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Field-ion Image Formation 
RICHARD G. FORBES 
Department of Metallurgy, University of Cambridge 

  

  

It is suggested in this article that the 
basic physical reason why the field-ion 
microscope works may be different from 
that hitherto assumed.       

FrELD-IoN microscopy is the only established technique capable 
of resolving single atoms; as such, it is finding increasing 
application to the problems ot metallurgy and surface 
science, The establishment of a secure understanding of 
how and why the technique works concerns all who wish to 
use the data that the technique provides. The aim of this 
article is to direct the theory of image formation, at present 
somewhat unsatisfactory, towards a new and firmer basis. 

The strength of an image spot on the microscope screen 
depends on the current in the corresponding incident ion beam. 
which is generated in a small region of space above the corres- 
ponding surface site on the specimen?-*, The oumber of ions 
(J) generated per unit time above any particular surface site is 
given by*~? 

JaG VP, a 

where P{ is a rate constant called here the characteristic 
electron transition rate, G” is a characteristic gas concentration. 
and V is an effective volume, ail these parameters being charac- 
teristic of the region of space and surface site in question. The 
product GV may be interpreted as the probability of finding 
(the nucleus of) an unionized gas atom in this region of space. 
J is the “site current”. 

Consider two surface sites, A and B. The ratio of the corres- 
ponding site currents is given by 

Ialdn= (GIGS (Val Vo) . (Poal P. 

Upto now, quasiciassical theories of field-ion imaging®-"* have, 
in effect, assumed that the dominant factor in this expression 
would be the ratio (P;4/P;s). Calculations’? have seemed 
to show that, if the electric field is 1% higher over site A, then 
P,, would be about 30°, higher than P-». 

But variations, as between sites, might also occur in the 
characteristic gas concentration. If it is assumed that most of 
the imaging gas atoms trapped near the specimen surface are 
completely accommodated to the specimen (at temperature 7), 
and that this accommodated population is distributed in 
accordance with the Maxwell-Boitzmann law, then it can be 
shown that* 

GYUG3=expl(daFs) . (1/kT) . (25F1Fo)] Q) 

where Fo is the average of characteristic field strengths above 
sites A and B (with that above A being the greater), and 5F is 
the difference, k is Boltzmann's constant and a is the gas atom 

  

(2) 

polarizability. 
This ratio of gas concentrations is clearly a function of tem- 

perature. In the case of helium in a field of 45 V nm", it is 
found that a 1% difference in characteristic field, as between 
sites, leads to the following ratio values 

near 80 K, Gi/G3 =1.2 
near 20K, Gi/Gy =2.4 (4) 
near 5K, Gi/G, =40 

These figures should be compared with the value 1.3 quoted 
earlier for the ratio of characteristic electron transition rates. 
If this value (1.3) is correct, and if a complete Maxwell-Boltz- 
mann equilibrium at the specimen temperature exists. then 
near 5 K the gas concentration differences must be the dominant 
influence on image appearance. They wouid still be the more 
important influence near 20 K, and still a significant influence 
near 80 K. 

Thus, at the imaging temperatures now often used in field-ion 
microscopy, bright image spots may be bright, not because 
ionization of individual gas atoms takes place more quickly 
over protruding substrate atoms, but essentially because above 
these sites there is a greater probability of finding an imaging 
gas atom in the right place to be ionized. The argument could 
also apply as between the regions of space above imaged and 
unimaged sites. It constitutes an essentially new explanation 
of why the field-ion microscope images the regions of high fieid 
above a specimen surface, 

The figures aiso imply that changing the imaging temperature 
should change the relative strengths of image spots. In fact. 
a striking characteristic on comparison of near-80 K and 
near-5 K images of exactly the same tungsten endform is that, 
within any smail region of the image. lowering the temperature 
makes the bright spots become reiatively brighter and the dim 
spots become relatively dimmer or vanish completely'?. This 
experimental evidence cannot be explained on the basis of the 
traditional explanation of image appearance, based on electron 
transition rate, because there is no significant temperature 
dependence in the ratio P,,/ Ps (ref. 5). 

The generai idea that the behaviour of the imaging gas 
might affect the appearance of an image at best image voltage 
is not in itself new. It has been implicitly assumed by many, 
and explicitly mentioned (in various contexts) by some (refs 
6-9, 13-15, and unpublished work of F. W. Roilgen and H. B. 
Beckey). Nor am I the first to know about temperature 
dependent changes in relative spot strengths'’. The ongin- 
ality lies in the much greater significance attached here to these 
matters, and in the manner of theoretical approach, particu- 
larly the assumption of smail scale distribution effects. 

There are various complications. For example, it is not 
certain that most of the trapped population of gas atoms are 
almost compieteiy accommodated to the specimen temperature, 
though the temperature dependence of the image spot size* 
tends to suggest they are. More important, if it is assumed that 
near 5 K the appearance of the image predominantly depends 
on the distribution of imaging gas, then voltage dependent 
changes‘? in image appearance must be interpreted as showing 
that, at voltages in the normal imaging range, a Maxwell— 
Boltzmann equilibrium does not exist across the whole of the 
observed part of the specimen surface, but only across small 
areas of it*. 

It is reasonable that the imaging gas should distribute itself 
in this way, but it is not yet clear what the precise mechanism 
is. The most likely supposition is that, at applied voltages in 

 



the normal imaging range: (1) The general brightness of an 
area of the image is determined by the supply of gas to that 
area (that is, by the number of atoms per unit time that finish 
or would tend to finish accommodation within that area), this 
supply being determined by the processes that occur during 
accommodation. (2) The distribution of brightness within an 
area of the image is largely determined by the processes that 
occur after (or near the end of) accommodation, these processes 
tending to set up a local Maxwell-Boltzmann equilibrium. 
Within an area of the image the considerations about image 
formation outlined earlier would be expected to apply. 

This explanation is to be regarded as a provisional working 
rule. If it were generally applicable, there would be far reaching 
consequences for field-ion imaging theory. For example, the 
rule would imply: (1) That the field-ion microscope does not, 
in any direct sense, image broken bonds or “protruding atomic 
orbitals’, and hence that regional variations of brightness 
do not result directly from regional variations in the orientation 
of “protruding orbitals”, as has been suggested by Knor and 
Muller!!, (2) That it is most unlikely that observation of field- 
ion images will ever give useful information about the topology 
of Fermi surfaces, as was suggested by Fonash and Schrenk'®. 
(3) That regional brightness differences might well be a conse- 
quence of differences, as between different crystallographic 
regions of the same specimen, in the average depth of the gas 
atom potential and/or in the average accommodation coeffi- 
cient. (Further, differences in these parameters, as between 
different materials, might bea contributory cause of the 
observed! differences in characteristic brightness pattern.) 

The working rule is clearly an unproven hypothesis at 
Present. But, equally cieariy, the experimental and theoretical 
evidence described earlier is sufficient to destroy all confidence 
in the general validity of the usual (electron transition rate) 
explanation of image appearance. The theoretical prob- 
Jems of a full investigation are massive and fundamentai; they 
will be discussed in depth elsewhere, but there seems little 
Prospect that detailed quantitative theories will become 
available in the near future. I hope that oulining these ideas 
now will, however, stimulate further discussion and experiment. 
Received November 25, 1970; revised March 29, 1971. 
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(Reprinted from Nature Physical Science, Vol. 239, No. 88, pp. 15-16, 
September 4, 1972) 

Comments on “Field-Ion 
Image Formation” 
1 HAVE several remarks concerning the article on field-ion image 
formation by Forbes’. Forbes says his article directs “the 

theory of image formation, at present somewhat unsatisfactory, 

towards a new and firmer basis”. There does not, however, 
appear to be any evidence for this statement. Only the tem- 
perature-dependent changes of image brightness were briefly 
discussed, yet the author said at the end of his article that “the 
experimental and theoretical evidence described earlier is 
sufficient to destroy all the confidence in the general validity 
of the usual explanation of image appearance by electron 
transition rate”. 

It seems unnecessary to quote further from the literature to 

show that the general idea of this article is not new and original 
and does not represent a firmer basis for field-ion theory; 
there is enough evidence for this statement in the article itself. 

In ref. 2, for example, all the problems treated qualitatively by 

Forbes (the temperature dependence of the total ion current 
and of the current from individual spots, the concentration 
of the particles at the tip surface and the extent to which 

accommodation precedes ionization) are really thoroughly 

discussed. 
The author states that “bright image spots may be bright 

not because ionization of individual gas atoms takes place 
more quickly over protruding substrate atoms, but essentially 

because above these sites there is a greater probability of finding 

an imaging gas atom in the right place to be ionized”. Unfor- 

tunately Forbes does not present any explanation (based on 

his supply-function approach) for this higher probability. It 
would be interesting to know his reasoning, because it has



already been proposed*-* that the mechanism of field-ioniza- 
tion proceeds via the formation of a “transition complex” 
between a gas atom (ion) and a surface atom; in other 

words the probability of finding an inert gas atom above the 

surface atom just before the ionization was expected to be 
higher. 

These errors in Forbes’s statements aside, I think it necessary 
for him to justify his approach by explaining other effects 
found in field ion microscopes: for example, regional bright- 
ness of f.c.c. crystals, alternating visibility of rows of identical 
atoms on h.c.p. crystals, the hydrogen promotion effect, gas 
promoted field desorption, the contrast reduction of the 
regional brightness in the presence of a chemisorbed layer and 
the formation of ionic complexes between an inert gas atom 
(ion) and a metal atom (as observed recently by the atom- 
probe-hole technique). None of these effects is discussed by 
Forbes, in spite of the fact that these approaches which he 
rejected without any arguments are able to rationalize all?-* 
or at least some® of them, 

Finally, it was a complete misunderstanding to classify ref. 3 
as a paper dealing witha “classical” explanation of field-ion 
images. The opposite is, in fact, the case, because the classical 
explanation was criticized there. 

In conclusion, nobody doubts the important role of gas 
supply and energy accommodation in the field-ionization 
Process. In any surface interaction (like reflexion of atoms on 
the surface and chemisorption) the first step is always the 
exchange of energy. If it is not possible, however, to explain 

all the observed effects in terms of energy accommodation and 
the gas supply; further steps have to be studied qualitatively 
(for example, the localized orbitals approximation?*) and 
quantitatively (for example, the band approach’). The 
introduction of a new theory in physics or chemistry usually 
leads to the better understanding of several experimentally 
observed effects, thus proving its usefulness; it is therefore 
inappropriate to speak only of “far reaching consequences”. 

Z. KNor 
Institute of Physical Chemistry, 
Czechoslovak Academy of Sciences, 
Prague 

Received October 21, 1971; revised May 24, 1972. 
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Reply 
A MARKED temperature dependence in relative spot strength 
suffices to destroy confidence that electron-transition-rate 
variations are always the dominant influence on image contrast, 
because no attempted transition-rate calculation contains any 
significantly temperature-dependent parameter!:. 

Originality and status were discussed before’. There is, for 
example, no previous proposal of my “provisional working 
tule”'-? that near best image voltage the regional contrast may 
be primarily determined by supply-and-capture effects, but 
local contrast by a tendency for local gas equilibria to be 
established. Van Eekelen® gives no results about temperature 
dependence in image contrast,-+and clearly states that he 
excludes “active” distribution effects. Knor* is mistaken here, 
perhaps also in his uncited references. 

The origin of the differences in probability G"V is that 
when imaging-gas atoms bounce on a rough surface during 
cooling’ the resulting randomization causes distribution 
effects, which will be influenced by the details of the potential 
structure. Investigation suggests the working rule, which fits 
the observations*. Chen and Seidman’s recent work®, when 
coupled with Van Eekelen’s? on the degree of accommodation 
at ionization, now suggests that the local’ gas distribution may 
deviate considerably from thermodynamic equilibrium (a thing 
less certain earlier':?); a temperature-dependent trend similar 
to the equilibrium one is still to be expected, though’. I 
continue to think that local gas concentration variations will 
be significant, certainly in some temperature and field 
ranges, particularly if standard assumptions about the 
nature of electron-transition-rate variations across the surface 
are not fully justified?, Additional comment appears else- 
where’. 

Other theories have their difficulties too. _Knor and Miiller® 
assume that “ionization proceeds preferentially in those 
regions where the fully occupied orbitals of the image gas atom 
can overlap with those exposed and only partially-occupied 
orbitals of the surface metal atom”. But I know of no clear 
demonstration that overlap is greater above geometrically 
protruding surface atoms, if the gas atom is at the critical 
distance. 

Other points arise from Knor’s third paragraph*. First, he 
designates the initial part of ref. 1 as a “supply-function 
approach”. In fact this part examined gas concentration 
variations. A careful distinction should be drawn: a simple 
gas-supply approach would probably not explain local contrast 
effects?. 

Second, he confuses the questions of ionization mechanism 

3



(“how does ionization occur”) and imaging mechanism (“how 
much ionization occurs where, and why”). The idea of 
transition-complex formation preceding ionization is first 
recognizably stated'® some months after my note’, but even if 
complex formation occurred the question of imaging mechan- 

ism would still arise. Would transition complexes be formed 
more often above the most protruding specimen surface atoms? 
Why? 

Third, he interprets transition-complex formation as implying 
that “the probability of finding an inert gas atom above the 
surface atom just before ionization was expected to be higher”. 
This seems a detail of complex formation, or trivial. My 
probabilities G” V relate to the average probability, over a long 
period of time, of finding an unionized gas atom (or, rather, 
its nucleus) in a particular ionization zone. This is an average 
over both the large majority of atom transits through the zone 
without ionization, and the small minority interrupted by 
ionization. 

The comment* about non-‘classicality” is itself a mis- 
understanding. A “quasi-classical” theory applies wave- 
mechanics to electron behaviour but not to nuclear motion. 
Ref. 8 seems quasi-classical. 

I last deal with general points Knor raises. While the field- 
ion imaging mechanism is‘not known, there may be several 
rational relationships between observed effects and surface 
geometry and chemistry. Thus he and I may-agree that hydro- 
gen promotion effects are probably due to charge transfer; 
but he may explain them in terms of the effect of changes in 
orbital orientation and occupancy on (presumably) electron 
transition rate*, whereas I might rationalize in terms of the 
effect of charge distribution changes on the field distribution 
and hence on the gas behaviour. Similarly, alternative ration- 
alizations might be given for the alternating visibility of rows 
on h.c.p. crystals, or for the effect on contrast of an adsorbed 

Jayer'!, Because the alternative rationalizations are related 

via more basic surface geometrical and chemical considerations, 

advancing one or other of them will not in general provide 
decisive arguments about why the microscope works. In my 

earlier communication! I concentrated on a potentially decisive 
observation. 

In principle, I disagree with Knor's* final point; the modern 
philosophy of science recognizes that a new theory built around 
failure points of an older one may not initially be more powerful 

than the older one!?. But actually the gas behaviour approach 
probably meets his criterion of greater usefulness, for it can 
rationalize’? the imaging features that the electron-transition- 
rate approach can, and also the temperature and voltage 
dependent changes in helium-ion images of tungsten that the 

4



latter apparently cannot?:’. Further, the recent results of 
Schmidt et a/.'* concerning “hopping bright spots”, and the 
“dim ring phenomenon” observed by Schubert (private 
communication) and by Boyes et a/.5, are consistent with the 
first part of the working rule but not with simple transition-rate 
arguments. 

R. G. Forses* 
University of Cambridge, 

Department of Metallurgy and Materials Science, 
Pembroke Street, Cambridge 

Received July 7, 1972. 
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ON WHY THE FIELD-ION MICROSCOPE WORKS 

Richard G. Forbes 

University of Cambridge, Department of Metallurgy, Cambridge, England. 

The brightness of an image spot on a field-ion microscope screen is determ- 
ed by the current (J) in the corresponding incident ion beam. J is given by: 

Tus Oey SPE (1) 

  

where P" is a rate-constant, V is a volume, and G" is a gas concentration, all 

these parameters being characteristic of the region of space above the imaged 
site in question. Gas concentration is here used in the sense of probability 
per unit volume. 

Until recently, it has in effect been assumed thet a field-ion micrograph is 
a map of those places on the specimen surface where the rate-constant for ion- 
ization (often treated as an electron tunnelling rate) is relatively high. 
However, it has recently been suggested (Forbes 1970) that the imaged sites may 
in fact be those above which the gas concentration is particularly high; this 
is certainly thought to be the situation for imaging temperatures near 5°K. 
The origins] basis for this suggestion was: (a) experimental, in that temper- 
ature-dependent changes in image appearance occur but the rate-constant PY is 
not significantly temperature dependent; (b) theoretical, in that preliminary 
calculations suggested (for example) that a one-percent difference in field, as 
between two imaged sites, would lead to a 30% difference in the rate-constant 
but to a 40-fold difference (near 5°K) in the gas concentration (- if the gas 
is taken to be in thermodynamic equilibrium with the specimen). 

Reinforcement for the suggestion came when closer theoretical investigations 
disclosed faults in the rate-constant calculations: it was impossible to prove, 
even, that the rate-constant is higher above the imaged sites. Decisive calcu- 
lations are not yet possible, but, clearly, if it were confirmed that Pl is 
lower above the imaged sites, then the existence of field-ion images would in 
itself show that gas-concentration differences are the cause of images. 

Information about the nature of the imaging-gas distribution comes from 

analysing the dependence of image appearance on the voltage applied to the 
specimen, If the imaging gas is taken to be in thermodynamic equilibrium with 
the specimen, then it may be shown (Forbes 1970) that the ratio (cx/ex) of the 
gas concentrations above two surface sites A and B is given by: 

ay/ox = exp [ (tore) . (a/cr) . (267/F,) ] (2) 
where F, is the average of characteristic field strengths above the sites (with 
thet above A being’the greater), and 6F is the difference;, k is Boltzmann's 
constant; and a is the gas-atom polarizability. The (}aF>) factor predicts 
that, for a given pair of image spots, the ratio of their strengths should 
increase as the average field strength increases, i.e. that local contrast in 
the image should get sharper as the voltage applied is increased. 

On the other hand, it can be shown (Forbes, to be published) that, if vari- 
ations in the rate-constant were responsible for image appearance, then local 
contrast in the image would be expected to become less sharp. An experimental 
test of imaging mechanism thus appears possible. 

Fig. (1) shows a set of micrographs taken, at @ specimen temperature near 
5°K, with the applied voltage gradually increasing from the point of image 
detection (near 8kV) to a point just below the near-80°K best image voltage 
(about 15kV). Through the lower part of the range (fig. 1a to 1d) the image 
contrast gets markedly sharper, both locally and on an inter-regional scale. 
This seems to show decisively that, with helium, near 5°K, at low fields, the 
gaes-concentration mechanism of image formation operates.
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However, with further increase in voltage (from fig. 1d onwards) the trend of 

the change in image appearance is reversed. Closer analysis of this and other 
evidence (Forbes 19705 strongly suggests that the reversal results, not from a 
change from a gas-concentration to a rate-constant regime, but from breakdown 
of the assumption that the gas is in thermodynamic equilibrium with the speci- 
men. More careful enquiry into the statistics of the histories of individual 
gas atoms then suggests the following. 

As a result of the polarization forces that have drawn them towards the 
specimen's tip, imaging-gas atoms have an energy equivalent to at least several 
hundred degrees Kelvin when they first hit the tip. The typical gas-atom his- 
tory can then be divided into two further stages: an accommodation stage, 
during which the gas cools down towards the tip temperature; end @ diffusion 
stage, during which the accommodated atoms move about on the tip surface. Dis- 
tribution processes occur during both stages. However, the accommodation stage 
is completed sufficiently quickly for there to be no chance during it for a 
Maxwell-Boltemann concentration equilibrium, at the specimen temperature, to be 
set up across the whole tip surface. Such a distribution can be set up only if 
the lifetime of an atom in the diffusion stage is long enough for it to travel 
long distances across the tip surface. 

  

Statistically, as the duration of the history increases, the concentrations 
gradually change fron near-uniformity to the values characteristic of the end- 
point thermodynamic equilibrium. At low fields, it seems, the mean gas-atoz 
lifetime at the tip is long enough for the endpoint nearly to be reached: 
hence the observed voltage-dependent changes reflect chenges in the endpoint 
gas concentrations. 

However, at higher fields ionization occurs before the endpoint is reached: 
so, although the endpoint gas-concentration differences continue to become 
larger, the observed image changes now reflect the fact thet, with increase in 
the applied field, ionization occurs increasingly early in the gas-atom history. 
The effective gas concentrations are now determined by the details of the gas- 
distribution processes that occur during the accommodation stage, and by the 
actual lifetime length. 

‘This enalysis is a simplified summary of a more careful investigation 
(Porbes 1970), which is itself only a beginning towards solving a very complex 

problem. However, it seems justified to formulate e provisional working rule 
about the brightness distribution in a normal-imaging-range image: 

"Image appearance is largely determined by the statistics of the behaviour 
of the imaging-gas atoms. The general brightness of an area of the image is 
determined by the supply of gas to that area (i.e. by the number of atoms per 

unit time that finish or would tend to finish accommodation within that area), 
this supply being determined by the processes that occur during accommodation. 
The distribution of intensity within an area of the image is largely determined 
by the gas-distribution processes that occur after (or near the end of) accommo- 

dation, these processes tending to set up a local Maxwell-Boltzmenn equilibrium! 

Now, although the argument has been based on experiments with helium-ion 
images of tungsten, there is nothing special ebout the argument itself that 
limits its applicability. Far-reaching consequences could follow for imaging 

theory if (as seems likely) the working rule is essentially correct and gener- 

ally applicable. For example, the characteristic brightness patterns observed 

for different materials (see Miller and Tsong 1969) would certainly not be a 

direct consequence of regional variations in the orientation of "protruding 

atomic orbitals", as suggested by Knor and Miller (1968). Regional brightness 

differences, both as between different facets of the same specimen and as 

between images of different materials, might well be consequences of regional 

differences in the (average) depth of the gas-atom binding potential, and/or in 

accommodation coefficients. It would also be implied that observations of 

field-ion images are most unlikely to ever give useful information about the 
topology of fermi surfaces.
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If, as seems probable, gas-concentration variations are shown to be the 
dominant influence on image formation at most temperatures now normally used 
for microscopy, then the basic relationship between surface structure and image 
appearance may be stated as follows: 

"Image spots correspond to those parts of the specimen surface above which 
the greatest probability exists of finding imaging-gas atoms in the right place 
and state to be ionized. These are the relatively high field parts of the 
surface. With an element, each protruding locality on the surface is imaged; 

h locality the most protruding surface nucleus will be imaged, and other 
ruding nuclei may be imaged."    

The gas-concentration mechanism does provide a reason why the 
microscope should image surface nuclei in virtue of the high fields above then 
(a thing not unequivocably proved up till now, and, indeed, recently challenged 
- see Sharma et al. 1970). However, there is not necessarily a monotonic 
relationship between field strength and image spot strength. Sc, although one 
might expect Moore's (1962) model to give a good general impression of image 
appearance, there is a good theoretical reason why there should not be exact 
correlation between model prediction and image appearance. 

field-ion 

    

   

Other aspects and implications are to be found elsewhere (Forbes 1970, and 
to be published). Many theoretical problems remain. However, it does seem 
justifiable to claim, firstly, that the evidence available is sufficient to 
destroy all confidence in the general validity of the traditional electron- 
transition-rate explanation of image formation; secondly, that considerable 
progress has been made towards establishing imaging theory on a new and firmer 
basis. This in turn should make the interpretation of images more secure, and 
make for a greater confidence in the data the technique can validly supply. 

Forbes R G 1970 Ph.D. Thesis, Cambridge University 

Knor Z and Miller EW 1968 Surface Sci. 10 21. 

Moore AJ W 1962 J. Phys. Chem. Solids 23 907. 

Miller EW and Tsong TT 1969 Field Ion Microscopy (New York: Elsevier). 

Sharma S P, Fonash S J and Schrenk G L 1970 Surface Sci. 23 30.
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A theory of field-ion imaging: 

I. A quasi-classical site-current formula 

by Ricuarp G. Forses, Department of Metallurgy and Materials Science, 

University of Cambridge 

SUMMARY 
A quasi-classical formulation of field-ion imaging theory is defined and 

discussed. Concepts and terminology are defined, and a formula is established for 
the ion current generated above a single surface site. 

INTRODUCTION 

The ficld-ion microscope is an instrument that is able to image individual 
atoms. Within the last few years technological developments have allowed this 
type of microscopy to be applied to a variety of topics in metallurgy and in surface 
science (Miiller & Tsong, 1969; Hren, 1970). Currently, attempts are being made 
to extend the technique into the biological area (e.g. Machlin, 1971). 

The microscope’s mode of operation is as yet incompletely understood. 
Physical arguments about imaging mechanism follow later; this paper deals with 

prior logical tasks. It defines concepts and terminology, thereby circumventing 
any problems due to imprecision in the existing literature. And it formally 
derives a basic quasi-classical formula for the ion current generated above a 
specimen surface atom. The contents may be seen as a redefinition and extension 
of basic ideas put forward long ago by Gomer (e.g. 1961), Miiller (e.g. 1960) and 
others, in order that they may clearly be applicable to surface models that take 
into account details of surface structure. 

SOME BASIC DEFINITIONS 

General 
The spots on a field-ion microscope screen are each formed by a beam of ionized 

imaging gas atoms, each beam having originated in a small region of space (the 
ionization zone) above a particular surface site (Tsong & Miiller, 1964). The sire 
current is the number of ions generated in the ionization zone per unit time. 
Ionization zones can be defined above every specimen surface atom, but we see 
only those which produce relatively high site currents. 

Electron behaviour 
Suppose that an imaging-gas atom could be held stationary. Field ionization of 

such an atom would be a random process, governed by the usual exponential 

decay law. In imaging-mode field ionization, the electron makes a transition into a 
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state of equal energy in the specimen. The symbol P, is defined to denote the rate 

constant appropriate to circumstances where all the energetically accessible final 

states are unoccupied before the transition, and is here called the electron transition 

rate. It may be calculated in three ways: from a barrier penetration coefficient 

(Miiller & Bahadur, 1956; Gomer, 1961; Southon, 1963, 1968; Alferieff & Duke, 

1967); from the time-dependent Schrédinger equation (Jason, 1967); or by 

application of Fermi’s ‘Golden Rule’ or some variant thereof (Boudreaux & 

Cutler, 1966a; Holscher, 1967; Forbes, unpublished work; Tsong, 1968). The 

three methods are not entirely equivalent. 

In circumstances where the final states are fully or partially occupied (with 

occupation probability /) the rate constant is not P, but Q,, where: 

Q. = (1 - f)Pe q) 

Q, is termed the electron transfer rate. For a metal specimen, f may be taken as 

the Fermi function. f is equal to 4 for all positions of the gas atom nucleus such 

that the ‘energy’ (or electrochemical potential) of the transiting electron is equal 

to the Fermi level of the metal electrons. The surface containing all such nuclear 

positions is termed the critical surface. Geometrically, the critical surface would 

seem to be a smoothly corrugated (‘egg-box shaped’) surface roughly parallel to 

the specimen surface. 
Near the Fermi level the Fermi function is a sensitive function of energy. The 

energy level of the gas atom electron is a sensitive function of the position of the 

gas atom nucleus. Consequently, O, may in practice be taken equal to zero for 

nuclear positions inside the critical surface, and equal to P, for positions out- 

side it. A quasi-classical theory thus assumes that no ionization occurs inside 

the critical surface: this is the three-dimensional analogue of Miiller’s (e.g. 1960) 

statement that no ionization occurs inside the critical distance. The idea was 

originally introduced, in order to explain field-ion energy-analysis measurements, 

by Inghram & Gomer (1954, 1955). 

Gas behaviour 
In a macroscopic region of space the rate of ion generation depends both on the 

rate constant for ionization and on the number (N) of unionized gas atoms pres- 

ent, the latter being determinable from the average gas concentration (G) by the 

trivial formula; N = Go. G is a space average taken over the volume (v) of the 

region. With a very small region of space, an ion can be said to be generated in the 

small volume dv if the atomic nucleus is within dv at the instant of ionization, and 

the corresponding formula is: 
dN = Gd. (2) 

dN is the probability (the average probability taken over a long period of time) of 

finding the nucleus of an unionized atom in dv. G is the probability distribution 

function for the imaging gas, but may also be called the effective gas concentration. 

G, as defined mathematically in (2), can vary sharply over small distances. 

Characteristic points and values 

The parameters P, and G vary with position in space, and so does the electric 

field strength, F. In particular, they all vary with position in the critical surface. 

One may hypothesize that in the critical surface above a surface site there exists 

some point where the field strength F is greater than at any other nearby point 

in the critical surface. This point where F has a constrained maximum 1s termed 

the characteristic point for the surface site in question. For any particular surface 
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site, the characteristic value of any space-varying parameter is its value taken at 
the characteristic point. Characteristic values will be denoted by adding a double- 
prime (") to the parameter in question: thus, P,” denotes the characteristic 
electron transition rate. 

Figure 1 illustrates these definitions. In Fig. la, S is a protruding surface 
nucleus, and C is a portion of the critical surface. L is a line that lies in the critical 
surface and passes through the characteristic point R” corresponding to surface 
nucleus S. Figure 1b shows schematically the variation in field strength with 
position in line L: the field strength has a maximum (of value F”) at the character- 
istic point R”. 

(b) 

    
! \ 

| 
| 
i 
\ i 

  

"2" Distance Gong 
line 

Fig. 1. (a) A portion of the critical surface above a protruding surface 
nucleus (S) of the specimen. (b) To illustrate how the characteristic point 
R’ is defined, The field strength has a constrained maximum (of value 
F’) at the characteristic point, 

The defining of characteristic points is necessary because, in establishing 
equation (4) below, one must think three-dimensionally about the origin of ion 
current. A gas atom with its nucleus at a characteristic point would in a one- 
dimensional model (Miiller, 1960) be said to be ‘at the critical distance’. 

In certain circumstances, or for some sites, the above definition of characteristic 
point may fail (Forbes, 1970). But it is still possible to characterize ion-current 
generation above any particular site by certain parameter values. 

DERIVATION OF FORMULAE 
A general expression is now derived for the current, J, from a single surface 

site, 
The number (df) of ions generated per unit time in a small region of space, of 

volume dz, is given by: 

df = Gdv . Q, 3) 
—where G is the effective gas concentration, and Q, the electron transfer rate, 
for this region. (The r-h.s. of (3) is the product of the rate constant for ionization 
and the probability of finding a gas atom with its nucleus in the region.) 

The site current 7 is obtained by integrating (3) over the whole region of space 
above the relevant surface site. However, Q, may be taken equal to zero inside 
the critical surface and equal to P, outside, so the integration reduces to one taken 
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over an appropriate region of space, ¢, outside the critical surface. Further, under 

normal conditions of imaging, most of this ionization occurs in the near vicinity of 
the relevant characteristic point; so it is convenient to write the result of integra- 
tion in the form: 

  

' GP.dv = G’VP," (4) 
where G" is the relevant characteristic gas concentration, P,” is the relevant 
characteristic electron transition rate, and V is an effective volume. 

The quantity V comes out of the mathematics, being related to the rate of fall- 
off of (GP.) with distance from the characteristic point. However, it is convenient 
to think of V as the volume of a Muller-type ionization zone, with (G’V) the 
probability of finding a neutral gas-atom nucleus within the zone, and P,” a transi- 
tion rate that is constant throughout the zone. The equivalent one-dimensional 
model has been widely employed (e.g. Southon, 1963). 

A field-ion micrograph shows only the relative values of spot strengths. The 
most relevant quantity in a discussion of imaging mechanism is the ratio of site 
currents. For two sites A and B this ratio (f4/7,) may be written: 

(Falfs) = (Ga"/Ga") - (ValVa) . (Pea”/Pen’)- 6) 
Expression (4) may be termed the quasi-classical site-current formula, and (5) the 
quasi-classical ratio formula, The description ‘quasi-classical’ implies that wave- 
mechanics has not been applied to the motion of the gas-atom nucleus: corre- 
sponding approximations in other branches of physics and chemistry are similarly 
named, 

DISCUSSION 
Formulz similar in form to equation (4) have previously been used by Gomer 

(1961) and by Holscher (1967), in discussion of total ion current behaviour. 
The symbols that appear in (4) are, however, rather more closely defined, partly 
in order to show the sense in discussing local electron transition rate and gas 
concentration variations. 

Two basic physical assumptions made deserve recording. Implicit in the defin- 
ing of characteristic points is the assumption that the field strength at any point 
is constant in time. In effect, we are disregarding the zero-point motion of the 
surface nuclei and statistical fluctuations in the state of the surface, and are taking 
the field distribution to be that derived from some specific or time-averaged 
surface charge distribution. The present treatment also assumes that the type of 
field ionization under discussion obeys locally first-order kinetics, in the sense that 
the local rate of reaction (i.e, ion generation) depends on the probability of finding 
a single body in an appropriate place. 

It also deserves stressing that the quantity P.” is defined within the context of a 
quasi-classical approach. Fully wave-mechanical treatments are also possible, and 
in these there appears a rate constant P* (Forbes, 1970) that has in effect been 
estimated by Gomer & Swanson (1963), by Boudreaux & Cutler (1966), and by 
Schrenck and co-workers (Sharma, Fonash & Shrenck, 1970). However, the 
quantities P,” and P* are intrinsically different, being defined within the contexts 
of different world-views, and there is no substantive physical relationship 
between them. P,” is also different in kind from the rate constant &, that appears 
in an alternative formulation (Gomer, 1961, p. 78) which treats field ionization 
as an activated process. 

The present treatment is guasi-classical. It is a simple, first-level, approach. It 
is direct, in the sense that ionization is not regarded as activated. And it is a space 
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formulation, in the sense that equation (4) involves an integral over space, and not 
the integrals along gas-atom trajectories that appear in one of Gomer’s (1961) 

treatments. These characteristics distinguish the present ‘QI-DS’ formulation 
from the many others possible. 

To some extent this work is a formal redefinition of ideas implicit in earlier 
treatments of imaging. But past literature and discussions have not always been 
consistent in their use of terminology. For example, P.” and its reciprocal have 
been given a variety of names, and the name ‘ionization probability’ has been. 
applied to P,", P*, k, J, and to various kinds of true probabilities; and on 
occasion the distinctions between the different kinds of rate constant have not 
been realized, and the difference between a rate constant and a true probability 
blurred. Careful formulation and naming have perhaps not been necessary in the 
past, but continuing theoretical development now seems to advise it, in order to 
make the analysis of differences between different imaging models easier, and the 
understanding of theoretical arguments less time-consuming for non-specialists. 
This paper has offered some suggestions. 
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A theory of field-ion imaging: 
II. On the origin of site-current variations* 

by RicHarp G. Forses, Department of Metallurgy and Materials Science, 
University of Cambridge 

SUMMARY 
Experimental evidence demonstrates the incompleteness of the usual rate 

constant explanation of field-ion image appearance, and suggests that gas distribu- 
tion effects may be the dominant influence on image contrast, certainly in some 
circumstances. Further evidence shows that gas concentration variations across 
the surface would not be given by any simple formal rule. However, significant 
features of image behaviour in the helium-on-tungsten system can be rationalized 
by closer examination of gas behaviour during and after accommodation. For 
the normal imaging range a provisional working rule is suggested, that regional 
contrast may be primarily determined by supply-and-capture effects, but local 
contrast by a tendency for local gas equilibria to be established. 

INTRODUCTION 
This paper contains physical arguments about the nature of the field-ion 

imaging mechanism. It advances the idea that both the general appearance and 
the details of a field-ion image may be significantly influenced, and sometimes 
dominated, by the way in which the imaging gas distributes itself across the 
specimen surface. The general idea that gas behaviour might affect image 
appearance is not in itself new (see, for example: Miiller, 1956; Gomer, 1961; 
Southon, 1963; Whitmell, 1965; Holscher, 1967; Miiller & Tsong, 1969; Van 
Eekelen, 1790; Rollgen & Beckey, 1971; Chen & Seidman, 1971a, 1971b). But the 
suggestion of possible dominance is a new one, and so are aspects of the approach 
adopted. The procedure is to identify what seem the most significant features of 
the helium-ion imaging of tungsten, and to develop, via several stages of argument, 
a sufficiently general empirical explanation. 

One motive behind the work is the author’s belief that the helium-on-tungsten 
system is the ‘Bohr atom’ of field-ion theory; that its proper understanding is a 
key to further theoretical progress; and that if we do not understand this system 
then we cannot rightly claim to know why the field-ion microscope works. 

THE TEMPERATURE DEPENDENCE OF IMAGE APPEARANCE 
It was shown in the preceding paper that the site-current ratio for two sites A 

and B is given by: 

FalFa = (Ga"/Gu") « (ValVa) « (Pea”| Pen”) qd) 
where the symbols have the meanings defined previously. 

* Based on a paper presented at the Royal Microscopical Society Conference, ‘Mi 
in September 1970. 

0-70" 
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In the past, quasi-classical theories of field-ion imaging have in effect taken 
(P.4"/P.3") as the most important factor in equation (1), assuming that protruding 
specimen atoms are imaged because individual gas atoms get ionized more 
quickly above these sites. With helium this has seemed justified by calculations 
(Miller & Bahadur, 1956; Southon, 1963) and ion-current measurements 

(Southon & Brandon, 1963) that have been taken to show that a 1% increase in 
field across the surface leads to a 1% increase in P,. 

However, the traditional standpoint is challenged by the experimental evidence 
illustrated in Figs. 1 and 2. Lowering the specimen temperature causes changes, 
not only in spot size, but also in relative spot strengths: within many individual 
small areas of the image the strong spots have become stronger and the weak 
spots have become weaker or have vanished altogether. The effect is more obvious 
on the microscope screen than it is on the micrographs. 

There are many attempted calculations of electron transition rate; but tempera- 

ture neither appears explicitly nor significantly affects the parameters that do 
appear. Therefore, because the reality is that temperature change produces 
contrast change, the usual imaging explanation is certainly incomplete. 

The term (V/V) in equation (1) should not normally vary significantly with 
temperature. This leaves only the gas concentration term (G,"/G,") to explain 
the illustrated changes. 

The accepted explanation of the spot-size decrease (Miiller, 1956) is that 
lowering the specimen temperature reduces the mean lateral speed of the imaging- 
gas atoms. This implies a strong link between gas temperature at ionization and 
specimen temperature. Incoming gas atoms hit the specimen with appreciable 
Kinetic energies (Miiller, 1956). The many collisions that occur during cooling 
(Miiller, 1960) will tend to randomize the motion, and hence rend to produce a 
Kinetic equilibrium (see for example, Jeans, 1940; also Holscher, 1967). Let us 
therefore take the hypothesis that the gas atom population subject to ionization 
be in thermodynamic equilibrium with the specimen (at temperature 7) and, 
temporarily deferring questions of validity, examine the consequences. 

Spatial variations in gas-atom potential (U) would give rise to variations in 
local gas concentration (G), according to the Boltzmann rule: 

G « exp (— U/kT). (2) 

For points in or near the critical surface, the dominant term in the full expression 
for U is expected to be the ‘polarization term’ (—4«F*), where « is the gas-atom 
polarizability and F is the electric field strength at the position of the gas atom 
nucleus (Forbes, 1970). Whence: 

Ga"/Gp" = exp [(aFo*) . (1/AT) . (25F/Fo)] @) 
where F, is the mean of characteristic field strengths (F,", F;”) above sites A and 
B, and 6F is the difference: 6F = F,” — F,”. 

It perhaps deserves stressing that F,” and F,," are characteristic field strengths 
as defined in the preceding paper (i.e. values taken at characteristic points); also 

  

Fig. 1. Helium-ion images of a tungsten endform, taken near best image 
voltage and at temperatures (a) near 80°K and (b) near 5°K. (The 
micrographs in this paper were taken on a large glass field-ion micro- 
scope of the conventional double-dewar configuration (Forbes, 1970). 
‘The temperature was changed by pouring liquid nitrogen into the inner 

dewar as the last of some liquid helium boiled away.) 
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Fig. 2. Enlargements of central sections of (a) Fig. 1a and (b) of Fig. 1b. 

that the mode of derivation of equation (3) automatically takes cognizance of 
effects due to inhomogeneities in the metal’s surface charge distribution, including 
the types recently discussed by Forbes (1970) and by Tsong & Miiller (1970). 
(The Fy in my work is a different quantity from the F, in Tsong and Miiller’s.) 

Substituting into equation (3) numerical values appropriate to helium (Cite = 
0:0002 nm*, F, = 45 V/nm), and assuming a 1°, difference in characteristic 
field, leads to the following ratio values: 

Near 80°K Ga"|Gp" = 1-2 
20°K = 24 (4) 
5°K = 40. 

If one makes the additional, not unreasonable, assumption that the character- 
istic field strength is higher for the more protruding specimen surface atoms, it is 
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evident from (3) and (4) that our hypothesis is sufficient to explain local tempera- 
ture dependent changes in relative spot strength. 

The converse does not hold, of course. For a gas concentration explanation to 
work qualitatively, it is only necessary to assume that the general supply of gas 
to the tip should partition itself preferentially to the high-field localities, and that 
lowering the specimen temperature should cause increasingly strong partitioning 
to these localities. The figures in table (4) represent an upper limit which the 
actual gas concentration ratios cannot exceed: the ratios may in reality be much 
less, though the same general sort of temperature-dependent trend should exist. 

Nonetheless, when compared with the figure of 1:3 quoted earlier for the 
corresponding transition rate ratio, table (4) suggests an important possibility: 
that, at sufficiently low temperatures, the variations in gas concentration may be 
the dominant influence on image contrast: that sometimes bright image spots may 
be bright, mot because individual gas atoms get ionized more quickly above 
protruding specimen atoms, but essentially because above such sites there is a 
Sreater probability of finding an imaging-gas atom in the right place to be ionized. 

When applied as between the regions of space above imaged and unimaged sites, 
the idea amounts to a possible new explanation of why the field-ion microscope 
images the high-field regions above a specimen surface. 

The fact of local temperature-dependent change tends to suggest that this is 
the imaging mechanism near 5°K. More generally, one might expect the new 
explanation to be applicable at low specimen temperatures. At high temperatures, 
however, the gas concentration variations tend to become negligible and the 
electron transition-rate explanation should become correct. In between, there 
might be supposed to exist a ‘balance temperature’ at which (P.4" P.3") would 
equal (G,"/G,"). Its value is of vital interest. But fundamental difficulties arise 
when one tries to determine it. These problems have been outlined elsewhere 
(Forbes, 1970); the main points are as follows: 

(1) Because of the nature of the potential variation near a charged surface, a 1°, 
difference in characteristic field between different surface sites does not necessarily 
lead to the same variation in characteristic electron transition rate as would a 1% 
increase in the characteristic field at any particular site. 

(2) Consequently, Southon & Brandon’s (1963) ion-current measurements 
do nor directly support any theoretical work concerned with the calculation of 
(PPS. 

(3) In fact it seems impossible at present to prove theoretically that calculated 
characteristic electron transition rates would be higher over the more protruding 
sites. (Definitive calculations are not feasible, but preliminary arguments suggest 
that the result could go in the wrong direction, and in this case the traditional 
explanation of contrast formation would not work at all. The gist of the matter is 
that the Hartree potential well surrounding a more protruding nucleus might be 
broader and deeper than at less protruding sites, and in consequence the distance 
between surface nucleus and the characteristic point might be greater, the degree 
of overlap between gas-atom orbitals and unoccupied surface-atom orbitals less, 
and hence the electron transition rate less.) 

(4) Further, it is logically invalid to suppose that isolated observation of a 
normal field-ion image can in itself prove that the rate constant (or any other) 
explanation would work in the right direction. 

(5) The uncertainty over the behaviour of P,” notwithstanding, there are some 
grounds for believing that the balance temperature would not lie in the range 
0°-60°K if gas thermodynamic equilibrium were assumed. (The argument is 
based on the Southon & Brandon ion-current measurements, but is not direct.) 
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A separate kind of difficulty arises if the gas distribution deviates significantly 
from a Maxwell-Boltzmann distribution. The work of Van Eekelen (1970) on 
the degree of accommodation at ionization, and that of Chen & Seidman (1971a) 
on the temperature dependence of image spot size, indicates that the effective 
temperature of the imaging gas (as determined by its velocity distribution) is 
probably above the temperature of the specimen for field ranges near and above 
the normal imaging range (though approximations used in their models may coun- 
sel caution in accepting their numerical results as quantitatively precise). Thermo- 
dynamic equilibrium would certainly not then exist. Revised gas concentration 
ratios might be obtained by substituting the effective gas temperature into 
equation (3); but it is far from obvious that such a procedure would be approxi- 
mately correct. 

In this situation few firm theoretical conclusions are possible. For a normal 
imaging range helium-on-tungsten image it seems that gas distribution effects 
will almost certainly be the dominant influence on image contrast near 5°K, and 
may perhaps be significant or dominant at much higher temperatures. Detailed 
quantitative investigation is urgently required, but it seems likely to be messy and 
time-consuming. 

THE VOLTAGE DEPENDENCE OF IMAGE APPEARANCE NEAR 5°K 
Voltage-dependent effects provide further empirical evidence about imaging 

mechanism. Theoretical predictions, initially based on the thermodynamic 
equilibrium hypothesis, are compared with observations first presented some years 
ago (Forbes & Southon, 1966). 

Theoretical predictions 

The gas concentration mechanism. In equation (3), the }aFp? factor predicts that, 
for a given pair of image spots, the ratio of their strengths should increase as the 
average field strength increases. So, if thermodynamic equilibrium exists and the 
gas concentration variations are the dominant influence, contrast in the image 
should get sharper as the voltage applied to the specimen is increased. 

The electron transition-rate mechanism. Southon’s (1963) calculations, replotted 
in Fig. 3, suggest that increase in applied field leads to fall-off in the rate of 
increase of characteristic electron transition rates. Figure 4 shows plots for two 
separate sites, the horizontal axis representing either the mean field F, or the 
applied field. A set interval on the vertical axis represents a set ratio of character- 
istic electron transition rates. Clearly, the higher the field, the lower will be this 
ratio. So, if transition rate variations are the dominant influence, image contrast 
should get /ess sharp as applied voltage increases. 

Observations and discussion 
Figure (5) shows a sequence of micrographs taken at a specimen temperature 

calculated to be less than 4-3°K, with the applied voltage gradually increasing 
from the point at which an image is just visible (near 8 kV) to a point just below 
the near-80°K best voltage (at about 15 kV). The micrographs were taken early 
in the experimental work and their quality leaves something to be desired, but 
they suffice to illustrate effects observed on the microscope screen and described 
below. 

For discussion, the sequence is split: Figure 5 (a-d) is the ‘low field range’; 
Fig. 5 (e-h) the ‘intermediate field range’. The ‘high field range’, above best 
image voltage, is not discussed here. 
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Fig. 3. Logarithmic plot of electron transition rate versus applied field. 
(Re-plotted from Southon, 1963, Fig. 31.) 

:) 
Fe 

Lo
go

 ( 

  

L09\9 (Fo) —— 

Fig. 4, To show the variation of electron transition-rate ratios with 
applied field strength (see text). 
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Low fields. At the lowest voltage (Fig. 5a) the image is generally blurred. With 
gradual increase in voltage, resolution improves, bright spots get relatively 
brighter and dim spots relatively dimmer, the amount of image visible shrinks, 
and the bright regions become very bright indeed (a dramatic effect at 10-6 kV. 
not well reproduced on the micrograph). (The {111} brightness peak at very low 

    

ig. 5. (a~d). Voltage sequence taken at a specimen temperature near 
5°K. (The black spots visible in Figs. 5a to 5c are due to phosphor dam- 
age on the microscope screen, and the curved misty streaks on some 
micrographs are due to secondary effects, These are extraneous effects 
and can be disregarded here.) (a) 8:0 kV, (b) 8°5 kV, (c) 9:0 kV, (d) 
10-0 kV. 

temperatures has been noted before, by Miiller ez al., 1965.) Locally and region- 
ally, the voltage increase leads to sharper contrast. So we can decisively deduce 
that, with helium, at specimen temperatures near 5°K, at low fields, the gas 
concentration mechanism operates. The gas concentration variations tend to 
being those characteristic of a thermodynamic equilibrium (but of course, this 
does not imply that the endpoint equilibrium situation has in fact been reached). 

In an attempt at completeness, a large number of alternative hypotheses have 
been examined (unpublished work), involving such things as imaging artifacts, 
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deficiencies in transition rate theory or surface potential theory, scattering, 
charge exchange, the effects of an adsorbed layer, the co-existence of several 

ionization mechanisms, two-electron processes, nuclear exchange at the instant of 
ionization, and gas-phase ionization. In no case could a simple well-established 
alternative explanation be given for the contrast sharpening just described. 

Intermediate fields. Further voltage increase causes a trend reversal: through 
Fig. 5 (e-h) the amount of image visible increases, and the normal imaging 
range type of contrast is approached. The reversal shows that even if something 

approaching thermodynamic equilibrium exists at low fields it does not at inter- 
mediate and higher fields—a conclusion that bears some relation (but not a 
closely-defined relation) to Gomer’s (1961) distinguishing of different total ion 
current regimes. 

The ‘hot general equilibrium’ mechanisms. At first sight, there might seem a 
simple empirical explanation of the intermediate-field trend, based on the 
premise that a Maxwell-Boltzmann concentration equilibrium exist across the 
whole tip surface but that an effective gas temperature (7) be above the specimen 
temperature and vary with the applied field. In this field range T, might increase 

  
Fig. 5. (e-h). Voltage sequence taken at a specimen temperature near 
5°K. (€) 10-6 kV, (£) 12:7 kV, (g) 13°8 kV, (h) 14-5 kV. 

71


