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E Foreword

This collection of papers does not constitute a formal
reporting of the activities of the DARPA Materials Research
Council Summer Conference. Each report, memoranda or techni-
cal note is a draft of the author or authors and is their work
alone. The Steering Committee, in conjunction with the authors,
will decide how this material can best be presented as a formal
report to DARPA.
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REPORT OF A MEETING ON FUNDAMENTALS OF COHESION,
ADSORPTION AND THE STRENGTH OF MATERIAL INFERFACES

A. G. Evans, J. P. Hirth and J. R. Rice

ABSTRACT

A 2% day conference on the title subject was held during
the July 1978 meeting of the MRC. The 17 presentations were
divided among three sessions with the following titles:

(i) Atomistic calculations of cohesive properties of lattices
and interfaces; (ii) Adsorption, cohesion of interfaces, and
fracture processes; and (iii) Diffusive processes of grain
boundary cavitation at elevated temperatures. The full meeting
report includes the program, list of participants, and a summary
of important points drawn from the presentations, together with

a list of research needs.




REPORT OF A MEETING ON FUNDAMENTALS OF COHESION,
ADSORPTION AND THE STRENGTH OF MATERIAL INTERFACES

A. G. Evans, J. P. Hirth and J. R. Rice

INTRODUCTION

A meeting on the title subject was held during the July
1978 MRC meeting. Presentations were divided into sessions on:
I. Atomistic calculations of cohesive properties of
lattices and interfaces;
II. Adsorption, cohesion of interfaces, and fracture pro-
cesses; and
III. Diffusive processes of grain boundary cavitation at

elevated temperature.

The list of participants (in addition to MRC members)
and the meeting program are attached as Appendices. In the

following three sections we list important points that emerged

from presentations in each of the three areas, and also list

some research needs in each area.

-y

I. Atomistic Calculations of Cohesive Properties of
Lattices and Interfaces

r————

A. Important Points
’ 1. It was clear that there has been considerable
4 recent progress in the development of pair potentials. In

addition to van der Waals, ionic and covalent materials, where
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such potentials are fairly accurate representations of solids,
more realistic potentials are emerging for simple metals using
ion-core interaction potentials together with a pseudopotential
representation of electron screening (discussed by Ashcroft).
Also, for transition metals, a renormalized electron approach
(developed by Ehrenreich and co-workers) can be used to obtain
first-principles, energy-displacement curves for a strained
solid, and the energy relation then can be inverted to define a
pair potential of the same range as the energy relation. Indeed,
given any energy displacement relation, this inversion technique
can be used to generate a pair-potential. In this method,
volume dependence is automatically included but any oscillations ;
of the pseudopotential type are averaged out. The extent of |
applicability of such potentials remains largely to be explored.

2. Reliable first-principle calculations in terms
of density functional theory (discussed by Kohn) are available
for surface energies of free surfaces and internal interfaces
(grain boundaries and stacking faults).

3. There has been some progress, which is continu-
ing, in development of pair potentials. Users of such potentials
for atomic calculations should be aware that pair-potentials
which reflect to some extent first-principle relations are now
becoming available. For complex configurations such as the cores
of dislocations and crack tips, it seems likely that further

developments involving directional pair interactions (bond

angles) may be required for a realistic representation. Indeed,




the latter interactions would be required to accurately match |

the elastic constants for materials such as metals where there
are large deviations from a fit to the Cauchy conditions that
hold for all purely radial pairwise potentials. As an interim
position, the use of some of the more recent pair-potentials for
computations of defects such as vacancies, dislocations and grain
boundaries, where the change in density from a perfect lattice is
not dramatic, is a fair approximation of reality. Unless modi-
fied to match surface properties and to include large-scale
volume change dependence and directional bonding effects, however,
the use of such potentials for problems such as crack-tips and
voids, where free surfaces are present, is probably a poor
approximation.

4. The time is past for use of simple spline fit |
potentials such as the Johnson potential. Work over the past
decade using such potentials has provided valuable guidelines
on the characterization and motion of defects in solids. However,
a correlation of behavior with real crystals is now needed and ‘
the newer potentials should be used which are based on first-

principle calculations.

5. Classes of behavior of materials can be estab- i

lished independently of the accuracy of the pair potential used. w

Results showing atomic symmetries at grain boundaries (Vitek),
the presence of a lattice trapping barrier (Thomson) and the

pressure of lattice instabilities at fixed strains (Milstein)

are examples. Milstein illustrated that modest strains (of the )




order of twenty percent) can change on fcc configuration to a
] bcc configuration: other crystal structures can be formed
1 - similarly. As pointed out by Drucker, these strains represent

upper bounds, independent of potential, that can be sustained

TR AT T 1

in a stable manner by a given crystal structure. Further,

Milstein's calculations based on a Morse potential showed that
instabilities can occur much earlier, e.g., at shear angles on
the order of 8°. Thus, in considering large strains at a crack

tip, near a boundary, or in a uniformly strained region, the

e s e

possibility of a stress induced transformation should not be

overlooked, and it is important that artificial geometric con-

straints not be imposed on the calculation.
B. Needed Research

1. For problems such as the atomic simulation of
cracks and voids involving free surfaces, it was suggested that
a dual pair potential approach be used. One potential would be
developed as usual for the bulk, while another would be used
for the surface region, with the latter matched to appropriate
] surface properties such as the surface energy calculations men-
tioned above. A prototype of such an approach is the treatment
of adsorption of Group IV species on metals by a combination of
molecular orbital models for surface bonds with pseudopotential
for the underlying metal.

2. Different paths of decohesion of a solid along

|
_i an internal interface can be imagined. One of these if the hypo-

thetical separation of rigid bulk phases in a path normal to the .




T ———

interface. The appropriate force constant for small displace-
ments 1s determined from a weighted average of phonon frequencies¥*
instead of the elastic constant appropriate to a tensile extension
of both bulk and interface. Phonon dispersion data are needed for
such displacements and are also important in determining the sur-
face pair potential mentioned above.

3. Given that all pair potentials are perforce to
some extent approximate, they should be matched to as many
parameters as possible, including those sensitive to both long-
range and short-range atomic interactions. These include
parameters such as elastic constants (second and higher order),
phonon frequency spectra (in both unstressed and stressed states),
cohesive energy, free surface energy, stacking fault energy,
defect formation and motion energies, and pressure dependence
of junction tunneling and both Raman and infrared absorption.

This extensive matching is particularly important for those
potentials which are generated empirically.

4. All atomic calculations to date on dislocations,
crack tips and grain boundaries have been two~dimensional in the
sense of considering planar boundaries and straight dislocations
or crack tips with periodic boundary conditions imposed in the

direction of the line, and most of these have been at 0°K.

Valuable information has been obtained, for example, on the
Peierls potential barrier to dislocation motion and the lattice }

trapping barrier to crack propagation. These should be updated

*E. Zaremba, Solid State Communic. 23, 347 (1977).




for the newer potentials that are emerging and should be extended

to at least room temperature. Also, it is now necessary to ex-
tend the calculations to three dimensions to determine kink or
jog formation energies for dislocations and crack tips. These
are needed to predict rates of defect motion and to determine in
detail the competition between sharp crack propagation and crack-
tip blunting by dislocation emission. Methods are now available
to match three-dimensional defects compatibly to a surrounding

elastic continium.

II. Adsorption, Cohesion of Interfaces and Fracture Processes

A. Important Points

1. A fundamental question is that of whether a given
lattice or interface (e.g., grain boundary) can sustain an atomis-
tically sharp crack. If such a crack configuration is stable
against dislocation blunting up to loads corresponding to separa-
tion of crack tip bonds, brittle behavior is possible and the
lattice or interface will be capable of cleaving--provided that
a crack can be nucleated. Conversely, if dislocation blunting
occurs first, cleavage will generally not be possible and failure
must occur according to some more ductile mechanism. Although
the final resolution of brittle vs. ductile response must rely on
atomistic considerations, an approximate criterion can be phrased
in terms of the work of interfacial separation, possibly as
altered by adsorption, and dislocation parameters such as core
size and energy of the step formed in tip blunting. The latter

are also subject to alteration by adsorption.
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2. The time scale of interfacial separation in,
e.g., temper-embrittled steels at low temperatures, is such that
there is an effectively constant composition of the temper-
embrittling segregants (Pb, Sn, Sb, P, etc.) during separation.
These circumstances are well removed from those of surface
creation at composition equilibrium of the separating interface
with the bulk, and appropriately different methods are required
for calculation of the effect of segregation on the "ideal" work

of separation. It is established that within the approximation

of local equilibrium of the segregant at the separating interface,

classical thermodynamic methods can be applied to calculate the

effect of adsorption at constant composition. The work in this

case (for a single segregant of surface concentration I' and local .

potential u) is

r

bttt 155 f Mine (T) = Mgype(D)1dl
where w, is the work in the absence of segregation and where
H = uint(F), = ”surf(r) are the respective equations of the
adsorption isotherms for an unstressed interface and for the
pair of free surfaces created by separation. The important
question, still unresolved, is that of how much error is intro-
duced by modelling the segregant as being in local equilibrium
during separation. For comparison, the ideal work of separation
at the opposite extreme of full composition equilibrium (with a

source at potential u) during separation is given by a simple




generalization of the Gibbs adsorption theorem:

M

-0

Here T = f(u) and ' = T, _(y) are the inverted equations of

I-‘Su.'!:' int

the two adsorption isotherms mentioned above.

3. Observations suggest that interfacial decohesion
is an important micromechanism of fracture in many systems, in-
cluding metals that ultimately fail by ductile hole coalescence.
Specific examples for "brittle" fracture modes were provided by
the work of MacMahon on intergranular fractures of temper-
embrittled steels and by Evans on structural ceramics. Further,

a key step in "ductile" fracture of metals is the nucleation of
voids from precipitates or other inclusions and this often in-
volves failure along the particle-matrix inﬁerface. An additional
type of interfacial failure was shown by Asaro to be of importance
in ductile fracture of spherodized steel. Here the fissures that
nucleated at the spherodized carbides, typically on a grain or
sub-grain boundary, were observed to grow along that boundary.

In fact, Asaro showed evidence that the effect of dissolved

hydrogen on ductile fracture in these steels can be explained

through the concept that hydrogen aids the grain-boundary- |
splitting mode of cavity growth.
4. In the cases of intergranular separation noted

above, it is not known definitively whether the crack remains

atomistically sharp very near its tip (i.e., no dislocation
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blunting, although nearby dislocations could move in the crack
tip stress field) or whether, instead, the observed intergranu-
lar mode is a result of some kind of plastic "slipping-off"
process. If the crack does indeed remain atomistically sharp,
then it appears to be possible that the crack could grow with
appreciable plastic dissipation by the motion of nearby disloca-
tions. This involves the "screening"” eﬁfect proposed by Thomson,
and elaborated upon at the meeting by MacMahon and Vitek, where-
by the macroscopic energy release rate can be far in excess of
the ideal work, w, of interfacial separation. Nevertheless, it
is important to understand that the size of w controls the size
of the overall plastic dissipation and, in this case, alterations
of w by absorption, for example, are expected to lead to cor-
responding alterationé in the (much larger) macroscopic energy
release rate.

5. The "regular solution model" seems to be
successful in a qualitative sense in describing alloy systems
that lead to segregation. The model as described by Wynblatt
assumes that entropy effects can be described by a simple mixing
expression. Thus surface and bulk concentrations are related in
the form

xz/xg = (xi/xg) exp (-AH/kt) ,

and the enthalpy difference AH between surface and bulk includes
contributions from surface energy differences for the two con-

stituents in pure form, from the enthalpy of mixing, and from
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the misfit elastic strain energy A in B. Abraham and Pound, in

computer simulations of segregation, demonstrate reasonable

agreement with the model, with greatest disagreement when the
solute A is smaller than B and the misfit energy is overestimated.
B. Research Needs

l. A major problem is that of how to properly pose
and resolve the question of ductile vs. brittle response of an
interface, including the effects of impurity segregation. Thermo-
dynamic methods can be applied to analyze some parameters, speci-
fically w, relevant to this competition, as described above.
There remains the problem of assessing the effects of local de-
partures from equilibrium composition during separation and of
the kinetics of mass transport in the case of environmental or
bulk solute embrittlement. Further, the effects of adsorption
may, in some cases, be as important for alterations of the dis-
location nucleation process as for alterations of w. The
principles underlying such effects are not yet well understood.

2. The observations reported on ductile fracture
mechanisms in spheroidized steels suggest a greater contribution
of a "brittle" separation mode to cavity growth than previously
understood. This needs further study to define the nature of
the grain boundary splitting process and the relevance to ductile
fracture mechanisms in other alloy systems.

3. The case of brittle crack growth witlh appreciable

near tip dislocation motion remains incompletely understood.




Recent attempts at the problem have been reported and these

need to be developed further.

4. To the extent that interfacial energy reductions
are indeed important to fracture processes, there is need for
better coordinated experimental and theoretical work on equili-
brium segregation, including multi~-component adsorption. The
adsorption isotherms for such cases allow the thermodynamic
calculations of w by the formulae given earlier (appropriately
generalized to the multi-component case). Essentially, measure-
ments (e.g., Auger) of surface and interface compositions are
needed as a function of equilibrating potential, or suitable
theoretical isotherm models are needed from which such segre-

gation can be predicted confidently.

I1I. High Temperature Cavity Growth

A. Important Points

1. Relative roles of boundary/interface energy and
boundary diffusivity. The growth of cavities by diffusion de-
pends on both the ratio ¢ of the boundary energy to the surface
energy and the boundary diffusivity Dbéb: in the sense that the
growth rate is enhanced as g or Dbéb are increased. Most alloy
additions tend to increase both the boundary energy and the
boundary diffusivity, and thus enhance the material's suscept-
ability to high temperature cavity growth. However, some systems

have been noted in which the low temperature boundary embrittle-

ment is enhanced while the high temperature cavity growth is
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retarded (inferring a decrease in boundary diffusivity). These
influences of alloy additions on boundary energy and boundary
diffusivity clearly have very important implications for the
design of alloys required to perform at high temperatures.

2. One aspect of cavity growth calculations and
data interpretation that has not been considered is the possible
occurrence of interface processes, that restrict the availability
of the vacancies required to extend the cavities, i.e., interface
control. There are two indications that interface control may be
an important consideration. Firstly, most diffusion creep data
indicate that there is a threshold stress for the onset of creep,
that can be plausibly attributed to a threshold for the continuous
activation of vacancy sources (for a variety of possible reasons).
Since prolific vacancy production is also regquired for cavity
growth (especially in the equilibrium mode), related threshold
characteristics might be anticipated. Secondly, direct observa-
tions of the configurations of boundary dislocations using high
resolution techniques have inferred that a local vacancy super-
saturation develops in the low stress limit, again suggesting
the existence of interface control. The existence of interface
control has two important implications; it can yield stress
dependencies of the cavity growth rate that vary (continuously)
from the predicted value, as the local stresses approach the
threshold: it can encourage non-equilibrium cavity growth (which
reéuires fewer vacancies) to occur at appreciably lower veloci-

ties than anticipated by present analyses.
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3. Most of the present analyses of cavity growth

pertain to the extension of uniform arrays of cavities. There
are many important situations in which the primary time to
failure is expended while the material contains a small number
of isolated non-equilibrium cavities. The growth rates that
pertain to this mode of cavity growth need to be analyzed,
including conditions under which a liquid phase is contained
near the crack tip. Two analyses, by Chuang and Rice and by
Vitek, have been conducted; these must be extended to include
crack configurations of interest (axi-symmetric, branching at
triple points, etc.).

4. The analyses of cavity growth do not yet include
the possibility of dislocation plasticity near or between
cavities. The relaxation times associated with the presence of
plastic zones are considerably larger than elastic relaxation
times. This could influence the relative roles of the diffusi-
vities on the cavity growth, includin¢ the transition between
the equilibrium and non-equilibrium modes.

B. Research Needs

1. The implication that certain alloy additions can
retard boundary diffusion (whereas an enhanced diffusion is
usually expected) suggests an approach for reducing the suscept-
ibility to high temperature cavity growth. Specifically, an
attempt to identify alloy constituents that appreciably reduce
the boundary diffusivity, without causing a counteracting increase

in the boundary energy, is clearly merited. The search for
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suitable alloy additions could involve atomistic modeling of the

boundary energy and boundary diffusivity, at the most advanced
levels discussed in Section I, coupled with empirical studies.

2. The possible incidence of interface control sug-
gests that test data be obtained over a sufficiently wide range
of stress/temperature conditions that trends indicative of a
threshold become apparent; in a manner analogous to that used to
resolve the existence of the phenomenon in creep experiments
(Burton and Reynolds). A threshold could also be introduced
into cavity growth calculations, to anticipate the specific in-
fluence of interface control on both the stress dependence of
the growth rate and the transition from equilibrium to non-
equilibrium growth.

3. An important cavity growth regime, the growth
of a small number of relatively large isolated non-equilibrium
cavities, has received little theoretical attention. More ex-
tensive analyses of this mode of cavity growth are urged.

Similarly the incidence of dislocation plasticity on the modes

of cavity growth needs to be explored.
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Appendix II

MEETING ON FUNDAMENTALS OF COHESION, ADSORPTION
AND THE STRENGTH OF MATERIAL INTERFACES

July 1978

Session I - Atomistic Calculations of Cohesive Properties

of Lattices and Interfaces
N. Ashcroft (Cornell University) - general review of inter-
atomic potentials

H. Ehrenreich (Harvard University) - re-normalized atom method
for cohesion in transition metals

W. Kohn (University of California, San Diego) - overview of
atomic calculations for free surfaces

F. Milstein (University of California, Santa Barbara) -
theoretical strength calculations

V. Vitek (University of Pennsylvania) - atomistic structure of
grain boundaries

R. Thomson (National Bureau of Standards) - lattice effects in
crack propagation
Session II - Adsorption, Cohesion of Interfaces, and Fracture
Processes

J. R. Rice (Brown University) - adsorption and embrittlement
of material interfaces

J. P. Hirth (Ohio State University) - solute adsorption to
dislocations and cracks

C. J. MacMahon (University of Pennsylvania) - grain boundary
fracture of temper-embrittled steels

R. J. Asaro (Brown University) - grain boundary effects in
hydrogen embrittlement

T. E. Fischer (Exxon Research and Engineering) - chemisorption
and chemical bond effects

P. Wynblatt (Ford Research Laboratories) - surface segregation
in alloys

A. Bienenstock (Stanford Linear Accelerator Center) - synchro-
tron radiation surface analysis

G. M. Pound (Stanford University) and F. Abraham (IBM) =
computer simulation of segregation




Session III - Diffusive Processes in Grain Boundar Cavitation

at Elevated Temperatures

R. Raj (Cornell University) = nucleation and growth of
cavities at grain interfaces

J. R. Rice (Brown University) = crack-like modes of diffusive
rupture

A. G. Evans (University of California, Berkeley) - grain
boundary fracture in ceramic processing
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PROGRESS AND OPPORTUNITIES IN RSR

E. E. Hucke

A review of some of the outstanding accomplishments and
areas of further opportunity arising from RSR methods was held.

The accomplishments of the Pratt and Whitney program
offer an excellent example of the chain reaction benefits that
can be derived from a materials processing advance such as RSR.
In this case the end goal is increasing efficiency and/or
performance of gas turbine driven aircraft through the benefits
of better microstructure and properties of the high temperature
components. However, the final improvement can be magnified by
the additional freedoms possible with RSR in choosing alloys
and processing which allow more than commensurate gains in final
performance, due to easier thermomechanical processing, wider
design choices, and fabrication economies.

The major enabling factor in this case has been the suc-
cessful operation, with many alloys on a large scale, of the RSR
powder-making equipment giving high yields of conveniently sized
material solidified at rates at or exceeding 10° K/sec. The
structures obtained have more than met expectations in producing
very fine dendrite spacing (DAS) and even homogeneous crystal-

line alloys which have in almost all cases yielded materials

superplastically deformable to near net shapes or workable to




sheet. Additional important benefits have arisen from the elimi-
nation of segregation phases in many alloys, and in other cases
the ability to maintain in solution larger alloy concentrations
of beneficial elements. The first factor allows important in-
creases to be realized in re-melt temperature which substantially
aids in thermomechanical processing (i.e., faster solution and
better working) and particularly in the ability to practically
apply the technique of directional recrystallization which is

responsible for dramatic improvements in high temperature strength.

Also, cobalt, previously partially helpful in raising the re-melt
temperature, can be reduced thereby offering economy and con-
servation of strategic material. The ability to retain alloy in

solution allows consideration of much higher refractory metal

contents for high-temperature matrix strengthening without fac-~
ing the usual consequences of non-workability.

In short, it was quickly perceived that RSR would
contribute worthwhile improvements to the more usual superalloy
compositions but that far more could be gained by exploiting the
newly found alloying freedoms. Notably, it was possible to
simultaneously gain strength with much higher y contents without

loss of fabricability by using higher A% giving better oxidation 5

resistance even though eliminating substantial amounts of
strategically important Cr. These changes have already allowed
an overall improvement in metal temperature capbility of 200°F

compared to the best alloys now available, but with the added

Pt e




L —

-~

advantages of sheet rollability. The latter factor enables a

very important flexibility in engine design.

Previous favorable engine designs with elaborately
channeled blades for transpirational and convective cooling
have awaited the availability of an alloy rollable to sheet, but
then transformable to a creep-resistant material. The present
realization of this goal allows an alloy with 200°F improvement
in metal-temperature capability to raise the turbine inlet
temperature by ~“400°F with additional cooling still further
benefiting inlet temperature to a total of 630°F at equivalent
life. Besides the usual benefits to performance and/or economy,
such dramatic increases allow reconsideration of engine design
factors, such as elimination of stages and return to pure jet
engines with enormous savings in total engine parts. 1Indeed,
the known performance/fuel savings of higher inlet-temperature
lighter engines open many possibilities to new aircraft designs
(e.g., VSTOL) which have been long awaiting the emergence of
suitable performance engine packages.

In summary, this example of R&D aptly shows the down-
stream multiplying effect of materials processing improvements.

There has been considerable interest since the inception
of the ARPA program in RSR in determining whether glassy materials
could be reconstructed into bulk form while retaining their
desirable properties. This would obviously extend the potential
range of useful épplication. From the report of preliminary

studies carried out by Dr. Carl Cline of Lawrence Livermore
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Laboratories, it is clear that at least a qualified success has
already been achieved. Cline reported a number of interesting
techniques that have:

1. Explosively welded together metallic glass ribbons.

2. Explosively welded a metallic glass layer to carbon
steel.

3. Explosively compacted powder metallic glass powder.

4. Dynapact compacted at modest temperature metallic
glass powder.

5. HIPed at low temperature (below Tg) metallic glass
powder.

In all cases it was possible to define process variables

which retained the glassy structure while obtaining full densifi-

cation. At this time it is not possible to definitely state

that no embrittlements have taken place, but the initial indica-

tions are indeed encouraging. At this time it appears that
reconsolidation is going to be much easier than envisioned

several years ago, even in cases such as explosive compaction

where short temperature bursts well above Tg exist. Further

definition of surface cleanliness requirements and full property
determination on a range of glasses of interest remains. At | 3

this time further progress appears to be limited by availability

of suitable powder material.
Interesting examples of consolidation of non-glassy RSR
alloys, i.e., Ni superalloys and a wide rahge of difficult to 3

‘_; fabricate ceramics such as AN and B were reported. There appears [ 4




15 to be a good chance that this method can yield a polycrystalline
H e ~diamond material (carbonado), possibly without binder metals
o such as Co and Si.
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POTENTIAL APPLICATION OF RAPID SOLIDIFICATION
METALLURGY TO SMALL, HIGH-PERFORMANCE TURBINE ROTORS

M. Cohen

Considerable attention has been devoted to the pros and
cons of achieving higher operating temperatures in relatively
small, high-performance, short-lifetime turbines. Looking ahead
beyond present superalloy technology, there is much interest in
the feasibility of ceramic turbines, and thought has also been
given to prospects for carbon/graphite turbines (see E. E. Hucke
in this report). The point of the present note is to offer a
more modest suggestion, based on advanced in superalloy metallurgy
at Pratt and Whitney, Florida. This approach shows promise of
allowing a 200°F increase in turbine-blade temperature (perhaps
a 400°F increase in turbine-inlet temperature), and yet it seems
quite realistic from the practical standpoints of processing,
reliability, and engineering experience.

Recent rapidly-solidified alloy development at Pratt and

Whitney has led to the following compositions:

Ni Al Mo Ta W

143 Bal 6 14 6 --

185 Bal 6.8 14 0 6
L




These alloys not only have superior high-temperature strength,
but they are superplastic and can be isothérmally forged to com-
Plex, near-final shapes. As emphasized in our previous Council
reports, the RSR method permits extensions into alloy regimes
which would otherwise result in undue brittleness and lack of
fabricability. The rapid solidification sustains a sufficiently
high degree of compositional and structural uniformity that new
and desirable combinations of formability and high-temperature
properties come into existence. At the same time, there is a
significant raising of the incipient melting point (from 2330°
to 2470°F) because of the suppression of segregation. The
strength at elevated temperatures is also made possible by the
grain-coarsening treatments which can be applied to these alloys
prior to testing or service.

In the light of such progress, serious consideration
might now be given to the use of RSR technology with its newly-
available superalloy compositions for next-generation, high-
.performance, small turbine rotors. In this approach, it would
also seem feasible to take advantage of the accompanying super-

plasticity to produce the rotor blades integral with the hub by

isothermal forging.




LIQUID METAL ELECTRON AND ION SOURCES

R. Gomer

ABSTRACT

The mechanisms of electron and ion generation from Taylor

cones of liquid metals are discussed. In the case of electron
emission the vacuum arcing mechanism of Swanson and Schwind,
which accounts for the observed high current repetitive pulsing
is briefly reviewed. Mechanisms from onset to the high current
regime are proposed for ion emission. It is concluded that at
onset ions are generated exclusively by field desorption. A
fheory to account for the observed emitter heating is advanced,
and it is concluded that high currents result from field ioniza-
tion of thermally evaporated atoms. It is shown that space
charge becomes important even at very low ion currents and is

instrumental in providing stabilization in all regimes of ion

emission.




LIQUID METAL ELECTRON AND ION SOURCES

R. Gomer

INTRODUCTION
Liquid metal ion sources have been studied by several

investigators since at least 1967.'"7

These sources provide a
high brightness, quasi-point source of metal ions for high
resolution ion beam lithography and other potential applications.
The details of the ion generating mechanism seem very incompletely
understood. Recently Swanson and Schwind® have also investigated
liquid metal field emission sources. The mechanism in this case,
as proposed by these authors, seems straightforward but will be
briefly included here since it provides an interesting contrast
to the ion emission case and serves to throw some light on the
matter.

A liquid metal ionization or electron source typically
consists of a fine tungsten capillary (0.02 to 0.002 cm in di-
ameter) or of a capillary with a tungsten needle projecting
through it, and an extraction electrode in front of this assembly.
The tungsten assembly is cleaned, for instance by sputtering, so
that it is wetted by the liquid metal used, which is then forced
into the capillary by a suitable arrangement. When a critical

voltage, generally 5-10 kV, is applied between capillary and
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extractor the liquid metal is pulled outward by the electrostatic
forces at its surface. It was shown in 1964 by Sir G. Taylor®
that the balance between electric and surface tension stresses
leads to the formation of a cone of half-angle 49.3°, at a
critical voltage Vc which depends on the electrode configuration
and the surface tension. 1In principle this cone should become
infinitely sharp at its apex. Under some conditions dynamic in-
stabilities occur and jetting with the ejection of liquid drop-
lets is observed. For many liquid metals of low ionization
potential it is possible however to minimize droplet formation.
If the liquid metal electrode is made positive with respect to
the extractor, relatively stable, d.c. ion emission results for

I such metals with currents ranging from a few microamperes to
milliamperes. For Ga at currents >10° amperes Swanson'® has

observed incandescence of the liquid cone itself, and at slightly

higher currents a glow is seen in front of the liquid cone; the
glow region increases in size with increasing current. Its size '
seems to be vlum or slightly larger. These effects seem to occur

with all metals.

4 -5

Ion emission has been reported for Ga," alkali metals,?:“:

Au,® si-sn-Cd (Wood's metal),® Hg,® and others.® Some authors"

"
b

mention energy spreads of ~10eV for ions. For alkali ions both

' '
| S

singly and to a lesser extent doubly charged ions, as well as

dimer and multimer ions have been reported.?® 1In one instance a / [

‘ 2

space charge limited, i.e., i«V current voltage relation has

been reported.?
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If the polarity is reversed Swanson and Schwind® find,

with an applied d.c. voltage that emission consists of nano-
second pulses, the current per pulse reaching values of 200-300
amperes (!). The pulse repetition rate appears to be limited by
the charging time of the power supply.

Since the formation of the emitter cone depends on
electric forces, ion sources of this kind have also been called
EHD (electrohydrodynamic) ion sources, and presumably the same,
rather misleading, designation could also be applied to these

configurations when used for electron emission.

MECHANISM OF ELECTRON EMISSION
E The mechanism proposed by Swanson and Schwind® seems to

explain the phenomenon and is here given very briefly. On appli-

cation of the critical Taylor voltage a liquid cone of very high
curvature at its apex is formed and since the field near this
apex is of the correct sign for field emission, electron tunnel-
ing occurs. The current initially emitted (as seen in oscillo-
scope traces) is of the order of several milliamperes. This
leads to heating of the apex region, thermal evaporation of metal
atoms, and their ionization by field emitted electrons, which
gain sufficient kinetic energy at very small distances from the
cone (10-1003). The resultant positive ions are attracted toward
the cone where they (a) reduce electron space charge thus in-

|

I
‘ - creasing field emission and (b) cause the sputter desorption of

! additional ions and neutrals. The result is an explosive increase

4 ,l
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in net current and destruction, literally blowing apart, of the

! can be observed

cone apex. This phenomenon, vacuum arcing,!
equally well with solid metal field emitters but is then a single
event, requiring the preparation of a new tip for its repetition.
In the present case, on the other hand, the cone apex reforms

very quickly under the electric stress on the liquid conductor

and the process repeats itself.

ION EMISSION
We turn next to the case where the cone is made positive
and ion emission is observed. The principal questions are:
1) What is the mechanism of ion generation?
2) Why is it stable, unlike the electron emission case?
3) Why is heating of the cone observed at quite small currents?
4) 1Is the "plasma" region in front of the cone incidental
to or central to the ion generating mechanism(s)?

The Taylor Cone

We start by considering briefly the Taylor voltage, the
electric field near the cone apex, and the forces acting on the
cone. The condition for stress equilibrium on the surface of a

curved conducting liquid with an electric field E at its surface

is |

Y(l/r, +1/r,) = (E/300)?%/8m (1) ']

where Yy is surface tension of the liquid in dynes/cm, r, and r,

the principal radii of curvature and E the field in volts/cm. _
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For a sphere r, = r, and the left side of Eq. (1) takes the
familiar form 2v/r, whiie for a cone there is only one radius,
which increases linearly with distance from the cone apex.
Taylor® showed that Eq. (1) could be met by an electric potential

of the form
vV = Ar% P%(cose) (2) ?

where r is the radius vector in spherical polar coordinates and
P% the Legendre polynomial of order % and A a constant; this
potential gives an outward normal field with the required r
dependence and satisfies Laplace's equation. In order to satisfy
the requirement that V = 0 on the cone surface, P%(cose) must be
0 on the cone, which is the case for (0 < 6 < m 6 = 130.7°,
giving a cone half-angle of 49.3°. The outward normal field on

the cone turns out to be®

td
"

. Ep S
(1/r)dv/dé = Ar (dP;s/de)130°

0.974 Ar ? (3)

and thus from Eg. (1) the critical cone-forming voltage is given
by

- EOVE T
Vc = 1.432 10°y Ro (4)

0 for the counter electrode

where Ro is the value of r at 8

(extractor) assuming that the latter has the idealized shape

- -2
r = ROI_P;’(cose):] (5)




For actual geometries which do not conform to this shape Ro can
be thought of as a form factor of the order of the electrode
spacing. To get some feeling for Vc let us assume Ro n0.1lcm,

Yy = 700 dy/cm (a value appropriate for liquid Ga, but typical of
most of the metals under consideration). We then find Vc = 11kV
in good agreement with the observed values, considering the un-
certainty in Ro'

For voltages less than Vc no cone will be formed and for
voltages in excess of Vc the net electric force exceeds the sur-
face tension force so that the cone will be unstable. In reality
it seems possible to exceed Vc considerably without the formation
of droplets or the ejection of liquid jets in the case of ioniza-
tion in vacuum. This point will be considered .in more detail
later.

It is evident from the Taylor argument that a rounded
cone apex must be unstable at Vc relative to elongation into a
true cone since the electrostatic forces will always exceed the
surface tension forces. Thus any rounding will either have to

be the result of a balance between the rate of removal of atoms

and ions at the apex and the rate of supply of liquid, or must

. »
-

result from a reduction in apex field by space charge effects.

Apex Field

It is important to know the electric field at the

P

s

(rounded) cone apex. This can be obtained by the method of Dyke

et al:'? A "core" consisting of a conducting sphere on a con-
g g
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‘ ducting cone is chosen. For this geometry the potential is given
by

2n+
a2h

V(r,8) = (Vp/RD) (" - lr-(n+1))Pn(cose) (6)

where r is the radius vector in polar coordinates, Ro has the

same meaning as in Eq. (4) and a is the radius of the core-sphere. k

n is chosen to make V = 0 along the cone, i.e., n = % in the

| , present case. One then constructs an equipotential surface by

/ picking a value of V = constant in such a way that this equi-
potential approximates the real geometry, in our case a cone of
half-angle 49.3° terminated by a spherical cap. Using n = % and

Eg. (6) one obtains

)
P%(cose) = 1-k (7)

x%(l-kz/xz)

- g

F as the equation of an equipotential, where use has been made of

L the fact that P, (6=0) = 1. k and x are defined by

X

ﬂ k = a/r, (8)

x = r/ro (9)

and r, is the distance from the origin to the equipotential at

8 = 0. Eg. (7) can easily be solved for pairs of (9,r) values
once a given k has been picked, so that a polar plot of the equi-
potential can be constructed. It was found that a good approxi-
mation to the desired geometry was obtained by the choice k = 0.5,

as shown in Fig. 1. The best sphere inscribable does not however

¥
-
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Figure 1. Equipotential simulating shape of cone terminated by
spherical apex cap based on Egq. (7) with k = 0.0.
a radius of core-sphere; ro distance from origin to

equipotential at 6 = 0; rz radius of best inscribable
sphere. ‘
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have radius r, but 7.0 ry. We designate this as the apex radius

r_:
a

£, = 7r, (10)

The field-voltage proportionality constant for 86 = 0, B_ =

E(ro,O)/Vapplied is then given by
2
By = % (1+!53k%) s . 1;5 (11)
R_°‘r o 2
oo 1- () [1w)
o

For ro/Ro << 1 the last term on the right side of Eq. (1ll1l) is 1

and, in terms of £ and for k = O.S
8 = 2,32 (Rr ) ¥ (12)
(o] o a

It is interesting to compare this value with 8 for a sphere of

the same radius, T

Bsphere z l/ra (13)

so that we have

= 5
B /B8 = 2.32(ra/Ro) (14)

o cone’ "sphere

Using Egs. (4) for Vc and Eq. (12) for Bo we find for V = Vc an
apex field Eo

Eo = 3322(*{/ra)!'S volts/cm (15)

If y = 700 dy/cm, r, = 2x10~7 cm, E, = 2x10° volts/cm. It will

be shown presently that this is of the order required for field

desorption.




Force on the Cone

In the absence of space charge the steady state configur-
ation of the apex region would be determined by balance between
the removal of atoms and ions and their resupply under the un-
balanced electrostatic force. The latter is therefore of some
interest. The net outward force along the cone axis of symmetry
is given in the absence of space charge by the net outward force
over the truncated region of the cone, since along the cone
electric and surface tension forces balance at V = Vc’

Assuming a spherical cap tangent to the cone where sphere

and cone join the force F would be given by

= 225
F = O.Gnra(eo 2Y/ra)
(E_/300) 2
- "3 - R <
0.6Trra T ra:] (16)

5.43 r,Y dynes

where use of Egs. (1) and (15) has been made. For y = 700 dy/cm,

r, = 2x10"7 cm F = 7.6x10~"* dynes.

Supply of Liguid

If viscous forces within the cone itself can be neglected
the mass flow %% under this force would be given by the net nega-
tive pressure acting on the supply capillary of radius r. from

Poiseuille's equation

dv/dt = réF/(BnZ) cm?®/sec (17)

«36=

= o =3
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L o If F is taken as 8x10~"* dynes and r, = 102 cm n = 0.01 poise,

2 = 0.1 cm one finds dv/dt = 10~ °cm?/sec. Converted into current,

using v3x10~%3 cm?® as the volume of an atom and the fact that

1 ion/sec = 1.6x10"!° amperes we find an equivalent current of

R

0.05 amperes. This value is much larger than the ion currents

-5

just beyond onset which are V10 amperes and would predict es-

sentially no blunting by desorption since supply exceeds desorption

TR e e s Rl e

e

by a factor of ~10%. The electric field falls off from the 6 = 0

{
!

: g‘
¢
¥
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value with increasing polar angle and this may reduce the total

force by a factor of v5. It is also possible that the effective
length of the supply capillary has been underestimated. However
it is still impossible to explain appreciable blunting on the
basis of the above considerations alone. It will turn out that
there is in fact some slight blunting and that this results from

a reduction in E by space charge, rather than by supply limitation.
Thus the conclusion of this section is that supply will always be
adequate to provide the observed ion currents.

Mechanism of Ion Formation

We consider next the mechanism of ion formation, starting
at current onset. It seems clear that at least the initial step
of ion emission is field evaporation or field desorption.!3rs1%r15

Two mechanisms for this have been proposed. Miiller'?® assumed
that under conditions of very high field the "ionic" potential
| curve corresponding to the state Metal + Ion fell below the

-y . .
e "neutral" curve Metal + Atom with desorption occurring by the

atom moving outward, being adiabatically ionized and desorbing




over the Schottky barrier of the field-deformed ionic curve

(Fig. 2). At sufficiently high field the latter would present
a negligible barrier and under these conditions the field re-

quired for desorption is obtainable from the relation
= = 3_ 303 _ = 2
Ha+In no (ne’E) (aa ai)E (18)

essentially an energy balance equation, where E is field, Ha the
atomic binding energy, In the appropriate sum of ionization
potentials to produce an ion of charge n, ¢ the work function,
and oy and oy atomic and ionic polarizabilities. This mechanism
probably applied when I - ¢ is small. When I >> ¢ Gomer and
Swanson!*r!'® have proposed a mechanism depicted schematically in
Fig. 3, which consists of the intersection of neutral and ionic
curves in such a way that (again for zero barrier height for

desorption)

! ag 2802 = ' - 2
Ha+In ndé - n‘e /4xc Eexc %(aa ai)E (19)

Here Xq is the distance from the surface at which the intersection
-]
of the curves occurs, i.e., V2A. Both models indicate that fields “x

of the order of one to several volts/Angstrom are required, de-

L4

e
i d

pending on Ha’ I and ¢ and this is confirmed by experiments on

solid field emitters.

wad

Since the quantitative validity of the image potential

law at the fields involved is not clear, since xc is increased

= U=

.
&

from its zero field value by field penetration,15 and since the

effective polarizability of an atom in a metal surface is difficult




Figure 2.

(a)

(b)
Potential energy diagram for field evaporation when
1-4¢ is small. (a) No applied field; (2) applied
field E. The diagrams drawn assume that the ground
state is actually ionic, but this is not essential,
as long as the field deformed curve at the maximum
of the potential barrier is ionic. M+ A neutral,
M~ + A* ionic curve. H_ heat of adsorption (or
vaporization) relative to neutral metal + neutral
atom in the absence of applied field. Q activation
energy of field evaporation.
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Figure 3. Potential energy diagrams illustrating field desorp-
tion. (a) Field free case, (b) applied field E.
M+ A neutral curve, M~ + A% ionic curve, H, heat of
vaporization, I ionization potential of atom A, ¢
work function of metal, Q activation energy of de-
sorption, xo crossover of field deformed ionic and
and neutral curves.
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to calculate, it is not easy to go beyond semiquantitative esti-

mates of desorption fields. This has nevertheless been attempted

o
® who concludes that for Ga E = 1.16 volts/A, i.e.,

by Brandon, !
1.16x10% volts/cm.

It will turn out that a related phenomenon, field ioniza-
tion,'’ probably contributes most to current generation at high
currents. This can be understood by analogy with field desorption,
as indicated by Fig. 4, and consists of the intersection of an
ionic and neutral curve at distances where the potential of the
latter is sensibly zero. Looked at in terms of electrons, it
amounts to tunneling of an electron out of a field deformed atomic
potential.

In general the fields required for field desorption of
an atom are considerably higher than those for field ionization

of the same gas phase atom as is obvious from Figs. 3 and 4.

Space Charge Effects

We next consider space charge effects. For electron
emission these become appreciable only at much higher currents
than those involved here, but because of their mass ion velocities
are less by a factor of v300 and space charge becomes important in
the microampere range. An exact solution to the space charge
problem for the cone is very difficult and we limit ourselves to
the case of concentric spheres, that is, we replace emitter and
collector by small and large spheres respectively. An approxi-
mate connection with the cone willlbe made via a scaling argu-

ment. Unlike the classical, thermionic, case treated by Langmuir®®




Figure 4.

Vim=~3.6 n2/X

M+A"
I-¢
M+A
XM-A
M+A
\ '
M™+ A*
x =1-¢ )
C  Ee

Potential energy diagrams illustrating field ioni-
zation. All symbols as in Fig. 3. Correspondence
with Fig. 3 can be made by assuming, in Fig. 3, a
field so weak that intersection occurs in the flat
portion of the neutral curve, i.e., to the right of
the intersection shown there.
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it is not permissible to set the field at the emitter equal to

o
zZero since, as we have seen, fields of the order of volts/A are
in fact required there.

The basic equations are

V3V = 4mp (20)

with
G (21)

anriv

and
v = (2Ve/m);5+vT (22)
vy (2kT/m) ? (23)

so that g
" oy
2 4%v av _ .| [2e X X

r E;: + 2r G = & [ml A4 +-(kT/m)] (24)

Let x = r/ra where r, is the emitter radius. Define Vo as the
applied voltage required, if there were no space charge, to

produce the necessary field Eo at r s

Eo = Vo/ra (25)

Let V/Vo = y. Eg. (24) then becomes

2 % 3 il
- g—% + 2x gﬁ = (Z—me'] iVO' 72 y!5+ (VT/Vo] y (26)
x -
where
v, = (2v_e/m)* (27)




For V in volts, i in amperes and m expressed as molecular weight
M, Egq. (26) becomes
F §

g =
x2y" + 2xy' = 6.49x10° iM;iVo 72 l.y;’+ (kfr/voe)ﬂ (28)

with initial conditions

[l
o

y (1) (29)

y'(1l)

I
[

(30)

If it were not for the appearance of Vo in the term

(kT/Voe)% in Eg. (28), the latter could be solved numerically
%y =%
o

without further ado for various values of iM , the integra-

tion being carried out until such values of x as yield a constant

value of y = y(») (or until y' = 0). By assuming a value, or

values, of Vo the current would then be determined and also the .
voltage réquired to produce it, namely Voy(w). The presence of

the term (k‘I‘/VOe);5 forces us however to make some more explicit
assumptions about the emission process. Specifically we first

assume that the field is sufficiently high to make the lifetime

of a surface atom with respect to ion desorption constant at a

value T. The current is then given by

¥ »
[

i= 4wr; 105/t ions/sec (31)

where the number of atoms/cm? is taken as 10'5. In units of

amperes Eq. (31) becomes

i= 2.01x10-? r;/r amperes (32)
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If we now pick a fixed value for Eo we can eliminate r, from

Eq. (32) by Eg. (25) and have
s -3x72 2
i = 2x10 Vo/(Eor) (33)
Substitution of this expression for i in Eg. (28) yields
_3
6.49x10° iM*V_~72 = 1.30x10° MW_%/(E21) (34)

and Eq. (28) becomes

- L =
x2y" + 2xy' = 1.30x10° M*V_7/(E21) ,_y;’+ (k—eT-] vo*:l (35)

This procedure is equivalent to assuming that changes in
i result from increases in r, if Tt and Eo are considered to stay
constant. With the explicit (and slightly arbitrary) choice
I 4x10°% volts/cm, T = 10" !3®sec, M = 70 (corresponding to Ga),

Eg. (35) finally becomes
X2y" + 2xy' = 0.68 vo*[y”+o.16 o (36)

where T = 300K has been used. Eg. (36) was solved numerically
for various values of Vo until y no longer increased appreciably
with increasing x. The arbitrary cutoff was made at x = 10°.
The applied voltage V can now be found as Vo y(»), where « is
taken to be equivalent to x = 10* and i can be obtained from

Eg. (33). Table 1 shows the values of i vs. the corresponding
applied voltage V for various values of Vo as well as V/Vo = y(x)

- 3
Also shown are values of V'é/i. Fig. 5 shows plots of V(x)/V(®)

x for some selected values of Vo' It is clear that the potential

Eu———
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TABLE I
Solutions of Eqg. (36) in tabular form. Symbols as in text. For
Vo < 1 the term 0.16 V::5 in Eqg. (36) was calculated as if Vo = 20 in that term.
. vo(volts) V(volts) i (amperes) V/Vo V%/i
0.01 0.0154 1.2 xio-t? 1.54 1.6x10°
0.5 1.81 3.28%10~° 3.62 7.8x10’7
i 1.0 4.61 1.25x107" 4.61 7.9x107
5.0 40.5 3.13x10°® 8.1 8.2x107
% 10.0 102 1.25x107° 10.2 8.2x107
, 20 258 5.00%x10~3 12.9 8.3x10’
‘ 50 875 3.13x10"" 17.5 8.3x107
100 2,280 1.25%10~ 22.8 8.7x10’ 8
l 500 16,750 0.031 33.5 T =g’

» .
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Figure 5. Plots of V(x)/V(») vs. x for various values of Vg,
shown on curves, based on solutions of Eg. (36).
Insert shows region for 1 < x £ 2 for V4 = 20, to
illustrate the fact that for appreciable space
charge the field E will have its maximum at x > 1.




rises much less rapidly than in the absence of space charge.

Figure 6 shows the field relative to that at x = 1, vs. X.

If we now shed our scruples about the term (kT/Voe)!'5 in
Eg. (28) or (36) and assume that its exact magnitude is relative-
ly unimportant so long as it is finite and thus prevents V2V from
becoming infinite at x = 1, we can also interpret the results in
terms of fixed L. if we assume that the variation in Eo required
to increase i is so small that a constant value of E, can be
assumed even when i is varied. 1In that case a fixed choice of
Votrue = Eora suffices to obtain i, the values of Vo shown in
Table I being now considered simply as numbers required to vary

i. We call these VO (parameter) .

We have from Eg. (34) and the values of Eo and 1t used to

obtain Eq. (36) 3
3
i= 1.26x10""7 vo/2 vc)"5 (param) (37)
and
Vo=V y(=) (38)

For a particular choice of Vo,i is now obtained as a
function of applied voltage V by picking a value of Vo(param)
from Table I, using the appropriate value of y(») to obtain V
from Eq. (38) and the value of i from Eq. (37). i1

A plot of log i vs. y(«~) = V/VO for Vo = 20 volts, ‘

obtained in this way, is shown in Fig. 7; space charge effects

are still appreciable when i = 10~° amperes, where V/VO = 1.5, e




E(x)/E(l)

Figure 6. E(x)/E(l) vs. x for various values of V4, based on
solutions of Eg. (36). Note that for Vg5 = 20 the
field E peaks at x = 1.2, and is almost 2 E(1l) at
that point.
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The choice V_ = 20 volts corresponds to E_ = 1x10% v/cm for r, =
2x10~! em, or to 2x10° v/cm for B 10~7 cm.

It should be emphasized that the smallness of r, is
crucial to this result, although this is not directly obvious.

An example will illustrate this. Suppose we choose Eo = 2x1p*
volt/cm and r, = 10-% rather than 10”7 cm. We then have ¥, =
200 volts, instead of 20 volts and from Eq. (37) we see that the
ratio V/Vo = 1.5 now corresponds to i = 3x10~° amperes, or 30
times higher than for B = 10~7 cm. The physical reason is that
higher currents are now required to produce the same current
density.

We now adapt these results to the Taylor cone in a rough
way by assuming (a) that the values of current for the sphere of
same radius r, as the cone apex must be divided by "4 to give the
equivalent cone current, since the emitting area of the latter is
mvr; rather than 4nr; as for the sphere, and (b) that once this
correction hsa been made the same ratio of V/V, can be used for
the cone as for the sphere. Table II lists some representative

assumptions of r_, Eo, and values of i and V based on these

a
assumptions, calculated by means of Egs. (14), (37), (38) and
the solutions of Eg. (36).

The numerical values of V listed in Table II depend not
only on the quantitative validity of our extrapolation from
sphere to cone but also on the exact value of Ro and must there-

fore be considered at best semiquantitative estimates. Despite

this fact several conclusions emerge rather clearly: (1) Apex
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TABLE II

Various combinations of ra, Eo, i, and V. The values for i refer to
a sphere and should be divided by "4 for the cone. The values of Vo correspond
to the voltage required to produce the field Eo at the surface of a sphere of

radius r, in the absence of space charge.

ra(cm) Eo(volts/cm) Vo(volts) i (amperes) Vsphere(volts) Vcone(VOltS)
1677  ’109 10 4.0 x16~" 15 6,450
16°7 108 10 2.8 x10~° 36 15,566
10”7 2x10°8 20 1.1 %10~ 30 9,302
10~ 2x108 20 8.0 x10~° 72 21,900
2x10~7 108 20 1.16x10"° 30 9,120
3x10~7 10° 30 2.1 x167° 45 11,200
4x10~7 10° 40 3.2 %x10°° 60 12,930
8x10~7 10° 80 9.0 x10-8 75 18,430

8x10~" 108 80 1.6 %10°° 96 14,600
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fields of >10°% volts/cm can only be obtained with very small apex '

radii, even in the absence of space charge, and (2) space charge
effects become significant at currents of >10~’ amperes. There
is some trade-off between apex radius and V/Vo' as already pointed

out, and also V /v

decreases wi i i e indi-
cone’ Vsphere crease ith increasing a @S indi

dated by Eg. (14). Nevertheless it seems clear that r, values
much in excess of lOOR would require voltages in considerable
excess of experimentally observed values to produce the required
apex fields. This conclusion is of considerable significance for
ion-optic applications, since it implies a very small effective
source size and consequent high brightness, as in fact observed
experimentally. Since the apex is probably spheroidal rather
than spherical, the effective source size is dependent on actual
apex size.

We are also able now to estimate to what extent space
charge can contribute to relaxation of the cone apex from infinite
sharpness. From Eg. (1) we find for example if Ly T 2x10~7 cm and
Yy = 700 dynes/cm that the equilibrium field is E = 1.26x10°% volts/

cm. It is clear from Table II that even a modest current can

suffice to reduce Eo to this value from that which would be
present at Vc in the absence of space charge, say 2x10% volt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>