pointed out, however, that these diffusion coeffi-
cients measured in the temperature range from 150° to 200° K can be extrapolated
to 1000° K only if Eg and A remain temperature Independent at high tempera-
tures.
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The results shown in table I indicate a decrease in diffusion energy Eg
with either positive or negative fields at the tip, although the effect 1s more
pronounced wilth positlve flelds. It is also noted that a significant decrease in
the pre-exponentlal factor A occurs with increasing field. Again, the effect
i1s also more pronounced at posltive flelds. A similar fleld dependency of both
A and Eg has been reported for barium on tungsten (ref. 15).

Theoretical Model

The potentilal energy of an adsorbed atom mlgrating over varlous atomically
smooth crystallographlc planes is generally regarded to Imitate, to some extent,
the physical surface; thus, a saddle and trough potential surface 1s expected to
apply to a migrating adsorbed atom, as depicted in figure 13. The helght of the
barriers, which determines the activation energy for diffusion, is known to vary
with adsorbate, crystallographic plane, direction of migration, adsorbate concen-
tration, and applied fleld.

An expression relating varlations of Egq with applled field F can be ob-
tained from clagsical electrostatic consliderations by using a modified version of
the model described in reference 18. According to these considerations the ef-
fect of an external electric field is to induce a dipole in an atom migrating on
the surface, which results in an additlonal binding energy Ep glven by

Bp = %‘-CLFE ) F (9)
where o 1s the polarizability and u the dipole moment of the migrating atom.
The second term of equation (9) depends on the sign of the field relative to u
and is due to the Interactlon of fleld with the permanent dipole moment of the
adsorbed atom.

If the atomle structure of the surface is considered, the field at the sur-
face may be represented, as lllustrated in figure 13, where Fb is defined as
the average fleld corresponding to an ideally smooth surface with a field en-
hancement factor k of unlty, Fy = kyFp 1s the fleld at the trough position
kf <1, and Fg = kgFp 1is the fleld at the saddle posltion that the atom must
cross when migrating from one site to the next kg > k. It follows that the
actlvation energy Er for surface migration in an applied field will decrease
wilth field according to the expression

L AT 2
Er = Eg - g‘an(ks - k§)* uFp(ks - kt) (10)

where Eg 1s the activation energy of migration with no applied fleld, and the
third term is positlve when the screen voltage 1s positive relative to the tip,
or, alternatively, when p and F are in the same direction.

Comparison of Theory and Results

The results shown in table I are plotted in figure 14 according to equa-
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tion (10) written in the form
Ep = Eq + BF - CF? (11)

The points at the highest positive field (F = 13.3 Mv/cm) may be somewhat unreli-
able because of the possibllity of simultaneous fileld desorption. A closer fit
of the data to equation (11) is obtained if these high field points are omitted.
A similar deviation at high positive fields was reported for barium diffusion on
tungsten (ref. 15) and attributed to a field-induced electronic transition to the
ionic state while crossing the saddle point of the potential energy diagram.

A least-squares analysis of the data glves a reasonsble fit (rms deviation
+0.5 kcal/mole) with Eg = 9.96, B = 0.16, C = 0.0079 for transition A and
Eq = 11.5, B = 0.22, C = 0.019 for transition B migration (solid lines in

fig. 15).

The larger value of the coefficients B and C for transition B migration
probably reflects a greater difference between kg and kt, which would be ex-~
pected if diffusion over (110) lattice steps is rate-determining for this mode.
The difference kg - ky will be influenced both by substrate geometry and ad-
sorbate size. For example, a greater shielding of the field is expected for
smaller adsorbates that can flt deeper into the lattice sites when in the trough
position, thus leading to a smaller ki or a greater kg - ki. A loose-packed
substrate surface, by similar arguments, should yield a larger kg - ki than a
close-packed surface. It should be emphasized that an increasing value of
ke - kg with decreasing adsorbate silze does not necessarily lead to a larger
field effect, since C (the coefficient of the F2  term) also involves the po-
larizability, which normally decreases with decreasing adsorbate size.

A further consequence of equation (11) 1s the maximum in Ep that occurs at
a8 fleld strength of

B
Fuax = * 33 (12)

The value of Fpax 1s negative for the present study involving electropositive
adsorbates; this follows from the fact that B contains p, which determines the
slgn of equation (12). The results hereln for an electropositive adsorbate,
namely cesium, substantiate equation (12) and give a value of TFpax = 8 megavolts
per centimeter for both type A and type B migration.

The known values of the coefficlents B and C of equation (11) involve
M, a, kt, and kg and do not allow an explicit determination of all four un-
knowns. Substituting these unknowns for B and C in equation (12), the fol-
lowing relation can be obtalned:

- i
Fmax QO kS + kt (15)

Estimates of the polarizability of adsorbed cesium were made according to equa-
tion (13), whereby the expression for o becomes, for type A,
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= 166 .4-24 . 3
“ LR %10 em (14)

and, for type B,

_ 281 -24 .3

= m)(lo cm (15)
using the data of this report for Fpax and p = 5.5x10718 egy from refer-

ence 19. It is doubtful from referring to the original model depicted in fig-

ure 13, that kg + kt can exceed 3 or 4, thus giving calculated values of «

in the range of the known atomic polarizabilities, which vary from 40 to 60x10-24

cubic centimeter (refs. 20 and 21). This indicates the adsorbed state to exist

as a polarized atomic state rather than an ionic state, since the measured polari-
zability of singly charged cesium, reported to be 3.3x1072%4 cubic centimeter

(rer. 22), is an order of magnitude lower than the atomic state polarizabilities.

The explanation of the pronounced variation of the pre-exponential A with
applied field, as shown in figure 14, 1s not obvious at this time. It is specu-~
lated to arise through variations of the factors due to fleld-induced electronic
transitions involved in the diffusion process or entropy effects. One important
consequence of the strong fleld dependency of A is shown by the difference be-
tween the curves of figures 15 and 16, where it is observed that at higher tem-
peratures the variation of D with fleld is determined by A instead of Ej.

CONCLUDING REMARKS

(These studies have shown that, at degrees of coverage approaching 1.0 mono-
layer, measurable thermal desorptlon of cesium atoms occurs down to room temper-
ature and corresponds to an actlvation energy substantially lower than that pre-
viously quoted by Taylor and Langmuir; however, for nearly clean tungsten in high
vacuum the temperatures required to remove the last 0.05 monolayer within ap-
proximately 10 seconds are 870° and 1000° K for desorption in the form of ilons
and neutral atoms, respectively. Field-emission patterns indicate that the
cesium atoms are most tightly bound, with respect to both ionic and neutral de-
sorptlion, to the high-work-function crystal planes of the substrate, and parti-
cularly the (110) planes for tungsten.

Cs, b

Surface diffusion of cesium on tungsten has been observed to ocecur at tem-
beratures as Llow as 170° X and is quite rapid at room temperature. (From the ex-
perimental results of this investigation the diffusion may be calculated to be
D = 1078 square centimeter per second at 300° K for 0.24 monolayer initlal cover-
age on the (110) plane.) Whereas a dependence of the surface diffusion activa-
tion energy on substrate erystallographic direction exists, the dependence is not
as large as that observed for many other adsorbates, indicating that the rela-
tively large dlameter of cesium atoms has the effect of diminishing the influ-
ence of substrate atomic structure on diffusion.

Surface diffusion rates are found to depend on both the magnitude and the
pelarlty of a d-c electric field applied at the surface. If the surface diffu-
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n coefficient D 1is expressed in the usual Arrhenius form

By
D = A exp}]- T

it is found that, over the range of applied field which was investigated (i.e.,
from -22 to 13 MV/cm), the expected decrease of the activation energy Eg with
increasing applied field is accompanied by a decrease in the pre-exponential
factor A, which has an opposite effect on the diffusion coefficient D. At
temperatures above 300° K, the changes in pre-exponential factor A predominate
and, as shown in figure 16, the diffusion coefficlent D is largest for zero
field and 1s reduced by an applied field of either polarity. Whereas the ob-
served field dependence of A 1is not predicted by the simple physical model for
giffusion and is not yet fully understood, it is found that the obgerved field
dependence of Eg agrees with that predicted on the basis of a model consisting
of both field-permanent-dipole and field-induced-dipole interactions, when suit-
able values are assumed for the permanent dipole moment and the induced polariz-
ability. In turn, the polarizability of adsorbed cesium, which is derived from
the Eg(F) data in this manner, is quite high and therefore suggests that the
adsorbed state of cesium on tungsten is atomic rather than ionic, at least at the
degree of coverage 6 = 0.24 used in this particular experiment.
w

Tn the course of the foregolng experiments, thin cesium layers (up to
1.0 monolayer) adsorbed on a tungsten substrate have been observed under condi-
tions involving substrate temperatures from 77° to about 1000° K, and applied
electric fields up to 3X10' volts per centimeter in the direction favoring field
emission and up to 5x107 volts per centimeter (for a monolayer at 77° K) in the
direction favoring desorption of ions. Under such conditions, the cesium layers
have remained falrly smooth and "well-behaved;" that is, they have exhibited no
tendency to build up crystallites or projections that would enhance the proba-
bility of voltage breakdown across & vacuum gap between cesium-coated electrodes.
These observations indicate that the breakdown strength of vacuum gaps between
cesium-coated electrodes is, in fact, quite high and suggest that other phenomena
have been largely responsible for difficulties often encountered in cesium sys-

tems.i .
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APPENDIX - SYMBOLS

A pre-exponential factor in diffusion equation (eq. (8)), cm/sec2

Al intercept of Fowler-Nordheim plot (eq. (1)), amp/v2

a distance between adjacent adsorption sites on atomic surface, A

B,C,E, arbitrary constants in quadratic expression (eq. (11))

D diffusion coefficient, cm/sec2

E, heat of atomic desorption, kcal/mole

By change in binding energy due to field-dipole and dipole-dipole
interactions (eq. (9)), keal/mole

By activation energy for surface migration, kcal/mole

Ep activation energy for field-dependent surface migration, kcal/mole

Ep heat of ionic desorption, kcal/mole

F surface electric field, MV/cm

FP,FS,Ft surface electric fleld for ldeally smooth surface, saddle position on
an atomlc surface, and trough position, respectively (fig. 14),

MV/cm
I field-emission current, amp
kg, rate constant for desorption (eq. (5)), sec~t
ke kg ratio of Fy and Fy, respectively, to Fp
m slope of Fowler-Nordhelm plot (eq. (1)), v
P probability of successful site change per vibration
R universal gas constant, 1.98Xx1079 keal/(mole )(°K)
T emltter surface temperature, °K
t desorption or diffusion time, sec
v applied voltage, v
V1 ionization potential of adsorbate, ev
b'd distance that boundary of cesium layer moves across emitter surface, A

o atomic polarizability, emd
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B geometric ratio of surface electric field at emitter surface to applied
voltage, cm”

m dipole moment of adsorbed atom, (coulomb)(m)
v vibrational frequency of adsorbed atoms, sec™L
e degree of adsorbate coverage (monolayer)

05 initial degree of adsorbate coverage (monolayer)

Pgy average work function of emitter surface, ev

Subscripts:
1 clean, uncoated emitting surface
2 coated surface
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TABLE I. - EFFECT OF D-C FIELD ON SURFACE MIGRATION (CESIUM ON TUNGSTEN)

AT INITTAT, DECGREE OF ADSORBATE COVERAGE OF 0.24

Type | Surface | Actlvation | Logarithm of Logarithm of diffusion
electric | energy for |pre-exponential coefflecient
fleld, surface factor,
F, migration, A Log Dopp© K/x2 Log D1000° K/xz
Mv/cm Eg,
kcal/mole

A -21.8 9.7 7.6 -2.9 5.5

B -21.8 7.4 4.6 -3.4 3.0

A -13.9 10.4 9.0 -2.3 6.7

B -13.9 11.0 8.7 -3.3 6.3

A -6.64 10.7 10.0 -1.6 7.7

B -8.64 12.0 10.4 -2.6 7.8

A 0 11.0 10.4 -1.6 7.5

B 0 12.3 11.3 -1.6 8.6

A 4,45 8.7 8.8 -.7 6.9

B 4.45 9.9 9.8 -1.0 7.6

A 8.8 7.8 8.3 -.2 6.6

B 8.8 7.5 7.5 -.6 5.9

A 13.3 6.6 7.3 A 5.9

B 13. 5.7 5.6 -.6 4.4
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Tempersture, T, %K

Figure 2. - Pield-emitted current at constant
voltage, pre-exponential Ffactor Aty and
work function as functions of temperature
to which emitter has been heated succes-
sively for 60 seconds.
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Figure 4. - Heats of desorption at various degrees of coverage.
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Figure 5. - Arrhenius plots of thermal desorption data.




(c)
Diagram of princi- Emitter surface
pal planes of body- temperature: 2010 K 271° K
centered cubic pattern Work function: 1.45 ev 1.85 ev

317° K 524° X
1.59 ev 1.85 ev

(g) () (1)

787° K 896° K 970° K
2.90 ev 4 .00 ev 4.52 ev
Clean tungsten

Figure 6. - Sequence of field-emission patterns showing the thermal desorp-
tion of cesium deposited on clean tungsten as a function of substrate
temperature. Successive patterns were obtained after heating for 80
seconds at temperatures indicated.
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(a) (b) (c)

Clean tungsten Diagram of principal After evaporating
planes of body- cesium onto part
centered cubic pattern of emitter (770 K)

(@) ()
71 sec after
heating to 187° X 95 sec 240 sec

(g) (n) (1)

345 sec 445 sec 430 sec

Figure 8. - Pulsed-field-emission patterns illustrating surface migration
of an initially heavy dose (6 > 1) of cesium on tungsten emitter.
Activation energy estimated at 6 kilocalories per mole.
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Tran-
sition: A
—

(a) ()

Initial dose at 77° K

C
R
C-66119
(c) (a)
Figure 10. ~ Surface migration sequence of cesium on tungsten (initial

degree of adsorbate coverage, = 0.66). Note that the migration mode
is the same as that at a smaller dose but with an additional receding
boundary.
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Figure 1l. - Arrhenius plots of surface migration data.
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Figure 11. - Concluded. Arrhenius plots of surface

migration data.
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Surface electric field, F, Mv/cm

Potential energy

=
ct

Distance

(a) Variation of field with distance along surface
where F is the field at an ideally smooth
surface, Ft the field on an adsorbate in the
trough position, and Fg the field on an ad-
sorbate migrating over the barrier.

-~
7

/ Distance

(b) Variation in potential valley depth and barrier
height due to field-dipole and field-induced-
dipole interactions.

Pigure 13. - Model depicting effect of electric field on potential
barrier for surface migration.
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