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PURPOSE

The primary aims of this work are to investigate metallic adsorption
and sputtering of several refractory metals and to relate this knowledge (as
it applies) to the understanding of vacuum voltage breakdown and leakage
currents between high voltage electrodes coated with various adsorbates.
Thus, the work breaks down into four separate tasks which include:

(1) vacuum breakdown studies; 2) studies of the surface kinetics of ad-
sorbed layers by field emission techniques; 3) investigation of sputtering
of metallic surfaces by a combination of field electron and ion microscopy
and 4) studies of electron interactions with single and multi-component
adsorbed layers on metallic surfacej

ABSTRACT

424 -

In attemptinglﬁ) relate the theory of field emission initiated vacuum
voltage breakdown 1o the experimental resultga calculation had to be made
in order to determine the effect of the electron space charge at emission
levels sufficiently high that an arc could occur. When the effect of space
charge 1s considered, the experimental results are shown to agree in trend
with theoretical predictions concerning anode vs cathode initiated breakdown].
Preliminary work is also reported concerning the effect of varying the elec-
trode material from copper to tungsten.

The work function variation with coverage for cesium on rhenium and
molybdenum has been measured; the shape of the resulting curves are sim-
ilar to the one for tungsten, but with a slight shift in minimum toward low
coverages in the case of rhenium. In addition, an investigation of the ad-
sorption and desorption of thin mercury films on molybdenum substrates
has established that (1) mercury adsorbed on molybdenum raises the work
function; (2) for cbverages above a monolayer mercury is mobile at 77°K;
(3) applied fields of 25 Mv/cm or greater cause growth of mercury protrus-
ions from the mobile layer at 77°K for certain coverages; and (4) all mer-
cury is completely desorbed from molybdenum at 650°K.

Field ion microscope investigations of xenon ion sputtering of tung-
sten have resolved sputtering detail as fine as individual atom displace-
ments, and have determined amount of both surface and interior damage
done as functions of ion energy and surface crystallographic direction.
These studies indicate an optimum ion energy, for which most of the energy
is transferred through ihe tungsten tip, causing damage on the side away from
the bombardment beam.

Measurements of electron desorption cross sections for cesium on
clean tungsten over a range of temperatures and coverages for 294 volt
electrons show no effect. Cross sections for electron desorption of ces-
ium on tungsten are less than 6 x 10-2% cm
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PROGRESS TO DATE

Vacuum Voltage Breakdown Studies

A theory of field emission initiated vacuum voltage breakdown has been
formulated which predicts within certain limits the occurrence of a cathode
or anode initiated arc between electrodes with varying degrees of surface
roughness. The boundary between anode and cathode initiated breakdown
is affected only by the value of the field enhancement factor of localized
emitting protrusions. Since preliminary experimental results from a
fixed gap spacing copper electrode tube seemed to confirm the general
features of the theory, a more detailed study ensued in which significant
theoretical parameters could be varied in a controlled manner. The latter
study in which both clean and cesium covered molybdenum electrodes were
used indicated that although experimental results followed theoretically
predicted trends, it was necessary to include the effect of electron space
charge in order to obtain reasonable numerical agreement between experi-
ment and theory.

Early in the contract the field emission nature of the pre-breakdown
gap currents between clean and cesium-covered molyb%enum electrodes was
established for currents from 1.0 x 10710 to 1.0 x 107~ amps under the fol-
lowing conditions: gap spacings from 1.6 to 19.6 mils, cesium coverages
corresponding to work functions from 4.20 (clean Mo) to 1.4 ev, varying
degrees of surface roughness related to field enhancement factors from 10
to 155, and both polarities of electric field. The effect of electric field on
the equilibrium coverage reported previouslyl has been observed in pre-
breakdown current measurements, and is most pronounced at low coverages
for which cesium migrates away from the high field region at the protrusion
tip at temperatures above 250°K.

This investigation was extended to include a study of pre-breakdown
current between copper electrodes in a fixed gap spacing diode with a gap
spacing of 4.5 mils in which the field emission nature of the gap current
was established. It was found that enhancement factors as low as 10 are
possible on copper electrode surfaces, depending upon their prior treatment.

In order to study the effect of the electrode material on the nature of the
pre-breakdown as well as the arc phenomena, a variable gap spacing tube was
built in which one electrode was made of copper while the other was made of
tungsten. Preliminary measurements taken in an ambient helium pressure
indicated that undey conditions such that an anode initiated arc would be ex-
pected, the current density of the cathode at breakdown, which can be relat-
ed to the temperature of the anode, was significantly higher when the tungsten
electrode was the anode than it was when the copper electrode was the anode.
An interesting phenomenm was observed when the copper electrode had been
damaged by an arc. Short range disorder resulting from an arc is healed
at room temperature in copper by removing the electric field for a short



period of time, while a similar amount of damage is not healed when the
copper electrode is cooled to ~ 77°K. A similar effect was noticed prev-
iously® for tungsten at 800°K. It is interesting to note that the ratio of the
temperatures at which this disorder can be healed is roughly the ratio of
the respective melting temperatures of the two metals.

In extending the study from the stable pre-breakdown condition into
the region of the actual arc, it was found that for d.c. voltages an anode
power density was reached at which the current began to increase expon-
entially with time at a constant applied voltage. Thus far no completely
satisfactory explanation for this phenomena can be made. However, it
1s a phenomena that 1s dependent solely upon the power density at the
anode, since changing the cesium coverage from zero to more than one
monolayer, allowing the anode or the cathode to contaminate, changing
the temperature of either electrode, varying the gap spacing and/or the
enhancement factor all have no noticeable effect. Since the I-V data is
reproducible after the instability has occurred, the cathode is not altered.
Calculated magnitudes of photon-electron effects are sufficiently small to
preclude the possibility of a regenerative process due to this effect alone.

Studies of the Surface Kinetics of Adsorbed Layers

Activation energies of surface diffusion have been performed over a
range of cesium coverages on tungsten by utilizing pulsed field emission cur-
rent variations with time as a measure of the end point. The results con-
firmed earlier rneasurements1 of a similar nature on molybdenum substrates,
where it was found that the activation energy for surface diffusion was essen-
tially independent of underlying cesium coverage; however, a variation in
the pre-exponential of the rate equation was observed which accounts for
the variation of the diffusion rates with coverage in the manner observed
earlier,

The variation of work function change with cesium coverage on single
crystallographic planes have been completed on the (110) and (100) planes
of tungsten. These results have been compared with some of the existing
theories, although some problems were encountered when attempting to
establish the absolute coverage since the results suggest a difference in
coverage between the two planes. This variation in coverage is such that
the (110) plane has greater than average coverage whereas the (100) plane
has less than average coverage. An empirical relationship between the
maximum work function change and local substrate work function was
formulated and appears to have validity for a variety of adsorbate-sub-
strate systems.

The work function variation with coverage for cesium on rhenium
and molybdenum has been measured; the shape of the resulting curves are



similar to the one for tungsten, but with a slight shift of the minimum
toward lower coverages in the case of rhenium.

In an investigation of adsorption and desorption of thin mercury
films on molybdenum substrates the work function changes, equilibration
temperatures, and desorption temperatures have been measured as func-
tions of relative mercury coverage, and activation energies have been
obtained for diffusion and desorption at a low coverage. Some of the
more interesting points established are: (1) mercury adsorbed on
molybdenum raises the work function; (2) for coverages above a mono-
layer mercury is mobile at 77°K; (3) applied fields of 25 Mv/cm or
greater cause growth of mercury protrusions from the mobile layer
at 77°K for certain coverages; and (4) all mercury is completely de-
sorbed from molybdenum at 650°K .

Sputtering Studies

An investigation of cesium ion sputtering of tungsten using field
emission techniques has been initiated and has shown that surface
roughness due to ion bombardment increases with ion energy for ion
energies below 300 ev; extrapolation of the data indicates a threshold
for ion roughening of the surface of about 20 ev. The slight damage
done to the target surface by ion bombardment at energies below 1000
ev in these studies is removed by heating the target to relatively low
temperatures, below 800°K. It has also been shown feasible to study
sputtering of cesium-coated tungsten by field emission techniques.

Field ion microscope investigations of xenon ion sputtering of tung-
sten have resolved sputtering detail as fine as individual atom displace-
ments, and have determined amount of both surface and interior damage
done as functions of ion energy and surface crystallographic direction.
These studies indicate an optimum ion energy, for which most of the
energy is transferred through the tungsten tip, causing damage on the
side away from the bombardment beam.

Electron Desorption Studies

A tube designed to study the interaction of low energy electrons with
adsorbed layers of cesium and oxygen has been constructed and initial
calibration measurements of the electron bormbardment beam as a function
of total accelerating voltage has been performed. The current density of
the bombardment beam at the emitter varies between 7 and 30 ma/crn2 as
the accelerating voltage varies from 23 to 500 volts. This current density
should be sufficient to detect electron-adsorbate reactions of moderately
low cross section. Measurements of electron desorption cross sections



for cesium or clean tungsten over a range of temperatures and coverages
for 294 volt electrons show no effect. Cross sections for electron desorp-
tion of cesium on tungsten are less than 6 x 10-22 cm?

VACUUM VOLTAGE BREAKDOWN STUDIES

In an earlier reportz a theory was developed which predicted the cir-
cumstances under which the vacuum arc would be either cathode or anode
initiated. It was shown that there existed a boundary value of surface field
enhancement factor Yo such that anode initiated breakdown would occur when
Y < Y, and cathode initiated breakdown would occur when ys y,. The maxi-
mum field enhancement factor y, was shown to depend significantly on the
duration of the voltage pulse applied at the gap, particularly when the dur-
ation of the pulse was too short for the anode surface to reach steady state
temperature. The shorter the pulse, the smaller the value of y  and the
greater the probability of cathode rather than anode evaporation starting
the arc process. Preliminary experimental work was described in which
visual evidence of surface heating of copper electrodes was in agreement
with theoretical predictions when the I-V data was analyzed and values of
enhancement factor were determined. In more recent work an attempt has
been made to establish experimentally the predicted relationship between
the duration of the voltage pulse and the boundary value of the surface field
enhancement factor y,. The results of these experiments are reported be-
low.

EXPERIMENTAL PROCEDURES

The molybdenum electrode experimental tube has been described in
the first quarterly report™. It is basically a diode consisting of a stationary
30 mil diameter spherical electrode and a moveable 200 mil diameter planar
electrode, a cesium source, and a field emission microscope which can be
used to monitor conditions within the tube. Both electrodes can be heated
to remove surface contaminants and to smooth surface roughness. Micros-
copy observation of events taking place in the gap can be made by means of
a flat window directly opposite the gap.

The I-V data was taken in low current ranges (from 10-10 to 10'6)
using only d.c. voltages but in the higher current range up to the actual

arc the voltage was applied in single pulses of 2 to 10 pusec duration.
There were two reasons for this: (1) 1if d.c. voltages were applied in

the higher current regions, it was found that for anode power densiiies
exceeding ~ 3.0 x 104 watts/cmzthe current increased exponentially with
time at a constant voltage, therefore, by keeping the voltage pulse length
short, current instability of this nature could be avoided and the I-V
characteristics could be measured up to the values at which a destructive
arc occurred, and (2) by varying either the amount of surface roughness



or the length of the pulse, the theoretically predicted relationship between
enhancement factor and pulse length, which would determine whether an arc
were anode or cathode irnitiated, could be investigated experimentally,

From the low current I-V data the work function ¢, the surface en-
hancement factor y, and an effective emitting area were determined using
previously described methodsl. The radius of the tip of an emitting pro-
trusion is proportional to the square root of the emitting area, the factor of
proportionality ranging from 1 - 4 for fields of from 30 - 100 Mv/cm.
Knowing the field and the effective emitting area, a value can be calculated
for the radius of an emitting protrusion. Using the relationship presented
in the last quarterly? between the radius of the emitting protrusion and the
radius of the anode spot, an anode current density can be calculated and
thus an anode power density can be assigned for each value of I-V. The
steady state temperature of the anode spot can then be determined from the
relationship

Wa Ra
AT

(1)
K

where K is the thermal conductivity of the anode material, W, is anode pow-
er density, and R, is the radius of the anode spot. Since temperature is an
important parameter in the theory of field emission initiated voltage break-
down, an independent method was needed to determine the accuracy of the
calculations. A very rough check was made experimentally. The diameter
of the anode spot was determined by measuring the diameter of the spot from
which transition radiation? was observed using a telemicroscope with a mi-
crometer eyepiece. After the spot size had been determined in this way, a
pelaroid filter was placed over the microscope objective positioned so that
the plane-polarized transition radiation could not be transmitted to the eye.
The onset of thermal radiation could thus be detected at some particular
value of current and voltage. Although the small spot size and the low in-
tensity of the radiation made it impossible to use any of the pyrometers
available in this laboratory, a rough estimate could be made of the tempera-
ture from the color of the thermal radiation. This could be compared with
the temperature calculated from equation (1). The size of the anode spot
measured in this way agreed within 30% with that calculated from the rela-
tionship between cathode radius and anode radius, the measured radius
being slightly larger. Thermal radiation became visible when the anode
power density was such that AT was calculated to be 1250°C, that is, the
temperature of the anode spot would be 1275°C. The radiation was bright
yellow viewed through the optical system so that an estimate of the spo
temperature on the basis of its color would correspond closely to that
calculated.

g
t

In order to determine the effect of the properties of the electrode



material on the arc characteristics, the tube shown in Figure 1 was built
in which one electrode was copper and the other was tungsten. The tube
envelope was proportioned so that a transverse magnetic field could be
applied across the gap to deflect the electron beam and control the power
density at the anode. Preliminary d.c. measurements were made using
this tube, however a leak developed in the bellows assembly and the tube
had to be disassembled for repairs. Some data was obtained which will be
reported below although the vacuum within the tube was only ~ 10-8 torr.

RESULTS AND DISCUSSION
Clean and Cesium Covered Molybdenum Electrodes

When the voltage across the gap was increased continuously (d.c.
case) it was found that as the anode power density reached some critical
value, the current would increase exponentially with time at a constant
voltage until the anode became sufficiently hot that an arc occurred. In
order to establish that this ''runaway'' condition corresponded to a criti-
cal power density at the anode rather than to a critical current density,
the work function of the surface was changed so that the voltage required to
maintain a constant current was changed by a factor of five. The results
showed that the power density required to initiate the ''runaway'' condition
was constant and between 30 and 40 kw/c:m2 in magnitude,

The power density is related directly to the temperature of the bom-
barded surface as given in equation (1) so that one explanation for the onset
of current instability might be that gas atoms on the anode surface are being
thermally desorbed or ionized. If this were true, the desorbed atoms could
either be ionized in the gap and sputter the emitting protrusion, or contaminate
the protrusion and change its work function. Either event would be easily de-
tected as a change in the slope of the Fowler-Nordheim plots before and after
the onset of the current instability. However, the reproducibility of the I-V
data showed that irreversible alterations of the cathode surface could not
cause the increase in current. Further evidence for this is the fact that
the critical anode power density remained constant and independent of the
state of cleanliness of the anode surface. ‘

In order to explain the increase in current with time only mechanisms
which do not disturb the emission characteristics of the emitting protrusion
and which are power density dependent can be considered. One possible
mechanism would involve the emission of photons by bombarding electrons
which could be returned to the cathode and cause the emission of photo-
electrons. The current in the gap after n such cycles can be written as
I, = IOKn where I, is the initiating current, and K is some constant obtained
by finding the m aximum number of photons N_ emitted per incident electron
at the anode under all possible conditions and of all possible wavelengths
and multiplying by the maximum number of electrons N, emitted per incident
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photon at the cathode under all possible conditions, i.e., K = N Ne, It can
easily be seen that the condition for which the current will incréase regener-
atively 1s K> 1. From earlier work® the maximum number of photons per
incident electron due to transition radiation is~ 10"~ and the maximum

number of photoelectrons ejected at this frequency is ~10-%, thus K~ 10-8
for this process. Another possible source of photons would be the production

of x-rays from the impinging electrons, however, the yields would probably
be quite low in the voltage range investigated, so that very probably K for

this process would also be less than one. Since the efficiency of production
of x-rays is directly proportional to the atomic number of the target material,
the significance of photocurrent due to higher energy photons would be greater
for tungsten or even molybdenum than for copper or aluminum. Some pos-
sible comparisons might be made by using other electrode materials.

For a voltage pulse length t, that is greater than the time t; required
for the anode to reach its steady state temperature, the I-V characteristics
for a given electrode surface should simulate the d.c. condition. According
to the theory presented in the last quau'terly2 breakdown should be anode
initiated when the pulse length is very long compared with t, unless the
surface enhancement factor y is very large. As the pulse length is short-
ened the boundary value of the enhancement factor Y, 1s lowered until the
probability of a cathode initiated arc becomes greater than that of an anode
initiated arc. In order to obtain experimental verification various values
of pulse length were used with varying degrees of surface roughness.,
Fowler-Nordheim plots of some of the results are shown in Figures 2 and 3
where the curves of Figure 2 are from clean molybdenum at various spac-
ings and y, while those of Figure 3 are from heavily cesium-covered molyb-
denum electrodes. Curve l of Figure 2 shows the I-V data from a surface
with an enhancement factor of 18.4 corresponding to a conical protrusion
of tip radius R_ =5.5 x 107® cm. For this surface an anode initiated
breakdown would be expected since t_/t, = 3.8 and y is much less than Yo
Curves 2 and 3 of Figure 2 are for surfaces whose enhancement factors are
approximately equal (72 and 71 respectively). However, t_/t; = 1.43 for
curve 3 and to/'cl =11.1 for curve 2. The deviation from linearity of both
these curves and for curves 2 and 3 of Figure 3 is due to electron space
charge effects, which are quite significant when current densities are high.

The curves of Figure 3 were obtained from a surface heavily cesium
coated. The value of to/t1 for curve 1 was only .265,thus the anode was not
able to reach its steady state temperature. However, the enhancement
factor for this surface was 10, which is still below the value of y_ = 50 so
that the theory would predict an anodc preocess to initiate the arc. Unfor-
tunately, the cesium coverage was found to decrease during the pulse
interval, making temperature calculations unreliable. Curve 2 of Figure
3 shows the Fowler-Nordheim plot for a surface whose enhancement
factor was 47.8, while curve 3 shows the reproducibility of the data
points of curve 2,
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On the basis of the theory presented in the last quarterly report one
would predict an anode initiated arc for all cases in the above data except
that shown in curve 3 of Figure 2. The results of analyzing the pulsed volt-
age data showed that the cathode current density JC at which breakdown
occurred followed trends listed below indicating agreement with theory.

At constant y:

JC decreased with increasing pulse length to

JC increased with decreasing to
At constant pulse interval to:

JC decreased with decreasing y

JC increased with increasing vy

In attempting to calculate temperatures at the anode from J_,however, it
was found that the numbers were unreasonable. For example, the calculated
anode temperatures for the data of curves 2 and 3 of Figure 2 were in excess
of 104 °K. Although the theory does take into account the field distortion
around the emitting protrusion due to the close coupling of the emitter with
the supporting planar surface upon which it sits, it does not take into ac-
count the influence of either ion or electron space charge which must be
present just prior to the arc at high emission densities. Since the repro-
ducibility of the data points up to the arc as shown in Figure 3 indicates

that there were no significant ion currents, it is interesting to examine the
effect of the electron space charge.

Early in the development of field emission technology it was noted
that as the electric field at the tip of a field emitter became very large,
the current increased less rapidly with increasing voltage than the Fowler -
Nordheim theory would predict. This was not due to a failure of the theory,
but to the onset of space charge effects. The space charge in the beam in-
creases with increasing current and causes the electric field actually
present at the emitter surface to be less than the calculated field BV by an
amount that increases with increasing emitted current. As a result, space

charge can have significant effect because of its magnitude at high current
densities,

The need for a knowledge of field emission characteristics at high
emission levels led to an early study of space charge effects by person-
nel of this laboratory", followed by a later and more detailed study’. The
problem was analyzed by looking for solutions to Poisson's equation with
the proper boundary conditions for the field emission diode. The result-
ing equations could not be integrated, thus certain geometrical approxi-
mations had to be made. Careful study of the problem showed that the best
approximation to the potential distribution along the axis of a field emission
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diode would be that of a cylindrical diode having the same cathode radius
ry,. the same cathode field Fj and the same cathode-anode spacing d. The
resulting equation which gives the desired solution for space charge limited

field emission is:

2 3 d _ 4 3/2 2.2 _2.24
F|"V, - F; rolnr_ = 3 kI v, - 3%k, r Tin — (2)
(o] o
2 B

5 volt 3/Z/a.rnp

where k = l/eom = 1.9x 10

J1 is emitted current density

Fl is the cathode field
Vo is the voltage applied (V = 0 at the cathode)

As the value of Jl increases, Fl decreases, however, J, cannot increase
beyond the limiting value of J  for which the right hand side of equation (1)
and therefore also the cathode field vanishes,

3/2 1
= ;k Fol/2 _— (4)
r (In d/r,)

The limiting current density Jg is fully determined by the emitter radius
r,, the cathode-anode spacing d and the electric field Fy = BV that would
exist at the cathode surface in the absence of emission.

In Figures 4 and 5, the data of Figures 2 and 3 are plotted with the
emitted current density as a function of the electrostatic field. In order
to calculate the value for J  shown in these figures, a value must be given
to ry, the apex radius of the emitting protrusion. To calculate r_ from the
low J prebreakdown data and the relationship I/J = A, some relationship
between A and ry must be established. The effective emitting area is not
really constant but increases as the anode voltage increases due to the non-
linearity of the field emission response and because of the onset of space
charge effects which occur first near the protrusion apex where field and
emission are greatest., However, if the effective emitting area is expressed
as A = A\r” where \ is constant for a given field, it can be shown' that \
ranges from 1 to 4 for clean tungsten when the electrostatic field F is be-
tween 30 and 100 Mv/cm. Using the value of A and \ from the low J pre-
breakdown data, a value of r, can be calculated which will be constant for
all values of J and F. For most values of field and current density, A\~ 2,
Using this average value and assuming that the effective emitting area is
constant for all values of current density investigated, curve 1 of Figure 4

13




| | I | ] 1 | | | | | )

0 15 20 25 30 35
Fo = BY, in Mv/cm

| -
| 109 =—
108 =
| 07
| JsE
| o~ -
| L -
; a
| £ 108
o -
c =
s B [}
oL E
|
5{_
10 3 79
:/8
104}2
g
10°
5
Figure 4.

I-V data of Curve 2, Figure 3 plotted as current density

J = I/A vs. electrostatic field at the protrusion tip F.

Curve 1 shows the experimentally recorded values of current
divided by the emitting area calculated from the low current
density I-V data. Curve 2 shows the same data except that
the effect of field and current density have been taken into
account in calculating effective emitting area. Curve 3 is the
predicted curve if only the original protrusion emits.
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can be obtained for the current density as a function of electrostatic field,

If the effect of changing emitting area is considered, the values for current
density will be those shown in curve 2. It can be seen that in the low J re-~
gion, the two curves are essentially the same but that there is a considerable
difference as the current density increases., The effect of field on effective
emitting area is taken into account when calculating the values of J shown in
Figure 5. It is immediately obvious from Figure 4 that the values of J are
much too high even when the effect of changing emitting area is taken into
account when cesium is on the surface. Thus with cesium present and when
the value of yis high, it seems most likely that as the originally most highly
emitting protrusionattains a current density sufficient for a large electron
space charge region to form just in front of its apex, emission from this
protrusion is suppressed so that it does not become thermally unstable
before other protrusions with slightly lower y are capable of contributing
significantly to the total emitted current. Since space charge effects are
observed at lower values of J for surfaces with lower work function, one
would expect the experimentally observed space charge effects and the
occurrence of much higher total currents without an arc for low ¢ surfaces,

At the cathode the electron space charge is a contributing factor at
high current densities in increasing the effective emitting area, thus the
value of current density will be lower than that calculated by assuming that
the emitting area remains constant. Since the temperature at the tip of the
emitting protrusion is proportional to the square of the current density, the
calculated temperature of the emitting protrusion can be too high by a factor
of between 4 and 16 depending on what is assumed to be the constant emit-
ting area if the space charge effect is not taken into account.

In order to see what effect the space charge at the tip of a protrusion
will have on the current density at the anode, a calculation must be made to
determine how much beam spreading there will be at a distance from the
emitter d equal to the gap spacing since d>>h where h is height of the pro-
trusion. A rough approximation can be made by referring to an analysis of
the beam spreading in a circular electron beam between parallel planes due
to electron space charge repulsion. If space charge effects are neglected,
at a distance d the radius of an electron beam emitted from a cylindrical
protrusion of apex radius r and height h = yr that is sitting on one of two
parallel plates a distance d apart can be expressed asl:

R, = 2Vyrd (5)

This expression takes into account the compression of the beam caused by
the close proximity to the emitting apex of the supporting plane. The approxi-
mations made in deriving equation (5) are the followingsz

1) The protrusion has a particular geometry, that of a hemispherically

capped circular cylinder with its axis of symmetry perpendicular to a plane
where the plane is a distance d from a second parallel plane.
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2) The electrons emitted from the hemispherical cap move with a
radial velocity component v. (radial in spherical coordinates centered at
the protrusion) which can be calculated from the radial potential distribu-
tion of the protrusion, by taking the difference in potential at r = r, and
r =», Thus v, is overestimated by taking the potential at r = .

3) v, is assumed to exist initially although itactually reaches its final
value near the surface of the protrusion.

4) At some distance from the protrusion, v, will be influenced by the
parallel field causing the electron trajectory to become more parabolic.

If y ~ 100 the approximations will be reasonably correct since v, will be
acquired over a fairly short distance,

Spreading of the beam due to space charge repulsion can be calculated
according to an analysis of Vibrans? if it is assumed that at a distance of a
few tip radii from the hemisphere the electron beam is circularly symmet-
rical about an axis perpendicular to the parallel plates and that in any plane
perpendicular to the beam axis, the electrons are monoenergetic., From
Vibrans' analysis one obtains a ratio r/ro which is the ratio of the radius
of the beam due to the electron space charge repulsion in the radial dir-
ection (where now the radial direction is in a direction parallel to the
planes) r to the initial radius of the beam r,. A rather crude approximation
of the beam radius at the anode can be made by replacing the value of r in
equation (5) by the above value of r and letting r be the radius of the emit-
ting protrusion. This will underestimate the value of R, since r, should
actually be chosen to be the radius of the beam a few tip radii from the sur-
face of the emitter, however, perhaps this underestimate of R, will partially
compensate for the overestimate of R, as given by equation (5).

The importance of considering space charge repulsion in the beam when
calculating anode spot temperature AT can be seen in Table I where both the
anode and the cathode temperatures are calculated for the arc conditions.
Equation (1) was used to calculate the anode temperature. In order to cal-
culate the cathode temperature, the following equation derived for a resist-
ively heated field emitter! 0211 was used:

2

_ -4y 5
AT_=(9.5x107% 7T " r_

(6)
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TABLE I

Data AT, AT, AT, y/yo ty/tg d
(neglecting (considering (mils)
space charge)l space charge)
Figure 5: (Clean Mo)
Curve 1 5.7°K 2900 °K 885 °K 1332 3.8 |1.4
Curve 2 404.0°K 1.38 x 100K 1970 °K .910 11.1 3.9
Curve 3 605.0°K 1.64 x 100K 2480 °K 1.390 1.43 (1.9
Figure 4 (Cs on Mo) 69.5°K | 3.8l x 10°°k | 2620 °k .960 .265/5,9

Copper-Tungsten Diode

A field emission initiated arc will occur when at least one of the
electrodes has been heated to some critical temperature as defined in

Equations (1) and (6).

It seems reasonable to assume that this critical

temperature must be related to the vapor pressure of the electrode mat-
erial, since the critical temperature is that temperature at which suf-
ficient electrode material can be evaporated into the gap that the proba-
bility of ionization occuring is significant.
understanding of the role of electrode temperature in determining arc
conditions, a tube was designed in which one of the electrodes was made
of copper and the other was made of tungsten. These two materials were
chosen not only because of the wide spread in melting temperatures, (the
melting point of copper being roughly one-third that of tungsten) but also
because of the fact that the vapor pressure at the melting point of the two
materials is almost two orders of magnitude lower for copper than it is

for tungsten.

In order to gain a better

Measurements were made in an ambient helium pressure of ~10-7

torr as determined by methods used previously at this laboratory12 in which
the deterioration time of the field emitter in an appendage microscope can be

related to the pressure of helium gas in the tube through the empirical equa-

tion:
dI 1l 10.75 (7)
T at = 10-"P1 ,
where t is the time in hours, P the pressure in torr, and I the ficld emitted

current at constant voltage.

in the tube was ~ 10'9.

Since no change in current at constant voltage
was observed for a period of time of 30 seconds, it was possible to use the
appendage microscope by applying the voltage for only a few seconds at a
time, Using this method it was determined that the pressure of other gases

The adsorption of helium gas on either electrode is

negligible so thatthe presence of this gas in the gap would not alter the
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surface conditions by contaminating the electrode surfaces. However, the
probability of ionizing the gas atoms by an electron beam is significant at
these pressures as observed by the deterioration of the field emitter in the
appendage microscope. If these ions are allowed to form they will sputter
the electrode surfaces and change the shape of emitting protrusions. Thus
by varying the length of time that the voltage is applied in the gap, the
sputtering of the cathode surface can be varied from no effect (voltage
applied for less than 30 seconds) to sufficient damage to cause an arc.

The information obtained from the tube showed that although the
copper surface had a slightly higher enhancement factor (93 for the copper
and 70 for the tungsten) the current density at breakdown when the voltage
pulse was too short for significant helium ion sputtering to occur was
much higher when the copper electrode was the cathode than when the
tungsten electrode was the cathode. The theory would predict that for two
electrodes of the same material the anode would initiate the arc. This
me ans the observed behavior would be predicted, that is, the current
density at breakdown would be lower when the copper electrode was the
anode than when the tungsten electode was the anode,

By applying the voltage for a sufficiently long time the surface geom-
etry of the emitting protrusion could be changed slightly due to helium ion
sputtering. If the cathode was copper this damage would heal at room tem-
perature after the field was removed, indicating that helium ion sputtering
damage on copper can be removed at room temperature. By cooling the
copper cathode to liquid nitrogen temperature the damage to the surface
remained until the copper was heated. If the cathode were tungsten, this
damage would not heal at room temperature in agreement with earlier
reported sputtering work?, where it was shown that sputtering damage of
a tungsten emitter bombarded by cesium ions could be completely removed
only after the emitter had been heated to 800°K, while only about 70% of
the damage could be removed at room temperature. It is not unreasonable
to assume that for copper whose melting point is one-third that of tungsten,
the temperature required to remove slight amounts of sputtering damage
would be one-third that required to heal a similar amount of damage on
tungsten.
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SURFACE KINETICS FOR METALLIC ADSORPTION

VARIATION IN WORK FUNCTION OF VARIOUS METALS
ON CESIUM ADSORPTION

The average work function change as a function of cesium coverage
was reported earlier2 for cesium on tungsten and rhenium. Also, results
were obtained for the variation of work function with cesium coverage on
single crystallographic planes of tungsten, namely the (100) and (110)
planes. These results have helped to provide a better understanding of the
adsorption process, since they can be compared with available theoretical
models more readily than results of measurements on polycrystalline
surfaces which in some manner average large differences in local work
function. During the past quarter, these results have been extended to
include a measurement of the average work function change for cesium
adsorption on molybdenum. These results coupled with early results on
tungsten and rhenium provide data for the average work function change vs.
cesium coverage for the three refractory metals: tungsten, molybdenum
and rhenium.

Experimental Procedures and Results

The experimental procedures and method of obtaining the average
work function vs. absolute cesium coverage were identical to those descri-
bed previouslylz. This experiment was implemented by employing molyb-
denum and tungsten emitters side by side in the two-emitter tube and
calculating the average coverage on the molybdenum emitter relative to
that of the tungsten emitter by establishing the beam attenuation and know-
ing the emitter-to-source distances,

The procedure followed is to dose both emitters from a source in
line with the two emitters and measure the work function of each emitter
after the cesium has been spread to give an equilibrium coverage over the
total emitter surface. The emitters are dosed while at liquid nitrogen
temperature so that the assumption of a sticking coefficient of unity is
valid; the surface migration is performed at temperatures sufficiently low
that thermal desorption is negligible. The results given in Figure 6 show
the § vs. & relationships for the three refractory metals which have been
investigated. The data points are given for the most recent results on a
molybedenum substrate.
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Discussion of Results

It is interesting to note that the variation of work function with aver-
age cesium coverage shows a similar relationship on all three substrates.
Within the accuracy of this measurement, which is probably within 10%,
the coverage Om at which the minimum in work function occurs is the
same for tungsten and molybdenum. This is not unexpected inasmuch as
both possess body-centered cubic structures with near identical lattice
constants, A summary of the salient features of the results such as the
maximum work function change A(Dm, the minimum work function ¢m' and
the value of work function at the highest coverage investigated, (60, are
given in Table II.

TABLE II

Summary of maximum work function change A@, and
work function §o at @ = 3.2 x 1014 atoms/cm2

Substrate ¥ (ev) ¢, (ev) Al (ev) gy (ev)
Mo 4.20 1.55 2.66 1.81
w 4.52 1.52 3.00 1.78
Re 4.85 1.45 3.40 1.82

Values of @y, decreased slightly as the average work function of the
substrate increased. An empirical relationship between the maximum work
function change A(bm and the substrate work function ¢s , mentioned in a
previous report?, and which is of the following form

Afm = 1.09 (¢s - 1.78) (ev) (8)

appears to be obeyed by the above results. Inasmuch as earlier experi-
mental results suggested anisotropies in the coverage distribution over

the various exposed crystal faces, and in view of the strong reversal on
emission of the (110) planes, one is not justified to utilize results of the
above described nature to compare with theory. Instead, one must re-
sort to the probe tube results in which work function changes are measured

on single crystallographic planes.
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MERCURY ADSORBED ON MOLYBDENUM

The changes in field emission pattern detail and in work function for
adsorption and desorption of thin mercury films on a molybdenum substrate
have been investigated by field emission techniques. Also, the activation
energies for thermal desorption and surface diffusion of a low coverage of
mercury on molybdenum were obtained from Arrhenius plots.

The behavior of mercury on molybdenum is found to be considerably
different from that of cesium on molybdenum: (1) adsorption of mercury
on molybdenum increases the work function rather than decreasing it;

(2) 2 heavy coverage of mercury on molybdenum is mobile even at 77°K;
(3) the high fields required for pulsed field emission (about 40 Mv/cm in
this case) cause arcs to occur in the region of the emitter tip when it is
covered with several monolayers of mercury. In connection with this
latter point an arc is found to remove some of the adsorbed mercury from
the emitting portion of the tip even though the tip is at a temperature of
77°K. For this reason the field emission patterns for mercury on
molybdenum were photographed using dc electric fields, which are not as
high as those required for pulsed operation.

Adsorption and Diffusion

Adsorption of mercury on molybdenum has been studied by two
different methods, the first consisting of a series of successive doses
with no thermal equilibration, and the second being a series of succes-
sive doses each being thermally equilibrated.

The results of the first method are shown in Figure 7, which is a
series of field emission patterns taken during evaporation of mercury onto
a molybdenum field emitter held at a temperature of 77°K., Figure 7 (a)
is the emission pattern of clean molybdenum; Figure 7 (b) identifies the
principal planes in the emission pattern. Figure 7 (c) was taken after the
tip had been dosed with an amount of mercury chosen to be a unit dose N = 1.
The darkening of the upper portion of the pattern by the adsorbed mercury
shows that (1) mercury adsorbed on molybdenum raises the work function,
and (2) for this particular degree of coverage mercury is not mobile on
molybdenum at 77°K. Figure 7 (d) indicates that doubling the amount of
mercury does not change the basic behavior of the mercury film. The
uniform appearance of the pattern in Figure 7 (e), taken after dosing the
tip a total amount N = 4, shows that at this higher degree of coverage
mercury is mobile, even at 77°K. From this it may be inferred that N = 4
corresponds to a coverage greater than a monolayer, since multilayer
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(a) (b)
Clean Mo Principal planes of
@ = 4.20 ev (110)-oriented Mo

(c)

N =1 (arbitrary units)

Figure 7. Changes in the field emission pattern of a molybdenum
emitter during adsorption of mercury. The relative amount of
mercury on the emitter is given by the quantity N.
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diffusion generally can occur at lower temperatures than first layer diffu-
sion for most systems. The spots in the top of the pattern in Figure 7 (f),
taken after dosing the tip a total amount N = 6, are indicative of mercury
atom clustering, and suggest that epitaxial growth studies could be made on
this system. Dosing a total amount N = 8 caused no further changes in the
field emission pattern. Thus mercury was found to raise the work function
when adsorbed on molybdenum and to be mobile in the second layer but not
in the first at 77°K.

In the second method, the molybdenum tip was dosed with a small
amount of mercury, which was then equilibrated over both the emitter tip
and shank by surface diffusion. A photograph of the resulting field emis-
sion pattern was taken and the work function of the surface was determined
from a Fowler-Nordheim plot. The results are shown in Figures 8 and 9.
In Figure 8 are plots of the change in work function and change in log A,
the pre-exponential part of the Fowler-Nordheim equation, as functions of
the relative amount of mercury coverage. The maximum work function
change is 0.42 ev, and in the opposite direction from the change caused by
cesium adsorption on molybdenum. In a previous report2 was stated an
empirical relationship between ¢S the substrate work function, ¢, the ad-
sorbate work function, and A@,, the maximum change in work function upon
adsorption,

AGy, = 1.09 (85 - 9a), (9)

which was in good agreement with a number of adsorbate-substrate combin-
ations. For mercury on molybdenum the above equation would predict a
work function change of 0.35 ev, whereas 0.42 ev was actually measured;
these two numbers are in reasonable agreement. However, for many other
adsorbate-substrate combinations the work function change at the monolayer
is very nearly equal to the contact potential between the bulk metals of the
adsorbate and substrate, whereas it can be seen in Figure 8 that for mer-
cury on molybdenum the work function drops below the adsorbate work
function (4.52 ev)14 and continues to drop with increasing coverage (the
last point on the graph is of questionable validity because of the growth of
projections on the emitter tip). Moreover, on another contractl® the work
function changes of mercury on tungsten have been measured; whereas
equation (9) predicts zero change in work function for this system a work
function change of 0.35 ev is actually measured. Thus at present the shape
of the work-function/coverage curve for mercury on either molybdenum

or tungsten raises more questions than it answers, Figure 9 shows the
field emission pattern changes that occur during the adsorption run. In
general the changes are quite small and the pattern looks rather similar to
that of clean tungsten through most of the coverage range.
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Field emission patterns for various coverages of mercury
on molybdenum, after equilibration. The relative amount 6
is based on the coverage scale of Figure 8.
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Also plotted in Figure 8 are the temperatures required for equilibra-~
tion of the various coverages over both the emitter tip and shank. This
graph of equilibration temperature vs. coverage gives a rough idea of the
change in diffusion constant as a function of coverage,

At a high coverage (greater than 2.5 on the relative coverage scale of
Figure 8) viewing fields of 25 Mv/cm or greater were observed to cause the
growth of projections near the edges of the {ll(ﬁ planes (the bright spots in
the bright rings surrounding the {110} planes in Figure 9 (f)). When the
viewing field was reduced to zero the projections (i.e., the bright spots in
the emission pattern) disappeared, apparently due to the mobility of mer-
cury at this coverage at 77°K. The projections could be made to grow and
disappear many times by having the viewing field alternately above 25 Mv/cm
or at zero. The growth of projections as in Figure 9 (f) is probably due to
the electrostatic stress of the applied viewing field acting upon the mobile
mercury layer and pulling mercury atoms toward points of highest field.,

Thermal Desorption

The thermal desorption characteristics of mercury on molybdenum
were determined in the usual manner; that is, the emitter was heated for
60 -second periods to successively higher temperatures, and after each
heating period was returned to a temperature of 77°K at which a photograph
of the emission pattern was taken and the work function determined from a
Fowler-Nordheim plot. The changes in work function are plotted as a func-
tion of desorption temperature in Figure 10, By using the work-function vs.
coverage curve of Figure 8 a relation between the desorption temperature
and relative coverage may be obtained; this is plotted in Figure 11. The
desorption temperature is roughly proportional to the desorption activation
energy; thus Figure 11 is essentially a graph of the variation of the desorp-
tion activation energy with relative coverage. The sequence of patterns
obtained during desorption are the same as for adsorption but reversed;
this indicates that the adsorption and desorption processes are reversible.

Diffusion and Desorption at Low Coverage

The activation energies for surface diffusion and thermal desorption
of mercury from molybdenum have been determined from Arrhenius plots
for the coverage interval 0 - 0,07 relative monolayer (that is between the
coverages indicated by Figures 7 (a) and 9 (b)). The Arrhenius piots were
obtained from measurements of the time required to go between two pulsed
current measurements corresponding to the coverages indicated as a func-
tion of temperature. The results are shown in Figure 12. As would be ex-
pected, the desorption activation energy is less than the corresponding valus
for cesium on tungsten; however, the diffusion activation energy is consid-

erably higher than for cesium on tungs’cenl6 From the diffusion activation
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Figure 12. Arrhenius plots for a low coverage of mercury on molybdenum.

(a) Surface diffusion between coverages 6; = 0 and 65 = 0.07
(b) Thermal desorption between coverages 6; = 0.07 and 6f=0.
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energy and intercept the value of the diffusion constant D can be calculated
for any temperature; for a temperature of 441°K and assuming a diffusion
distance of 0,02 ¢cm, D is equal to 1.0 % 1072 cm?/sec. With this informa-
tion the equilibration temperature vs., coverage in Figure 8 may be con-
verted into a graph of the logarithm of the diffusion constant vs. coverage.

STUDIES OF ELECTRONIC INTERACTIONS WITH
ADSORBATES ON TUNGSTEN

Interest in the interaction of electrons with adsorbed layers is in-
creasing at the present time due to such possible applications as electron-
enhanced ion emission, production of clean surfaces by low energy elec-
tron bombardment, and others. So far, investigations of this nature have
been performed primarily on electro-negative adsorbates. For these sys-
tems electron-induced desorption is thought to be caused by electron excita-
tion of the localized adsorbate bond into an ionic or excited neutral state,
leading to desorption of the ad-atom as an ion (or as a neutral if electron
interchange between the adsorbate and substrate is sufficiently rapid).
Studies made thus farl?:18 indicate that electron-induced desorption of
electro-positive adsorbates is not likely, because of the delocalized nature
of the metallic bond and the very rapid transition of electrons between the
ad-atoms and the Fermi sea of the substrate. One recent measurement!?
of the system of barium on tungsten confirms this, since no measurable de-
sorption was detected. It was the intent of this investigation to determine
what occurs during electron bombardment of a system with both electro -
negative and electro-positive adsorbates co-adsorbed, such as cesium and
oxygen on tungsten.

A tube for the investigation of electron interactions with cesium and/
or oxygen adsorbed on tungsten has been designed and is discussed in
earlier reportsz. Results described herein will summarize the investiga-
tion of the interaction of 294-volt electrons with adsorbed cesium layers at
a variety of temperatures and cesium coverages.

EXPERIMENTAL METHODS AND RESULTS

The tube utilized for this investigation contained a standard cesium
and oxygen source and an electron gun which was capable of delivering a
current density of 24 x 10-3 amps /cm? at the emitter tip at an accelerating
voltage of 294 volts. The configuration of the tube was such that the current
density characteristics of the gun could be precalibrated prior to insertion
of the tip. In addition, the emitter faced the electron beam so that impinge-
ment occured nearly normal to the emitter surface. The detailed construc-
tion of the tube and calibration of the electron gun assembly are described
in detail in a previous reportz. This tube is also capable of measuring work
function changes on single crystallographic planes, however, for this inves-
tigation only average work function changes were measured.
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Prior to dosing the tip with cesium, the gun was run for several
minutes to establish the level of contamination of the tip due to operation
of the gun alone. It was discovered that one of the lens elements apertur-
ing the electron beam slowly liberated an electro-negative gas (presumed
to be oxygen) which established a residual contamination rate of the emitter
and hence, a minimum level of sensitivity for the detection of the electron-
induced desorption of cesium. The contamination of the emitter by the
electron-induced electro-negative gas is sufficiently slow that running the
beam for 100 seconds caused no detectable work function change of the
emitter. Thus it was assumed that any changes in work function of the
cesium layer during electron bombardment in the space of 100 seconds
should be due to electron-induced desorption of the cesium layer.

The procedure followed for this investigation was to dose the tip
heavily and, after equilibration of the cesium dose, a work function
measurement was obtained; this was followed by electron bombardment
for approximately 100 seconds and another work function measurement.
The cesium layer was then thermally desorbed to a lower coverage and
the operation repeated. At some of the lower coverages, the emitter tem-
perature could be raised from 77°K to as high as 660°K during the electron
bombardment to establish the presence of any temperature dependence of
the yields of electron-induced desorption. The work function changes
caused by the electron bombardment should be related to coverage changes
from previously established relationships between work function and cesium
coverage.

The results of this investigation are summarized in Table IiI for a
bombarding electron beam at 294 volts and a current density of 24.03 x 10-3

amps/crnz.

TABLE III

Summary of Electron-Induced Desorption of Cs on W for 294-volt
Electrons at a Current Density of 24.0 x 10-3 amps/cm?

Desorption (atoms/cm2 x 10‘14)

Time (sec) T(°K) 3; (ev) @ (ev) i o
106 77 1.77 1.78 1.41 1.41
100 77 1.82 1.82 1.35 1.35
100 416 2,08 2.10 1.15 1.13
100 7 2.10 2,13 1.13 1.11
100 77 3.66 3.65 0.25 0.25
100 663 3.72 3.74 0.23 0.22
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DISCUSSION OF RESULTS

The results of Table III show that throughout the coverage and tem-
perature range, the interaction of 294-volt electrons with cesium layers
for all intents and purposes is negligible. Maximum cross section for the
electron-induced desorption of cesium from tungsten can be estimated from
the following kinetic arguments. For a given cesium atom density J ,
the following first order reaction for the rate of electron-induced desorption
can be deduced

'glt"“ = Ngbe O (10)

where be is the desorption cross section in cm? and N, the electron flux
in electrons/cmé/second. The above first order desorption equation can
be integrated to yield the following expression for the cross section in cm?2:

L. . 3.68x10°19 0%
c Tt g ot

(11)

where J is the current density in amp/cmz and O i and Of are the cover-
age at times 0 and t, respectively.

From equation (11) and Table III it can be deduced that the cross sec-
tion for electron-induced cesium desorption must be less than 6 x 10-22 cm?2,
The somewhat larger change which occurred at 663°K is attributed to ther-
mal desorption rather than electron-induced desorption. These results are
in agreement with similar results obtained for barium on 1:U.ngsten17 and the
general expectations of the existing theory of electron-induced desorption,
In the case of metallic adsorption where I - @ is small, it has been postu-
lated that binding involves almost wholly delocalized electronsl?. In such
systems, the barrier for tunneling to and from the adsorbate is highly
transparent so that transition times are extremely short. In this case one
would expect excited ionic or molecular states of the adsorbate bond formed
by electron impact to be extremely short lived (less than vibrational fre-
quencies) because of rapid electron exchange with the electrons within the
Fermi sea. The results with cesium on tungsten seem to confirm this view
since no desorption could be detected throughout the coverage and tempera-
ture range investigated.

It is not obvious from the existing knowledge what one might expect
during electron bombardment in the case of cesium co-adsorbed with oxygen
on tungsten. Experiments are now under way to investigate this system
by the above described methods.
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SPUTTERING STUDIES

Most of the effort in this area has been expended on the field ion
microscope study of xenon ion sputtering of tungsten, and is reported
below. The experimental tube used for the field emission microscope
study of cesium ion sputtering of clean and cesium-coated tungsten has
been redesigned to provide a uni-directional cesium ion beam of known
current density and is now ready for operation; results from this study
should be available in the near future.

FIELD ION MICROSCOPE STUDY OF
XENON ION SPUTTERING OF TUNGSTEN

Xenon ion sputtering of clean tungsten has been investigated as a
function of ion energy for three different energies, 100 volts, 500 volts,
.and 1300 volts. It seems pertinent to review the experimental tube design
and procedure followed in this study before giving the results.

Experimental Tube and Procedure

The field ion microscope (FIM) used in this study was standard20 ex-
cept for the addition of a Xe ion gun and a Faraday cage ion collector assem-
bly for measuring ion current density (Figure 13). The FIM was liquid N,
cooled; thus the W anode tip used as the sputtering target was maintained
at a temperature of 77°K in this study. In the ion gun Xe gas was admitted
to the ionizing chamber where it was ionized by electrons constrained axial-
ly by a magnetic field. The 14.0 v accelerating potential supplied to the
electrons permitted ionization of Xe, but not of most other gases (e.g., Ny,
CO, Hj, etc.) likely to be found in the system.

The tube was mounted on a liquid N, trapped, mercury diffusion, bake-
able vacuum system capable of obtaining a pressure of 2 x 10-10 torr.
The normal background pressure for the experiments described below was
about 5 x 10-9 torr. Extremely pure He was admitted to the system through
a heated Vycor tubing; a He pressure of about 4 x 10-3 torr was used to
obtain field ion patterns of the W tip. Xe was obtained from a flask of spec-
troscopically pure Xe gas (less than 100 ppm impurities) and admitted into
the experimental tube through a liquid N, cooled, Ti gettered trap to remove
active gases., The Xe pressure in the tube during ion gun operation was
6 x 10~ torr, well below the pressure at which charge exchange effects
became noticeable (about 3 x 10-4 torr for this tube geometry). The ex-
perimental tube was separated from the diffusion pump of the system by a
ground glass valve, which permitted raising the He or Xe pressure in the
tube to the necessary levels, and yet allowed rapid removal of the gas when
desired,
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The experimental procedure for this study was the following: (1) The
tube was filled with He, the tip surface was cleaned by field evaporation at
a field of approximately 500 Mv/cm, and a photograph was taken of the re-
sulting field ion pattern of the clean W surface at a viewing field of about
450 Mv/cm (Figure 14 (a)). (2) The He was pumped out and Xe was admit-
ted with the viewing field still being applied to the tip; this prevented any
contaminating atoms from reaching the tip during this step. (3) When the
ion gun was ready to operate, the field was reduced to zero and the tip was
bombarded with Xe ions. During this step the region around the tip was
field-free; thus the bombarding ions hit the tip on only one side and the ion
current density could be determined accurately. Also this was the only
step during which impurity atoms could reach the anode surface. (4) After
raising the field to 450 Mv/cm, the Xe was pumped out and He admitted in
order to photograph the field ion pattern of the sputtered surface.

Results

Figure 14 (a) is a typical field ion pattern of clean W; Figure 14 (b)
identifies the major crystal planes and a few of the minor ones. The many
rows of small net planes extending inward toward the central (110) plane
indicate that the anode tip was formed of a highly pure and nearly perfect
single crystal of W. There are a few edge vacancies and crystal imper-
fections visible in the pattern; this amount of disorder is very small com-
pared to that created by the sputtering of a few hundred ions. The bright
spots around the edge of the pattern result from the method of cleaning used,
and are not significant. '

Figure 15 (a) shows the surface in Figure 14 (a) after being sputtered
by 1200 ions of 500 ev energy (the ion beam is incident on the left side of
the tip). By direct comparison of Figure 15 (a) with Figure 14 (a), a wealth
of sputtering detail may be discovered; for example, the (433) plane near
the lower edge of the pattern contains 10 atoms in its top atom layer in
Figure 14 (a), but in Figure 15 (a) only 5 atoms remain. Just below the
(433) plane a two-atom chain is missing, and the small net plane to the low-
er left of the (433) has two new vacancies. (The location of new, displaced
and missing atoms in two successive ion patterns is greatly facilitated by
Miller's color comparison techniqu.e‘21 , which was used extensively in the
present analysis.) In general it can be seen that very little sputtering
occurs on the uppermost atom layers of the major planes (the {110} 's, the
£100} 's and the §2113 's) and that most of the sputtering damage is visible
in regions lying between two major planes. Surprisingly, slightly more
atoms are missing or displaced on the side away from the ion beam than on
the side upon which it is incident.

Not all of the changes between Figures 14 (a) and 15 (a) are due to

sputtering; a few are the results of impurity atoms. Figure 15 (b) was
taken under the same conditions that Figure 15 (a) was taken except that no
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Figure 14.

(a) Typical field ion pattern of a clean and nearly perfect
tungsten surface.

(b) Principal planes of a (110)-oriented bcc crystal corres-
ponding to (a).
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Figure 15. Field ion patterns of xenon ion sputtering of clean tungsten:
(@) N 21200 ions, Ep = 500 v; (b) Impurity pattern corres-
ponding to (c); (c) N =200 ions, E,, = 100 v; (d) N~ 1500 ions,
Ep = 1300 v. Ion beam is incidentrupon left side.
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ions were allowed to hit the tip; thus the changes in Figure 15 (b) are due tc
impurity atoms only. The color comparison technique reveals that impuri-
ties not only add a few atoms to the surface which remain at the best view-
ing field, but also remove some tungsten atoms, primarily from the edges
of net planes, as the field is raised up to the best viewing field22, These
effects were in general a small fraction of those due to sputtering, and were
randomly distributed over the pattern.

Figure 15 (c) was taken after bombardment of the anode tip by 200 ions
with 100 ev energy. Although not too clear in Figure 15 (c) (but made clear
by the color comparison technique) most of the changed atoms on the beam-
incident side are added atoms, while most of the displaced and missing atoms
are on the opposite side. For the 1300-ev ions (Figure 15 (d)) far more
damage is done on the beam-incident side than on the opposite side, and there
is very little dependence of damage upon crystallographic direction. These
results may be explained qualitatively on the basis of a computer study by
Gibson, et al.23, of radiation damage in Cu. This study shows, among
other things, that (1) energy can be transmitted long distances along close-
packed atom chains (as first suggested by Silsbee24), and (2) above a certain
energy (30 ev for Cu) the atom chains begin to defocus the transmitted energy
and become increasingly inefficient at transmitting energy as the input energy
is raised. Since in a bcc crystal like W there are two [111 atoms chains
lying in the (110) plane, every point on the opposite side of a <110> -oriented
tip (which can be regarded as a stacking of 110 planes parallel to the ion
beam axis) is connected to the beam-incident side by a close-packed atom
chain. Thus at low energy (100 ev) a large fraction of the energy is trans-
mitted through the crystal and causes atom ejection or displacement on the
opposite side, whereas at high energy (1300 ev) energy transmission becomes
inefficient and sputtering occurs primarily on the beam-incident side.

The number of displaced and missing atoms in different regions of the
sputtered patterns were determined by counting all such atoms in an area
whose size is indicated by the dashed square in Figure 14 (b) and which was
centered on a particular plane. (Missing and displaced atoms in the same
region of the corresponding impurity pattern were subtracted.) The results
are given in Table IV and in general confirm the conclusion reached above.
In addition the atom counts provide a rough estimate of the sputtering yield
for each ion energy; these are also given in Table IV. When these yields
are compared with yields obtained by another method25, it can be seen that
the 1300 ev yield is reasonable, the 500 ev yield is too low for reasons un-
known,; and the 100 ev yield is too high by an order of magnitude. The high
yield obtained for 100 ev ions is attributed to the small size of the target:
the distance between the (211) and (121) planes is approximately 300 atom
diameters, a distance over which energy can readily be transmitted through
the target and produce observable displacements on the far side, whereas
the thickness of targets normally used for sputtering is sufficiently large
that no energy is transmitted through to the back side.
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TABLE IV
Atom Count Summary

Displaced and Missing Atoms

Bombardment at
Region Angle 100 ev 500 ev 1300 ev
110 90° 0 0 0
111 90 5 4 3
100 45 8 0 R?
310 63 9 16 R
311 65 10 20 R
211 73 0 6 38
322-433 82 3 12 35
010 135b 5 1 1
130 117 13 8 11
131 115 21 19 3
121 107 14 12 18
232-343 98 15 24 15
Sputtering Yield (atom/ion) 0.7 0.25 >1
Notes: 8 R - damage too great to permit atom counting in this
region

b Angles greater than 90° indicate the region is on the side
opposite to which ion beam is incident

The depth of sputtering damage has been examined by removing
through field evaporation successive atom layers from the surface of the
target; Figure 16 is a series of ion patterns taken while field evaporating
atomn layers from the tip sputtered by 1300-ev ions (Figure 15 (d)). It
shows that the damage is primarily on the beam-incident side, and per-
sists to a depth of approximately 6 (110) atom layers. In contrast, almost
all of the damage due to 100-ev ions is removed by the field evaporation
of one atom layer. An interesting feature of Figures 16 (b) and 16 (c)
are the bright spots appearing at random over the central portions of the
ion patterns; these bright spots are attributed to impurity atoms lying just
below the surface20. In this case the impurity atoms are very likely to be
Xe atomsy Kornelsen, et al. ,2’6, have shown that 1% of 1300-ev Xe ions
can penetrate a depth greater than 8 atom diameters in W.
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