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I. Electron Beam Devices for the Study of Matter

When a beam of charged particles impinges on matter, the
various scattering, absorption, and excitation processes which take
place can be used to obtain information about the matter which is
bombarded. Proton or electron beams are used in a large variety
of scientific instruments for the study of local properties, such as
crystal structure, density, work function, and composition of matter,
It is useful to review the existing types of such instruments as an
introduction to this thesis in which the construction and method of
application of one such beam device is described,

The source of information in the instruments which will be con-
sidered may be the spatial distribution of the scattered particles, the
spatial distribution of the unscattered particles, the energy loss of
the transmitted particles, or the energies of electrons and photons
emitted as a result of absorption of energy from the particles of the
incident beam., The kind of matter to be studied, the information
desired, and the ease of interpretation of the results are the primary
factors in determining which of these sources of information is to be
preferred as a physical basis for an analysis,

The electron microscope, for example, has found numerous

applications in the study of biological materials, such as bacteria,
viruses, colloidal particles, and large molecules, but the opacity of
many materials is too great to permit direct observation, In those

cases in which the material is transparent to electrons, countrast in



the image depends chiefly on the differential scattering in the specimen,
Specimens which are sufficiently thick for absorption to be important
are usually avoided because of the chromatic aberration which is present
in the electron lenses of electron microscopes. Since the electron
scattering depends chiefly on density and object thickness, the inter-
pretation of the results is simple except for undesirable effects such
as diffraction, distortion of the specimen due to desiccation or heating,
or distortion of the image due to aberrations present in the electiron
lenses., Limited study of opague materials is possible in conventional
transmission electron microscopes but only at the expense of an easy
interpretation, In this case, a replica of the surface is made of
collodion or carbon which reveals the profile of the surface when
observed in the electron microscope. However, the correlation of
this profile with the structure of the specimen requires knowledge or
assumptions about the phases present and their properties with respect
to preferential etching or polishing., Special electron microscopes
have only recently been devised which enable the study of opague
materials by electron reflection {1).

Of the many forms of the electron microscope in existence, the
RCA, Siemens, Von Ardenne, Metropolitan Vickers, General Electric,
and Phillips are the most well known, All of these employ some form
of triode electron gun, a condensing lens, movable sample holder,
objective lens, projector lens, and either a fluorescent screen or

photographic plate for detecting the image.



Electron diffraction instruments have found application in

determining the size, shape, and structure of small particles and
have also been used to study thin metallic films., The study of molecu-
lar structures is difficult because the phase of the diffracted electrons
cannot be determined exactly,

The experimental arrangement for electron diffraction is quite
simple and most electron microscopes can be readily modified for
this purposéa Usually, the condenser and objective lens are used to
form a demagnified image of the electron source which then serves a
point source of electrons, The sample is arranged at a convenient
distance from this source and the diffraction pattern recorded with
the same screen or plate as is used to view the electron microscope
image, Often, special lenses are provided to form the electron source
in such a way that the normal specimen holder can be used, Additional
lenses may be provided to focus the diffraction pattern at the screen,

The electron shadow microscope is analogous to the ordinary

electron microscope in that the contrast in the image is the result of
scattering, diffraction, or partial absorption of the incident beam of
electrons, In this case, however, the specimen is not followed by
electron lenses but casts a shadow picture in which the magnification
is obtained by conical projection, A point source of electrons is
used, but unlike electron diffraction units, this is in close proximity
to the specimen to achieve maximum ragnification in the projected

shadow,



The simplest form of electron shadow microscope is the field

emission microscope. In this device, the point source of electrons

is a tungsten wire which has been sharpened by electrolytically
etching in sodium or potassium hydroxide solution., The tip of a

wire etched in this way can be a fraction of a micron in radius,

and, consequently, if the wire is maintained at a negative potential

of several kilovolts relative to an anode at a distance of a few centi-
meters, the field at the tip is of the order of 108 volts/cm, and results
in drawing conduction electrons through the potential barrier at the
surface of the metal, Also because of the high field at the emitter tip,
the electrons so emitted attain about 90% of their ultimate kinetic
energy within a distance of a few radii from the emitter and thereafter
move in nearly straight lines if the anode is a portion of a sphere,

A hemispherical fluorescent screen, partially metallized, is often
used as an anode,

The small size of the electron source results in magnifications
of up to a million if the object is located near the tip or adsorbed on
its surface, Theoretically it should be possible to see individual
molecules at this magnification, and some workers in this field believe
that they have observed them (2), However, the combined effects of
{a) irregularities in the emitter itself, (b) distortions of the electro-
static field by the object being measured, and {¢) absorption or
emission from the object itself render interpretation difficult, For
this reason, and also because of instability and changes in the work

function of the emitter due to contamination, the field emission



microscope has been more useful in studying the properties of the
metals used as emitters than as a tool for studying other matter,

Proton shadow microscopes have also been devised, One form

of this, called a field ion emission microscope, utilizes the same

geometry as the electron field emission microscope but the polarity
is reversed and a small quantity of hydrogen is admitted, The
hydrogen becomes ionized by collision with the emitter tip or by auto-
ionization due to the high field near the tip and the resulting protons
behave in a manner similar to electrons, but result in an image of
greater resolution because of the greater mass of the particles,

In the field emission microscope used as an electron shadow
microscope the difficulties of contamination of the emitters can be
avoided by using as an electron source an image of the source formed
by focusing the electrons through an electron optical system, Such a

system is called an electron probe. In most electron probes, however,

due to practical limitations of field emission sources a thermionic
electron source is used instead, In this case, the electron lenses
are used to form a demagnified image of the virtual source which is

a crossover point located in the vicinity of the cathode, A stationary
electron probe can be used as an electron shadow microscope, but
its utility is quite limited and consequently there has been little
interest in electron probes with this application, The electron probe,
however, constitutes the principal component of many other electron
beam devices such as the various scanning microscopes, the x-ray

shadow microscope, and the microanalyzer of Castaing.



The scanning microscope utilizes an electron microprobe in

which the electron focal spot is caused to scan a surface, and the
resulting interaction of the electron beam with the matter constitut-
ing the target results in a signal which mavy be used to modulate the
intensity of the spot of a cathode ray tube which is caused to scan
with the same frequency but larger amplitude. The signal which is
obtained from the target may be in the form of secondary electrons,
reflected electrons, transmitted electrons from the primary beam,
or x-rays produced in the target,

Zworykin has devised a scanning microscope in which the
signal consists of the secondary electrons from the target (3).
Interpretation of the image in this case is difficult because the elec-
trons ejected may include primary electrons scattered at large angles
in addition to true secondary electrons, The low energy secondaries,
moreover, are sensitive to the condition of the surface of the specimen,
In this device, the probe is formed by a triode gun followed by two
electrostatic unipotential lenses and the electrons are detected by a
scintillation counter after passing back through the second lens,

McMullen and Oatley have constructed an improved secondary
emission scanning microscope in which the signal consists of '"reflected"
electrons (4). The energy of the primary beam is much greater
than that of Zworykin's microscope and, as a result, the effect of
surface condition of the specimen is reduced. Furthermore, the
angle of incidence of the primary beam is selected so that the effect
of variations with the composition of the target is minimized, As a

result, the image is more or less directly related to the surface



profile of the specimen, thus simplifying the interpretation., The
electron probe is formed by a triode gun and two electrostatic
reducing lenses, and the detection is accommplished by an eleciron
multiplier,

Von Ardenne's scanning electron microscope uses the trans-
mitted electrons as a signal (5), In this case, the recording is done
photographically on a revolving drum; the movement of the drum
accomplishes the magnification, While this instrument is restricted
to the use of transparent samples, it overcomes the disadvantage of
the conventional electron microscope in the study of relatively thick
samples where aberration results from the energy losses of the
electrons and the chromatic aberration of the electron lenses,

Von Ardenne's probe is formed by an electron gun and two magnetic
lenses,

In the scanning microscopes which are being constructed at
Cambridge by Peter Duncumb (6) and at Imperial Chemical Industries,
Ltd., by Martin Bloom (7), the signal is the x-rays produced in the
specimen itself, Interpretation of the results is very straightforward
and can be made quantitative by the use of proportional counters or
an x~ray spectrometer, Thus, one has in effect a combination of a
scanning microscope and a microanalyzer of the type devised by
Castaing (see p. 11).

Mention should be made of the x~ray shadow microscope which

can make use of either a stationary electron probe or a scanning

electron probe although this device does not give information directly



from the interaction of the probe with matter, and hence does not
constitute a beam device in the same sense as the others, In this
instrument the electron probe is merely an accessory to the produc-
tion of a point source of x-rays which then interact with the matter
being studied, The scanning x-ray microscope of Pattee at

Stanford utilizes an electron probe formed by focusing electrons from
a field emitter through an electrostatic lens on a thin foil target (8).
The probe is scanned over the target and the x-rays produced pass
through the foil and the specimen, The image is reproduced on a
cathode ray tube with the contrast resulting from the variations of
x-ray transmission in the specimen,

The x-ray shadow microscope with stationary electron probe
was pioneered by Cosslett and Nixon at Cambridge (9), This utilizes
a thermionic source and two magnetic lenses of which only one is
normally used for demagnifying the source, the other being used to
vary the effective source distance, Marton and his co-workers have
experimented with x-ray shadow microscopes using field emission
and electrostatic focusing (10). Newberry, at General Electric, has
developed the prototype of an electrostatic x-ray shadow microscope
which is now commercially available {11). Finally, attempts have
been made to modify commercial electron microscopes for use as an
x-ray shadow microscope (12).

The information which may be obtained from the beam devices
discussed up to this point is mainly qualitative and is subject to some

ambiguities in interpretation. If quantitative information is desired,



it is necessary to use effects which are not only more susceptible
to measurement than is the brightness of a fluorescent screen, but
which can also be correlated with the nature of the target material
to a greater degree than is possible on the basis of the number of
electrons scattered or absorbed from an electron beam,

One method of obtaining more quantitative information about
the chemical constitution of matter has been used by Hillier and
Baker {13). This consists in measuring the energy distribution of
electrons transmitted by a thin target. The discrete energy losses
suffered by the electrons in traversing the thin layer can, itis
asserted, be correlated with energy levels of the elements present in
the target, A similar method based on the elastic scattering of pro-
tons has been used at the Stanford Research Institute for trace analysis of
surfaces (14). The Kellogg Radiation Laboratory at Caltech and many
other laboratories engaged in measuring nuclear energy levels are
also performing, in a sense, chemical analyses of the target materials,
However, with the exception of the Stanford project, the emphasis
is usually on determining energy levels or scattering properties in
a known target material, rather than making use of known energy
levels or scattering properties to obtain information about the chemical
constitution of the target, The instrumentation required for these
methods of analysis is complicated and costly. The Stanford equip-
ment consisted of a Van de Graaf generator followed by a system of

alternating gradient lenses which resulted in a proton focal spot of
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several square millimeters in area, Analysis of the elastically
scattered protons was accomplished by a magnetic analyzer,

The last type of instrument for local analysis of matter by
electron beams which will be described makes use of the only effect
which has not yet been fully exploited, and this type of instrument
is the subject of this thesis, The effect which is used in this instru-~
ment is the emission of characteristic x-radiation when an electron
beam strikes matter, Fluorescence analysis by means of x-rays
has, for the most part, supplanted the use of demountable target
tubes for studying matter by means of the primary x-radiation
because of the great convenience of not requiring evacuation of the
specimen chamber., Only recently, however, have attempts been
made to utilize one of the great advantages of analysis by means of
the primary x-radiation, namely that it can be localized to a very
high degree by focusing the electrons on the target,

It is interesting to note that analogous attempts at localizing the
analysis have been made in the case of optical emission spectroscopy.
This has been done by localizing the spark excitation of the sample
with the use of apertures or tubes., However, the destructive nature
of the spark and the reduction of intensity with decrease in source
area makes it impractical to localize the analysis below one tenth
millimeter. The method of local analysis by means of x~rays which
was developed by Castaing (15), on the other hand, is non-destructive
and limited in spatial resolution only by the diffusion of the electrons

in the target,
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Castaing's original work on this method demonstrated that
it was capable of quantitative analysis of regions of the surface of a
sample of several cubic microns in size and with an accuracy which
is limited, in most cases, chiefly by statistical fluctuations of the
x~-ray emission lines, The first instrument which Castaing con-
structed was made from an electron microscope and used a triode
gun, two electrostatic lenses,and a curved crystal x-ray spectro-
meter operating in air, In a later version, the final electrostatic
lens is replaced with a magnetic lens and has a more refined viewing
system for observing the surface of the specimen so that the point of
impact of the electron probe can be determined,

The principle of Castaing's x-ray microanalyzer is now being
exploited in several analogous instruments under development in the
United States and England, We have already mentioned the scanning
x~-ray microanalyzers which are being developed in England (see p. 7)
by Duncumb and Bloom. Three microanalyzers are in operation or
under construction in the United States, Omne of these was constructed
by Fisher and Swartz at the United States Steel Company by modifying
an RCA EMU electron microscope {16). Another is being built at the
U.S. Naval Research Laboratories in Washington by Birks and
Brooks (17)., Finally, there is the microanalyzer at Caltech which is

the subject of this thesis,
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1I. Microanalysis by Means of Electron Probes

A, The Physical Basis of Castaing's Method

Let us investigate the methods by which quantitative information
can be obtained about the composition of matter from the characteris-
tic radiation produced under bombardment by electrons. The
procedure will differ in certain fundamental respects from that used
in optical spectroscopy and in ordinary macroscopic x-ray analysis
(as, for example, fluorescence analysis) because of the requirement
that the analysis give the location of the chemical elements which
constitute the target,

In the case of optical spectroscopy, thermal equilibrium con-
ditions can be brought about either in the unknown or in reference
samples, and this provides important theoretical information for the
evaluation of relative intensities of the spectral lines, In the case of
x-ray analysis, however, the conditions of thermal equilibrium are
seldom attained and as a result, the theoretical calculation of the x-ray
line intensities is more difficult, As a result, one is usually restricted
in x-ray analysis to a comparison of the intensities of the lines from
neighboring elements in the periodic table so that the effects of
different electronic configurations on the intensities of the lines
being compared will not be too great. The common procedure in the
latter case consists of determining the emission spectrum of a mixture
containing an unknown amount of the slement for which the determina-

tion is being made and a known amount of the reference element which
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is selected to be near in atomic number to the element being
measured, In both optical emission spectroscopy and x-ray analysis
it is possible to resort to the use of standards whose composition
can be determined by chemical analysis.

In the case of x-ray i:nicroanalysis, however, it is not feasible
to compare relative intensities of different spectral lines for the
following reasons:

(1) the theoretical intensities cannot be calculated,

(2) experimental measurement of the line intensities

is subject to large errors because of the variation

of spectrometer and detector sensitivity with
wavelength,

(3) standards of known composition cannot always be
prepared which are homogeneous,

Hence, in x-ray microanalysis, it is necessary to compare the inten-
sities of the same spectral line obtained from an alloy containing an
unknown quantity of an element with that obtained from a target
consisting exclusively of this element,

It would be expected that in the first approximation the ratio of
these intensities will be directly proportional to the mass concentra-
tion of the element in the alloy., It can be demonstrated both theoretically
and experimentally that this approximation is valid under certain
conditions, namely that the elements making up the target are sufficiently
close in atomic number that their properties are similar with respect
to the retardation and scattering of electrons and the self-absorption
of the x-rays, and that there is no selective absorption of the x-ray

line emitted by one element by the atoms of another element, The utility
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of the analysis would be extremely limited by these conditions, but
we will see later that it is possible to derive correction formulae
which permit the extension of the method of analysis to elements of
widely different atomic number,

The theoretical arguments for the approximation that the inten-
sity of the x-ray emission line is proportional to the concentration
have been given by Castaing, first in his thesis (15) and later in a
more refined form in a paper with Descamps (18). We will review
this latter argument for the sake of completeness.

Let us assume that a homogeneous region of an alloy containing
nj elements of atomic number Zj is placed under the focal spot of an
electron probe, Let Cj be the mass concentration of element j and

let IZ be the intensity of the K line from the alloy, Let I{Z) be

al
the intensity of the Ka1 line from a target of pure Z, Furthermore,
let us assume that the constituents of the target have been chosen so
that they satisfy the conditions mentioned in the preceding paragraphs.

The number of K(Z) ionizations in a length dx of an electron's

trajectory is:

dn = @(E,Ek,nk) dx {1.1)
where @ is the ionization function, Ek = er is the energy of excita-
tion of an atom in its K shell, and n, is the number of K(Z) electrons

per cubic centimeter, Clearly, dn contains n, as a factor, and letting

k

p be the density of the alloy in the region bombarded we have

3>1N

Z

dn = p 5 —%ZEE)—dE (1.2)
dx
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where \]/ (E) is a function which depends only on the element Z
AZ is the atomic weight of this element, and dE/dx is the energy loss
per unit length of the electron's trajectory.,

In order to evaluate this, we may use, as a first approximation

to dE/dx, the Williams retardation law (19):

4

a& 106103 p 7l (1. 3)

where dE/dx is expressed in electron-kilovolts per cm, and B is
the ratio of the velocity of the electrons to the velocity of light,

With this substitution we would have

E) dE (1. 4)

where FZ depends only on the element Z,

The total number of K(Z) ionizations produced by a single electron
along its trajectory, assuming that this trajectory lies entirely within
the sample for the energy range which can result in K ionization is

then

E
< k
n= 5= f F,(E) dE (1. 5)
z E,

where EO is the initial energy of the electron,
Similarly, for the ionization produced in the target of pure Z,
we have

E
I (1. 6)
n' = — F ®
AZ EO Z
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If the absorption of the x-ray is negligible and if the integral

of FZ(E) is independent of the path of the electron, this gives

= c, (1.7)

A second approximation could be made by taking for dE/dx

Webster's modified form of the Williams retardation law {19)

dE _ L3 1.4 Z

where Z is the atomic number of element Z and the other quantities

are as defined before, For a complex cathode this becomes

c.4.
%g = 1,06+ 10° P p'1'4' Z AJ (L. 9)
j j

Substituting formulae 1,8 and 1,9 in equation 1.2 and repeating

the same steps, we find

-1

1 Z.
Z Z J
z)~ ‘z A"Z<Zj < A, > (1.10)

We have assumed that the properties of the alloy with respect
to scattering of the electrons is independent of its composition, This
is not sirictly true, however, for two reasons. In the first place,
some of the electrons of energy sufficient to cause K(A) ionization will
be scattered out of the target, and this number will in general be
greater for targets composed of heavy elements, In the second place,

the diffusion of electrons in the target will also be different for targets
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of different composition, Since the x-ray excitation occurring at a
given depth will depend on the scattering of the electrons, it will not
be possible, when account is taken of the x-ray self-absorption, to
distinguish by external measurement of intensity a lower production of
the x-rays from a lower intensity due to a greater depth of production,
The corrections for self-absorption of the x-rays and for
fluorescence excitation will require a knowledge of the distribution of
excitation as a function of depth in the target, Thus, although the
simple treatment which has been given furnishes a basis for a first
approximation it is not a useful formulation from which to derive the
necessary corrections for extending the method of analysis to other
cases of interest because it has eliminated all dependence of the

excitation on depth in the sample,

B, Verification of the Method

Following Castaing and Descamps (18) we will introduce an excita-

tion distribution function defined by the following equation:

dl = 1_ ¢, (pz) dpz (2.1)

where dl is the intensity of a particular x-ray emission line of element Z
emitted by an infinitely thin layer of thickness dz at depth z in a target
which is subjected to bombardment by an electron probe normal to

its surface, IO is the intensity from an isolated layer of thickness dz
and ¢{pz) 1is a function which takes account of the diffusion and

retardation of electrons in the thick target, The function ¢{pz) will not
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necessarily be unity at pz=0 because of back-scattering from the
deeper layers, and its form will in general depend on the nature of
the target, We will distinguish between this function for targets
consisting of element A, element B, and an alloy of A and B using
the subscripts A’ B and AR
It should also be noted that the form of the function ¢(pz)
will depend on the accelerating voltage of the electron beam, How-
ever, since it is not usually necessary for the purposes of a chemical
analysis to vary this voltage, we shall assume that it remains fixed
in all the derivations which follow,
If the self-absorption of the x-rays and the excitation of fluores-

cence radiation is neglected, the intensity observed from a target of

pure A would be

I{a) = %ﬁﬁ%(pzmz (2.2)
e

where k is a constant which depends on the current in the electron
probe, N is Avogadro's constant, and A is the atomic weight of
element A,

The intensity of the same emission line of element A which is
observed when an alloy AB is subjected to identical electron bombard-

ment would be

oo
koapN ;
- ECAL \
IA y f ¢A(pz} dz (2.3)
0
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The ratio of these intensities is therefore

G

: f 4, plp2) dlpz)
I& T Ca ‘s = e

'/(‘) ¢, (rz) d(pz)

In the case of an alloy infinitely dilute in A, we see that the propor-
tionality of emission and concentration has the same relative error as

is made in equating the two integrals

& o]
SA:f ¢, (p2) d(pz)

0
and
o
- . 2.5
Sp = f (,ﬁB(pz) d{pz) ( )
0
Now it is possible, in principle, to deduce the functions QﬁA(pz)

and gzﬁB{pz} from theory, Omne might hope to do this by assuming
that the density of scattered electrons in the target obeys the diffusion
equation with a source term such that the point of "creation' of the
electrons is the point at which the first scattering occurs (20), In order
to make use of the diffusion equations one must artificially assume

that the electrons are absorbed in a single collision with a probability
which is inversely proportional to the number of collisions {(or close
encounters) which are required on the average to reduce its energy
below the ionization energy of the x-ray level, The excitation function

would be proportional to the rate of absorption of the total electron
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density comprising diffuse electrons plus incident electrons., The
diffusion equation, however, is valid only if the electrons are near
enough alike in speed and heterogeneous enough in direction of motion
so that they all behave not too differently from the mean behavior,
For the case of 30 kv electrons in metals, the velocities which must
be considered range all the way from EO/Zm to Ek/Z‘m and, as
a result, the mean {ree path depends greatly on particle energy.
Therefore, the approximation that the electrons obey the diffusion
equation is not sufficient, {We shall see later that the experimental
determination of the excitation distribution function gives functions
which vary considerably within distances of the order of one mean
free path and the diffusion equation is insufficient to describe this
behavior, )

Thus, the theoretical prediction of the excitation distribution
function #{pz) would require a solution of the transport equation
(a form of Boltzmann's integro-differential equation). This equation

is {21):

A ) 8y

r,u,a
v a_t “u) + A (u)éu ¢ grad \P(IJ u, iu) + W (_}:) u:éu)

u
=j; k(u')du' ff;@ﬂa(@,unu’) y (:_r_,u',_a_u’) +5(r,u,a,) (2.6)

where S(l_?,u,gu) is the number of particles ''created"
per second per unit volume with energy
corresponding to u = In EO/E and with

direction of motion given by a .,
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\p {r,u,a,) is the number of collisions per second per
T 7 unit volume made by particles in the energy
range du with velocities directed in the
solid angle d Q,

A {u) is the mean free path for particles of energy
corresponding to u,

a is the probability that a particle whose incident
direction is i{l will be scattered in the direction 8y

6' is the scattering angle,

k{u) is the ratio of the cross-section for scattering

to the total cross-section .

The solution of this equation is beyond the scope of this thesis,
We must be content for the present with experimental determinations
of the excitation distribution functions ¢(pz) . These functions have
been determined by Castaing and Descamps by the method of "tracers"
(18). In this method, to determine ¢A(pz) a pure block of element
A is coated by vacuum evaporation with a thin layer of another
element, C (the tracer). The layer of C is then coated with layers
of varying thickness of A, The intensity of the Ka1 radiation from C
is investigated as a function of the known thickness of the overlying
layer of A, Correction for the absorption of the x-rays in the layers
of A can be made accurately since the absorption path is known, The
ratio of this corrected intensity to the intensity of an isolated layer of
C of identical thickness with that layer used as the tracer gives qﬁA(pz) .
In the ideal case, the tracer, C, should be close to A in the periodic

table, have a small absorption of its Ka line in A, and not be

1

strongly fluorescence-excited by the radiation from A,
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Castaing and Descamps determined the function d¢{pz) for
aluminum (Cu tracer), copper (Zn tracer), and gold (Bi tracer) at an
accelerating voltage of 29 kv, Because of the importance of these
functions relative to the theory of the method of analysis and in the
calculation of correction for self-absorption and fluorescence excita-
tion, we have reproduced in fig, 1 the curves which they obtained,

One should remark that the accuracy of the curve for aluminum
is much less than the curves for copper and gold because of greater
deviations from the conditions of an ideal tracer. One of these
conditions is that the excitation potential of the tracer be nearly the
same as that of the target element studied, For the case of copper,
using a zinc tracer (Vk( Zn)/Vk(Cu) = 1,079), and for gold, using a
Bi)/V

bigsmuth tracer (V (Au) = 1.125) this condition is satisfied,

LIII( LI

For aluminum, however, which was investigated with a tracer of
copper (Vk(Cu)/Vk(Al) = 5,75) the condition is not satisfied. Hence,
one would expect the experimental curve for aluminum to be more
sharply peaked than the true curve due to the effective elimination of

electrons whose energy lies between Vk(Cu) and V_(Al),

ik
In the case of copper and gold, where this limitation is of small
importance, the accuracy of determining the functions d¢(pz) is
limited chiefly by the counting statistics and is about 5%,
Using the experimentally determined curves for  ¢{pz) s
Castaing and Descamps attempted to verify the equality of the integrals

of equation 2,5, For aluminum, copper, and gold the integrals were

found to be equal to within the accuracy of determining ¢(rz) provided



og P(Pa)

oasal T |
[« 1% 3 vl Ry g
SOor4

[
¢

)
-

"1G. 1 d{pz) obtained by Castaing and Desciamps (15
for aluminurm {(Cu tracer), copper (/0 iracerd,
and gold (I tracer) using an accelersiing
voltage of 29 kv, )



24

the integration was not carried to infinite depths but was terminated
at a finite depth where the electronic intensity was negligible

( pz = 1.6 mg/cmz). This procedure partially eliminated the effects
of fluorescence radiation, which comes mainly from greater depths in
the target than the primary radiation,

We can see from the form of the curves that scattering of the
electrons in the target plays a very important role, since, in the
absence of scattering, the functions ¢(pz) would start at the origin and
decay more or less exponentially according to the Lenard law, The
increase in the value of ¢(0) with increasing atomic number indi-
cates that there is relatively more back-scattering from the heavier
elements, This effect deserves more than a passing comment because
the number of back-scattered primary electrons will affect the deter -
mination of the functions d(pz) .

It has been shown by Wagner (22) that the number of high speed
secondary electrons ejected from a thick target bombarded with primary
electrons of energy eVO = 30 kev, has a maximum at energies of about
0.94 eVo for gold or silver, 0.92 eV0 for copper, and 0.85 eVQ for
aluminum., More quantitative measurements on the number of high
speed secondaries emitted per bombarding primary electron have been
made by Brand (23) for primary electrons having an energy of 32 kev,
While we must admit that the distribution of energy in the high speed
secondaries may be a function of angle of primary incidence, the work
of both Brand and Wagner serves to indicate that the back-reflected

electrons for the most part have caused less excitation of the target
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atoms in their inner shells than an equal number of the primary
electrons which are not back-reflected.* Moreover, as Palluel (24)
and Schonland (25) have demonstrated, the number of high speed
secondaries can be a substantial fraction of the number of incident
electrons. Thus, there is a reduction in the effective number of
bombarding electrons for thick targets, the reduction being greater
for heavier elements, This reduction in effective bombarding intensity
is included in the functions ¢(pz) as determined by Castaing and
Descamps, because these functions were normalized with reference
to the intensity from an isolated layer which is so thin that back-
scattering is negligible; the thickness of the zinc tracer used for
¢c,(P2) was 0,03 mg/cmz.

This reduction in effective bombarding intensity also occurs in
the analysis if the x-ray intensity is measured for a fixed period of
time with constant current in the electron probe. Thus, we can conclude
that the proportionality of emission and concentration depends on the
fortuitous balance between the scattering and retardation of electrons in

matter which leads to a nearly constant value of fd(pz)_dz for all elements,

* This is supported by investigations made by Sternglass (Phys. Rev.
(1954) Vol. 95, pp. 345-358), who found that the dominant mechanism

in the back-scattering of kilovolt electrons is inelastic collisions with
atomic electrons. Sternglass attempted to confirm, in part, the theory
of inelastic collisions worked out by Bohr and Bothe which predicts that
the maximum effectiveness as scattering agents is reached only for those
atomic electrons which have energies of 1/e times the energy of the
incident particle, The elastic scattering by the Coulomb field of the
nucleus is important only at high energies because of the strong screen-
ing of the scattering field by the atomic electrons. Although back-scattered
electrons will consist in part of incident electrons suffering inelastic
collisions with K electrons, the major contribution will be due to multiple
scattering by outer-~shell electrons.
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The value of this integral is not strictly constant for all
elements, and the experimental verification of its constancy was
insufficient to assure an accuracy of better than about 5 %o if the
analysis is based on the proportionality of emission and concentration,
In the analysis of samples containing elements widely separated in
atomic number it is therefore necessary to make allowance for possible
variations in  ¢(pz) by a procedure which will require some com-
parison to reference alloys of known composition, In any given alloy
system, it is usually possible to prepare a few alloys or intermetallic
compounds which will satisfy the requirement of homogeneity,

As an introduction to the method of attaining a better approxi-
mation relating the x-ray intensity and composition, it is well to
review the meaning of equations 1,7 and 1,10, In equation 1.7 for
which there is strict proportionality of emission and concentration it
was assumed that equal surface densities of all elements result in
equal retardation of the incident electrons. In the derivation of
equation 1,10 the electron retardation which occurs per unit surface
density of element j is weighted by a factor Aj /Zj +» Now, if we replace
this factor by an undetermined parameter a, , we would have for

the equation analogous to equation 1,10

In A% .
A - 3 (2.7)
2 c. a. \
i 1 1
The a. may be determined experimentally to fit a few standard

1

alloys which are known to be homogeneous and whose composition can
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be independently determined, For a target consisting of n elements
there are n eqﬁations of the form of equation 2.7 but only n-1 unknowns
since the concentrations, PR must sum to unity, Thus, the ai
for one element may be chosen arbitrarily as equal to unity, and all
other a i will then represent what may be called the "'electron
retarding power! relative to an equal mass of this element.

If the scattering of the electrons in the target were negligible,
one might hope that the Cli would be constants depending only on
the elements and not on their concentration or on the physical struc-
ture of the alloy. But we have seen that the scattering is important
and we shall see in the following section that it is not possible to make
exact corrections for absorption and for fluorescence radiation,
Therefore, it is usually necessary to determine the parameters, a .
for a series of alloys and select the average value to use in calculating
the unknown concentrations from the ratios of the x-ray intensities.

If the deviation of the a, from their average values is large,
the a. must be determined over the entire range of composition
and this is equivalent to plotting a calibration curve, However, we
shall see in a later section that it is possible to reduce the spread of
the ai's by compensating for the effective reduction in bombard-
ing intensity from back-scattering of electrons out of the target (see
P. 81 ). In any case, the treatment of data by means of these paraﬁeters
has two advantages over the use of calibration curves: (1) in the case
of a target containing n constituents an n-dimensional calibration curve

is reduced to the value of n-1 parameters a and (2) these parameters
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kare virtually independent of the geometry of the instrument, whereas
a conventional calibration curve based on the uncorrected x-ray inten-
sities is not,.

In the case of an alloy containing only two elements we may let

a
a=—A » and this gives
B

In . acu
I(A) ac, + (l-c

y (2.8)
A
We see that for g equal to unity (retardation of electrons in both
elements) this reduces to equation 1.7, When the appropriate value

of @ Thas been determined, the concentration can be determined
from the ratio of the intensities corrected for self-absorption,
fluorescence excitation, background, etc, If kA is the ratio of intensity
from the sample to the intensity from the target of pure A after these
corrections have been made, we obtain from equation 2.8 the concen-~

tration of A in a binary alloy

kA
CAz(l-a)kA—l-a (2.9)

If we let Cp= % and kA =y in this formula, the locus of points

satisfying the resulting equation f (x,y) =0, is a rectangular
hyperbola with center at x = T _1a s ¥V = T:%_ . The

transverse axis of this hyperbola lies along the line y = -x 4 1 and is

equal to 2\/1—_@‘ . We will therefore refer to equation 2.7
(l1-a)

and equation 2.9 as the hyperbolic approxirhation.
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Castaing (15) has shown that the application of equation 2.9 is
capable of about the same order of accuracy as is present in the

determination of the x-ray intensities,

C. Corrections for Accurate Quantitative Analysis and
Limitations on the Accuracy of the Method

It is convenient to regard the corrections which must be made
to the observed x-ray intensities in accurate quantitative analysis as
consisting of two distinct types: (1) corrections for errors which exist
intrinsically in the method of analysis and which result in a deviation
from the hyperbolic approximation given by equation 2,7, and
(2) corrections for errors which are instrumental in nature, Those
corrections which belong to the first group are necessary in order to
minimize the need for comparisons to reference alloys of known com-
position, while those corrections which belong to the second group can
be reduced to some extent by improvement of the instrumentation,
The division into these two groups is not a sharp one due to the fact
that some of the intrinsic corrections are susceptible to improve-
ment by instrumental techniques, and some corrections which we
arbitrarily classify in the second group actually exist in ansr physically
realizable form of the method. We will consider that the first group
consists of corrections for (1) self-absorption of the emerging x-rays,
(2) fluorescence radiation excited by the absorption of primary radia-
tion in the target, and (3) the background of continuous radiation., The

second group will contain all other corrections necessary, such as
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corrections for change of the measured intensity due to surface
contamination,‘ dead time of the detector, and unavoidable current

drifts in the electron probe,

1. Intrinsic Corrections

a, Self-absorption of the x-rays

In the deri»vations leading to equation 2.7 we neglected the fact
that the x-rays suffer absorption as a result of being produced at some
depth below the surface of the specimen. If the x-ray absorption
coefficients of the elements present in the target are different, it is
necessary to correct for absorption before applying equation 2.7.
Fortunately, these corrections are not large because in general the
retardation of electrons in matter is such as to limit their depths of
penetration to layers so shallow that the emergent x-rays are only
slightly absorbed,

There are two methods by which one can arrive at a correction
for the self-absorption, The first method makes use of the distribution
of excitation, ¢(pz) , which may be known by the method of tracers,
Let us assume for the moment that the sample has its surface normal
to the electron beam, If the fegion of interest in the sample has an-
average mass absorption coefficient for the x-ray line being measured
of p/p , the intensity observed at an angle 6 with respect to

the surface is

0 o)

I' = I, f d(pz) exp (% pz cosec §) d(pz) (3.1)
0
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where Io and qﬁ(pz) are as defined in the preceding section, On the

other hand, if there were no absorption, the intensity would be

(e 8)
I=1 f é(pz) d(pz) (3.2)
0

Combining equations 3.1 and 3.2 we obtain the desired correction

F(0)

I=1' F(u/p cosec §)

(3.3)

where I is the true intensity, It is the observed intensity and F(X)
is the Laplace transform of ¢(pz)

(9.0]

F(X) = j; ¢(u) exp (-Xu) du (3. 4)

with X = p/p cosec § . Castaing and Descamps (18) give correc-
tion curves log10 f(X) = log10 F(X)/F(0) for targets of atomic number
13, 29, and 79, and interpolation may be used for intermediate values.
These curves are reproduced in fig, 2.

The second method for obtaining the correction for self-absorption
involves a direct determination of the function F(X) by measuring the
intensity from a pure element in the microprobe as the angle of
observation is varied, The observed intensity, I' , is plotted as a
function of p/p cosec 8 and extrapolated to p./p cosec 6 =0 to
obtain I. A plot of I*(X)/I where X = p/p cosec 8 is the desired

correction curve. Such a correction curve, plotted by using an arbitrary
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element as a target, can be generalized so as to be useful for various
targets provided it covers a sufficient range in the variable X,

This can be done by the use of the weighting factors, a. s
defined by equation 2,7, In equations 3.1 and 3.2 one takes in the
argument of ¢ the effective density of the alloy,

P - ‘12 3P4 (3.5)
where m, is the mass/cm3 of the element i in the region analyzed,

and the summation is extended over all elements present in this

region. Similarly, the linear x-ray absorption coefficient of the alloy

is
= [
Malloy = z mi(_p-)i
(3.6)
where (p/p)i is the mass absorption coefficient of the

element i, One then obtains

(6 o]
[ 43amy Sagm o
0

I=T

0
f;) $(> @, m.)exp(- > mi(%)iz cosec §) Q. a,m, dz

(3.7)
which, on change of variable, becomes
[ F(0) _
Zmi(?)-).1 cosecf
F (3.8)

Zmi ai
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Thus, in order to use a single curve as a universal absorption curve,

one must take for p/p the quantity

_ 2 slele)y (3.9)
Y . a |

since m, = cC.p .
i i

L
P

The absorption correction based on a universal absorption curve
requires a knowledge of the coefficients a. . If these quantities
are not known (by a prior analysis of an alloy of known composition
for which absorption correction may be neglected), one can use a
method of successive approximations to avoid solving a large number
of simultaneous equations., As a first approximation one assumes that
the Cli are all unity. A first approximation to the <, is obtained
from equation 2,7 using the uncorrected x-ray intensities., These
values are then used in the formula for the self-absorption correction
to obtain the first approximation to the corrected intensities. The
corrected intensities may then be used in equation 2,7 with the prelimi-
nary values of the ¢, to obtain a second approximation to the a, .
One can then find the second approximation to the corrected intensities
and use this to obtain a second approximation to the c. etc. Castaing
(15) has proposed a similar iteration wherein the absorption correction

is performed on both I, and I(A) in the same formula, but this introduces

A
unnecessary complication for understanding the method of the correction.

One cannot be assured that the method of successive approximations

is convergent if the elements are widely separated in atomic number
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where the a i might deviate considerably from unity, In this case,
it is advisable to use independent measurements for determining the

a, if the "universal" correction curve is being used for the
self-absorption correction,

It should be remarked that the experimental arrangement may re-
quire some modifications in the correction formulae for self-absorption,
The electron beam, for example, may make an angle with the surface
of the specimen, or the emitted x-rays which are accepted by the
spectrometer may have varying emergence angles with different
spectrometer settings, This latter factor is not mentioned by Castaing
in his thesis or in his paper with Descamps on the determination of the
excitation function because it has negligible effect for all cases dis-
cussed. In general, because of the effect of geometry on the self-
absorption correction curves, it is hazardous to use correction curves
obtained with one instrument to correct data taken on another instrument
unless all of the geometrical factors of both instruments are known.*

Liet us consider the case where the electron beam is not perpen-
dicular to the surface of the target and where the crystal of the
spectrometer is not fixed in space but moves on the arc of a circle.
Such an arrangement is illustrated in fig, 3. The angle between the

axis of the electron beam and the normal to the surface of the target

* Although Castaing states that the curves of fig, 2 were determined
with the electron beam normal to the surface, they were actually
measured in his original instrument (26) in which 1 = 109, 92 = 16°
(see fig. 3).
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is 91 . Only one other angle need be specified, the angle of
emergence of the x-rays from the surface of the specimen, However,
since the crystal of the spectrometer ordinarily moves in a plane, it
is more convenient to specify the angle, 92 , between this plane

and the surface of the target, and the angle, g » between the path

3
of the x-rays accepted by the crystal and the plane of the angle 91 .

Thus, in any given instrument, 6 and 92 will be fixed by the design

1
of the instrument, and 93 will vary with the position of the crystal
as it moves about the focal circle of the spectrometer,
This choice of coordinates has a number of advantages. If we

imagine 93 to be zero for the moment, it is easily seen from
fig., 3a that we preserve the definition of ¢(pz) if the coordinate z
is measured along the axis of the beam and that the self-absorption
path for the x-rays is then (z cos 91 /sin 92 ). The effect of a non-
zero value of 93 will be to multiply this path by 1/cos 93 s a value
which is easily calculable for each position of the spectrometer from
the Bragg angle. Now, it is convenient for reasons of design and
construction to have 91 = 92 » and therefore, for this case, we
can generalize equations 3.3 and 3. 8 by replacing cosec 8 by cot 8

(8 = 91 = 92 ) and multiplying by 1/cos 93 . Thus, although
the absorption path is different for each setting of the spectrometer,

the generality of the absorption correction curves is not affected

provided one properly takes account of this additional factor in computing X.
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b. Fluorescence excitation

We have seen that the intensity of a characteristic x-ray line
is proportional to the concentration chiefly because the behavior of
matter with respect to the exciting agent (electrons) is almost inde-
pendent of the chemical constitution of the matter. However, this
is clearly not the case for the secondary radiation which results from
the absorption of the primary radiation. This secondary radiation
can be excited either by the portion of the bremstrahlung from )\q
to )\o where )\q is the wavelength of the g absorption edge and )\o
is the short wave length limit, or it can be excited by those emission
lines from elements present in the target whose wavelengths fall in
this range. The corrections for fluorescence radiation excited by
the bremstrahlung and that excited by the characteristic lines will
be discussed separately after a few remarks on the factors which
limit their exact calculation and consequently limit the accuracy of
the analysis,

The determination of the intensity due to fluorescence radiation
will require a comparison of x-ray intensities at different wave lengths
since the exciting radiation is necessarily of higher energy than the
fluorescent radiation. We have seen that such a comparison is limited
in accuracy regardless of whether it is done experimentally or
theoretically.

The determination of the fluorescent intensities will also invelve
a knowledge of the percentage of the atoms excited in their ¢ shells

which return to their ground state each second by the emission of a
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q photon, This quantity, the fluorescence yield, is less than unity
because of the Auger effect and is not involved in the determination of
the intensity of the primary radiation because of the proportionality

of emission and concentration, In many cases, it is desirable to use
the L lines in the analysis and this constitutes a limitation in calculat-
ing the fluorescence radiation involving L excitation,for the fluorescence
vields may not be known. It is, however, possible to obtain values

of the fluorescence yield in some cases of interest by taking the
difference of measured and expected values of intensity from a
fluorescence excited element in an alloy of known concentration,

Finally, it is important to realize that the fluorescence radiation
may be produced in a different region of the sample than the region
which is subject to electronic excitation because of the greater trans-
parency of matter for x-rays than for electrons. Thus, in the study
of precipitates or inclusions which are of the order of the dimensions
of the electron focal spot, the composition of the matrix or of nearby
precipitates (some of which may be below the surface) will affect the
accuracy of determining the composition,

We will turn now to the evaluation of the fluorescence intensity
due to excitation by the continuous radiation., Analytical methods of
evaluating this contribution cannot give a useful general expression,
because the exciting radiation has an intensity which depends strongly
on composition and is not isotropic, having a maximum at right angles
to the electron beam., Moreover, the absorption of both the primary
continuous radiation and the emerging secondary radiation are functions

of composition and energy.
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However, it is possible to obtain approximate values for the
amount of fluoreécence radiation which results from absorption of
the continuous radiation by a method which was used by Castaing and
Descamps (18). This method is very simple in principle and is
analogous to the method first used by Stoddard (27) , except for the
fact that Castaing and Descamps used the technique of vacuum
evaporation, The alloy of interest (which may be a pure metal) is
coated by vacuum evaporation with a thin layer of an element whose
characteristic lines do not excite the fluoreécence line in the alloy.
The thickness of this layer is chosen so that all of the electrons of
the incident beam are stopped in it, and, consequently, the primary
characteristic radiation from the alloy is suppressed. The observed
intensity of a characteristic line from the alloy is related to fluorescence
which has been excited by the continuum, Three corrections are
necessary to compensate for the slight difference in experimental
conditions from those existing when the uncoated sample is under the
probe: (1) correction for the absorption of the secondary radiation
from the alloy in passing through the overlying layer, (2) correction
of the resulting intensity by the ratio of the mean atomic number of the
alloy to the atomic number of the superficial layer to make up for a
slightly different energy of the exciting continuum, and (3) correction
for the amount of secondary radiation which would have originated&in a
layer of the sample equivalent to the applied layer (this correction is

difficult to make, but is small and can be neglected or crudely estimated),
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It should be remarked at this point that the technique of evapo-
rating a thiﬁ layer of metal on the surface of the sample can have other
uses beyond an evaluation of the part of the fluorescence radiation
which is due to the continuum. A thin conducting film which is partially
transparent to the electron beam can reduce excessive temperature
and charging effects in specimens which are not good electrical or
thermal condﬁctors. By metalizing with layers of 300 to 400 X
thickness, Philibert and Crussard were able to study insulators in
an electron probe microanalyzer (28).

While the fluorescence intensity due to excitation by the con-
tinuous radiation is small and of about the same order of magnitude
for elements which are not widely separated in atomic number, this
is not the case for the fluorescence radiation which is excited by the
characteristic lines, The contribution of this fluorescence radiation
to the total intensity can be an appreciable fraction of the primary line
intensity if one element selectively absorbs line radiation emitted by
another element present in the target. This effect is most serious
for small concentrations of the fluorescer where the primary intensity
is weak and the radiation giving rise to fluorescence is strong. For
example, Castaing (15) found that for an iron-chromium alloy contain-
ing 49.5% chromium the fluorescence intensity of the chromium K @ 1
line was about 6.5% of the primary intensity while for an alloy con-
taining 10.77% chromium, the fluorescence intensity was 24% of the
primary intensity. In this case, there is selective absorption of the

K a doublet of iron in the chromium.
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It is always possible to analyze at least one constituent of the
target (that wifh the highest atomic number) without correction for the
fluorescence excited by the line spectra since the exciting line radiation
must always have a shorter wavelength than the fluorescence radiation,
However, it is usually desirable to be able to determine the concentra-
tion of all elements present and within the range of the spectrometer
so that a check is afforded by summing the concentrations, In cases
where the study of one constituent is inaccessible to the spectrometer
one would like to be able to estimate its concentration by the method
of differences, Therefore, it is important to be able to correct for the
fluorescence excited by the characteristic radiation,

While it is not possible to make this calculation exact, approxima-
tions can be derived which are sufficiently accurate for most purposes.
Three approximations will be discussed. The first approximation will
be very crude in that it will neglect the effect of a finite depth of
penetration of the electrons into the target, serving chiefly to illustrate
the physical features of the calculation. The second approximation will
be identical with the approximation developed by Castaing in his thesis,
except for an allowance which will be made for a change in the angle of
incidence of the electron probe on the surface of the target. The third
approximation, developed by the writer, will make use of the excitation
distribution functions as determined by Castaing and Descamps.

Let us assume that the sample contains elements Zl’ ZZ’ I/

J

and let Z_ be that element which has an emission line of frequency vy

f

which is fluorescence excited by the emission lines Vi s Yy s e Wy
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In the derivations to follow, we shall use the following additional

notations:

Ii(Zj)
o

Ii (Zj)
If( Zf)

v (Zg)

wq( ZJ)

) (Zf)

Intensity of the primary radiation of frequency v,
emitted by the element ZJ

Intensity of the primary line radiation which
would be emitted by a thin target,

Intensity of the fluorescence line radiation of
frequency Ve emitted by the element Zf .

Frequency of the line in the series of fluorescence
lines which corresponds to the same type of
transition as the exciting line of frequency v, .
Fluorescence yield of the element Z. when

excited in its q shell, J

Fluorescence yield of the element Zf when
excited in its q shell,

Mass of the element Z, per cubic centimeter present
under the electron pro'be,

Ratio of the coefficients of absorption of element Z
- : . . f
on either side of its q absorption edge.

Atomic mass of element Zj .

Mass absorption coefficient of element Z. for
radiation of frequency v, . J
Linear absorption coefficient of the alloy for radia-
tion of frequency v, .

Linear absorption coefficient of the alloy for radia-

tion of frequency Ve o e

This notation is slightly more cumbersome than the use of double

subscripts, but it has the advantage that the meaning of a symbol is

easier to remember if one recalls that the subscript f refers to the

fluorescence line, the subscript i to the emission lines, and the sub-

script j, the element in the alloy.
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Let us first assume that the primary x-rays are all produced
at the surface of the sample, neglecting the effect of a finite depth of
penetration of the bombarding electrons. We will assume further for
the purpose of the calculation that all the primary radiation originates
at a single point on the surface which is at the center of the electron
focal spot. Referring to fig. 4, let £ be the depth in the target
measured along a perpendicular to the surface intersecting the center
of the electron foéal spot. The total primary intensity which exists

at the origin of the ¢ axis and is capable of exciting fluorescence

is then
4T '

z O Ii(Zj) (4.1)

ig
where the summation is extended over all frequencies vi(Zj) which
results in fluorescence excitation of Zf. The intensity received by a
volume element bounded by cones of revolution about the § axis of
half angle £ and f +dp and the planes at depth § and

£ + d is therefore

dIf = IZJ %_Ii(Zj) sin B exp { - EfTB Ti) dg dp (4.2)

where the factor of 1/2 comes from the fact that we are concerned only
with the cones lying below the surface of the sample and where the
linear absorption coefficient of the alloy for radiation of frequency v,

is

w{Z.)
T. = Z mJ 1p.J (4.3)
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. The atoms of element Z:f which are contained in this volume element

absorb an intensity

Mi(%)

f p.
dl!' = t z %sin p exp (- 3 T.)1.(Z.) d€ dp (4.4)
cos P ij cos P o

The fraction of this absorbed intensity which is utilized to produce
q ionization is given by the ratio (rf - 1)/rf where T is the ratio of
the coefficient of absorption of element Zf on either side of its q

absorption edge., Therefore, the number of 9 ionizations which is

produced per second in the volume is

1 1 Te-l b (Z) £
dn = _2.% T mg—— tan Bexp (- 5 7)1;(2;)dEAR (4.5)

Now, the number of photons emitted by these excited atoms
per second is given by the product of the above number of ionizations

per second and the fluorescence yield, wq(Zf) which is defined as follows:

Wq(Zf) = Z: ni/nq (4.6)

- where N;05, 0eesen, 18 the number of Q295 e0eeeq; photons emitted
per second and n_ is the total number of atoms excited in their g
shells each second,

Not all the photons emitted by the atoms excited in their q shells,

however, are detected but only those belonging to the line whose
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frequency is Ve . Therefore we must include another factor

which is the ratio of the number of photons /second of frequency 2 to

the total number of photons/second which result from the g ionization,

that is

1.(Z;)
x(Z) = ff ! (4.7)
ve(Ze) % 1.(Z) /v,

Finally, we must include a factor hvf to convert from the number of
photons emitted per second to the intensity in the fluorescence line.
The product of this factor and equations 4,5, 4.6, and 4.7 give the

intensity in the fluorescence line from the volume element df§ d§,

and this is

1 velZ) ks (Zg) €t
-+ t - —_——

dIf_ = > . xf(Zf)wq(Zf) Vi(zj) m, ) tan B exp( o3 ﬁ) Ii(Zj)d’é dp
(4.8)

which we will write
dI—ZA tan § exp ( Ti)I(Z) (4.9)

£ & P -5 B! tilY .
where
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The radiation from this volume element will be absorbed on emerg-
ing from the sample. Consequently, the intensity observed at an angle

of emergence of 8 from the target will be

I = 123 A.ij(Zf)Ii(Zj)f(j‘tan B exp (- Ci:ip- sgir-ffe )dp dE (4. 11)
0%

where Tf is the linear absorption coefficient of the fluorescence

line in the alloy which is given by

pe(Z.)
Tf = ZJ: 1rnJ Pf J (4. 12)

Evaluation of the integral in equation 4,11 can be performed directly,

integrating first over £ and then over f , giving the result

_ 1 Inll+ul
) Aij(z'f)li(zj)Fi_ —u

ij

(4.13)

where
T

u= sin{
i

This expression gives the fluorescence intensity in terms of the
primary intensity of the exciting characteristic lines, It is necessary
either (1) to relate this theoretically to the intensity of the primary
radiation in the fluorescence line, or (2) to compare experimentally
the intensities of the different x-ray lines, corresponding to the wave-
lengths of the exciting lines and the fluorescence line., More will be
said of this after the derivation of two more accurate approximations
for Ifl .

While it would be expected from the greater transparency of

matter for x-rays than for electrons that the approximation of equation 4,13
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would be sufficiently accurate, it is impossible to be sure that this
is the case without examining solutions of the problem which take
into account the finite depth of penetration of the electrons in the target,
We shall see that the more accurate correction formulae involve the
ratio of the certain coefficients which express the reduction in
intensity with depth in the target of the two exciting agents, namely,
the electrons and the primary x-radiation., This is to be expected
from the fact that the fluorescence radiation comes mostly from the
deeper layers in the alloy only if the penetration of the x-rays is much
greater than the penetration of the electrons,

We will consider the case where the electron beam is incident
on the target at an angle with respect to its surface, since this is
almost always the case in instruments which have been devised.
Furthermore, we will assume that the angle of emergence of the x-rays
is equal to the angle which the axis of the electron beam makes with
the normal to the surface of the specimen, since this is true for the
instrument which the author has constructed and which will be de-
scribed in chapter III. The geometry of this correction is illustrated in
fige 5. In order to make use of the function ¢(pz) as defined in the
preceding section, the coordinate z is measured along the extended
axis of the electron beam. We will assume that all the primary radiation
produced by the electrons in a layer of thickness (dz cos § ) and at a
depth (z cos § ) originates at a point on the z axis and that it subse-
quently produces fluorescence radiation from a volume element lying

between planes which are parallel to the surface of the
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target at a depth (z cos O + £ )and(zcos 8 + £ + dE ). We
will further restrict the volume element under consideration by
bounding it with two cones of half angle p and f + df whose
common axis of revolution is the £ axis,

The fluorescence intensity observed from this volume element

will be

nf  tlacos +£)

cos B sin § pzdEdf  (4.14)

dIf'- ZA (Z )I (Z. )tanﬁd(pz)exp[
ij

where ¢(pz) is defined in section B of this chapter, On separating the
integration into two parts corresponding to positive and negative values

of £ the total intensity would be

I=i

cos f3 sin §

2
Z A(Z)I2 (2, ){ f B(pz)tan ¢ exp[ T Tyl oo ﬁ+g)]d§dp’zdf3

M2 oo _-zcosl

-'rf f fﬁl‘(Pz) tan P exp [_ Zoisz 5 - Tf(;ilosgﬁir g)]dgdpzdﬁ} (4.15)
qf: 0=z=0 g: 0

Let us call the value of the above integrals A and B, respectively,

For A, integrating first over £ and then over B we would have
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T .
> QO

_ tan B sz cos 9
A —_/; ; ~ dp _/; #(pz) exp (- = dpz

(4,16)

. T
n (1+%9) foo T2 cos@
e é(pz) exp (- —_— )dPZ
0

1
Ti Tf sin 9

T, sin

The integral over z is proportional to the intensity which would be
observed if the alloy's linear absorption coefficient for the Vi(zj)
radiation were 'l'f and hence, it can be deduced from the absorp-

tion curve, The value of the integral over z is

fo'o) LE
d =T i d = .
o (pz)exp(-T,z cot §) dpz 0 =) F(0)

The integral B, on integrating over § , is

T

2 @ os 8
B = d(pz) tan B T= cos
A o ['GXP"—“C—OS—B—)

i
cos B sing

T .z cos 6
sin

+ exp ( - ) ] dpz dp (4.18)
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Now, only layers relatively deep in the alloy will make a large

contribution to this integral, so the approximation which Castaing

has used is to replace the function d(pz) by exp (-0pz) where

p is the density of the alloy and O is a coefficient in the neighbor-

hood of the mass absorption coefficient according to Lienard (29).

However, since the Lenard law is not strictly correct because of

back-scattering, the actual value which Castaing uses for the constant
0 is determined from the asymptotic behavior of the absorption

curves (l/o is the slope of F(0)/F(X) as X approaches 0).

With this substitution, the integral B becomes

z % |
= tan B
B_D/; ,/; 7] 7 { exp[(n op - Ty cotB)z]
cos P sin
T.cos @
- exp [ ( - Oop - L ) 4 ]}dpz dﬁ (4.19)
cos

The integration over z can now be performed and the result is

m
2
- 1 P sin B
B=f — ) dp (4.19a)
T. . . op cos P
O 1 (O-P"l chote) (1|?;m
. Now, since
p I (2;) ® .
= I. (z.) exp [— (ocp + chot 6) z] dpz
(op + rfcote) o )
Tf
F( 5 cot§)
= I.Y(z.)

L ()]
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-we have
A
I LiY(z3) 2 sin B
5 T f pcos Py P
Ti 1 (z.) (1 gp )
1Y 0 T, cos
op
In |l + |
1 L'z:) T; cos B

= 7= o j = (4.20)

-Substituting the values of the integrals A and B as given by equations
4,16 and 4,20, we obtain the total fluorescence intensity due to

excitation by the characteristic lines

F( E-E"scote)

In(l+u) 1n(1+V)]. (4. 21)

1
I = % AL 2) —Fr— [ w v

where
T
= sifn g ; V=T o;:%s
7 i ¢°% 6

‘This will be referred to as Castaing's approximation, since it is similar
to that developed in his thesis for the case of an electron beam incident
normally on the surface of the target. The derivation given here
includes the effect of varying the angle of incidence of the electron beam,
It is difficult to visualize the accuracy of Castaing's approximation
considering the shape of the experimentally determined curves for ¢(pz)

(see fig. 1, p. 23). Replacing d(pz) by exp (- gpz) where ¢ is
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determined by the slope of the tangent to the absorption curve at its
origin is equivalent to replacing log d(pz) by a straight line passing
through the point pz =0, log ¢(pz) = 1. Reference to the experi-
mentally determined curves show that there are in fact two errors:
(1) the distribution of primary exciting radiation as a function of
is incorrect, and (2) the total amount of primary exciting radiation
is too low., The secoﬁd error is partially corrected after integration
over z by putting back the true intensity determined from the absorp-
tion curves in place of the rational terms involving o . It is clear,
however, that the maximum which occurs in the curve ¢(pz) will in
general make the integral B in the above derivation of more importance.
We will now attempt to make a m.ore accurate approximation to
integral B, We have seen in section B that it is very difficult to deduce
the curves ¢(pz) theoretically, and for the purpose of this correction
it will be sufficient to use the experimental curves as determined by
Castaing and Descamps, In addition to a reasonable fit to the experi-
mental curves, we require only that their mathematical representation
be in such a form that the integral B can be calculated. These require-
ments are satisfied if the function ¢(pz) is expanded in a series of

the form

00

2
d(pz) = Z a {exp [-b(pz - pzo)] - 1} - (4.22)
0

n=

where PZ is the value of pz at which the maximum in ¢ occurs,

The series is rapidly convergent to ¢(pz) for the proper choice of the



55

constant b, and we can therefore neglect all terms except the first
two. The requirement that ¢(oo)= 0 further simplifies equation 4, 22

to an equation of the following form:

d(pz) = C{ - [exp (-b(pz - Pz ) - 1]. 2} (4. 23)

It is now a simple matter to evaluate the constants C and b to fit the
experimental curves at two arbitrary points., Taking these points to
be the maximum point and the point at which ¢(pz) = 1, we obtain
the following values of the constants Pz C, and b for aluminum,

copper, and gold from Castaing's curves:

Aluminum Copper Gold
pz .31x 107> .20x 1073 L16 %1070
b 2.27x 10° 2.48 x 10° 2.73 % 10°
c 1.91 2.01 2.28
TABLE 1

The fit is very good except for aluminum where equation 4, 23
predicts a negative value of ¢(pz) for pz = 0, which is physically
impossible,* The error even in this extreme case should be less
than that involved in Castaing's approximation, however. Substituting
from equation 4, 23 in equation 4,19 we obtain for B the following

equation:

1

* The fit for aluminum would undoubtedly be better if it were possible
to determine @(pz) using a more favorable tracer than copper.
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27[ Ctan { 2 exp [—b(pz-pzo)] - exp [-Zb(pz-pzo)]}

”(M o)

T.Z COS 9 sz COSQ
g{-exp [— —1—————-] + exp [-— ——— ]dpz dﬁ} (4,24)

cos P sin g

. On integration over z , this becomes

m

7 .
B =f C sin [5{ p2 exp (bpzo)

0 (bp + Tt cosf | 4 bp cos B

sin @ Ti cos y
) p exp (2bpz ) } ap (4.25)
<2bp+1‘icose>(l+ 2bp cos P )
coSs ﬁ cOs 6

_ The integration over § can then be performed

: b
g = C [ p2exp (bpzy) 1+ w559
' T3 Ty cOS 6 > bp

op + sin § T; cos 6
2bp
__pexp (2bpz,) a1 T ¥ cos g) } (4.26)
T ¢ COS
<2bp + —i-——-e) 2bp
sin T, cos 8

Now, it is desirable to eliminate the term Ig (Zj) which appears
in equation 4.15 as a factor multiplying B, To do this, we note that
the second term in equation 4,26 is in general less than the first term.

We can express the second term in terms of the first and also make use of
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the relation (4.17) which was used to eliminate the I? (Zj) multiplying
the integral A, Equation 4,17, on substituting for ¢(pz) and integrating

over =z from 4.23 is

Tf
LIZ)F(5=c0t8) 13 exp (bpz,)  exp (2bpz)
= ° . °lc (4.27)
1;’ (z) F(O) | (b+X) (2b + X)

where

T
sz—f—cote

Solving equation 4,27 for C and substituting the result into 4.26 we

would have

bp
In (1 + )
5ol L(Z) x) T; cos b 1
T, <0 bp b+ X)
Ti I (Z,) F(0) T cos 8 [‘ - 226 7 X) &*P (bpzo)]
n (1+ —28f
1 Ti CcOs
+ Bp , } (4.28)
2 [l - E(TZ%)_-:—_)}(_(% exp (-bpz )] T.cosl
O 1

It is usually the case that X may be neglected compared to b and let us

assume that this is the case,



58

Finally, substituting this value of B and the value of A which we had

from 4.16 and 4.17, we would héve for the fluorescence correction

L'= Z A, (z,)1.(z,) E&X) {1n(1 tu) n(l+y)
f ) R b [1 - %exp (bonﬂy
. In(+2y) } . 29)

2 [1 -4 exp(—bpzo)] v

where Aij(zf) is given by equation 4,10,
T
X = L coth
P
Tf

v = TiSHl 9

bp

y= T.cos §

and the values of b and pz are determined from Table 1, with interpo-
lation if necessary,

We have expressed the fluorescence correction in terms of the
intensity of the exciting radiation and, therefore, to correct the inten-
sity of radiation which has the wavelength of the fluorescence line we
must have some method of comparing the intensities of the two different
lines. One possibility of doing this might exist in making use of known

intengity ratios of different lines from the same series to calibrate the
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s>pectrometer sensitivity as a function of wavelength., For example, one
might use the - Ka1 and K[31 lines for a number of elements,
Each element would provide a value for the relative sensitivity of the
spectrometer at two different wavelengths, Under the restriction

that the sensitivity of the spectrometer is a continuous function of
wavelength, it would be then possible to deduce this function, This
process, however, in addition to restricting the choice of the detector
and crystal to exclude elements which have selective absorption for
wavelengths lying within the spectrometer range is also subject to

large cumulative errors,

In general, when the correction for flucrescence radiation excited
by the line spectra is important, that is, when there is strong selective
absorption by one element of the target for the radiation emitted by
another element in the target, the fluorescence line of the absorbing
element is not widely different in wavelength from the exciting line,
Therefore, following Castaing (15) we may assume that the relative
excitation of these lines can be obtained from the classical ionization
function, for example, Rossland's ionization function (30),

The ratio of the number of ¢ and q; ionizations created per second

by the electron beam in the same path length is then

E-E
9f
4 E°E
n (E,E_,N ) N q
9 9 9 df £ (4.30)
n_ - §EE ,N ) - N E-E i
E°E
q

where EC] and Eq are the energies necessary for the EP and q;
f i
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ionizations, E is the energy of the electrons, and Nq and Nq are the
o f i
number of a5 and d electrons per unit volume of the alloy, Neglecting

E and E compared to E, we have
9 9

N
qf C_lf Vi(Zj)

n Nqi vf(Zf)

(4. 31)

Gonsequently, the ratios of the intensity of the emission line Ii(zj)

which causes the excitation and the intensity Ii(zf) of the corresponding

line of Zf has the following value for each layer of the target:

a(z)  Ca; B e w2 vz

dL(Z,) = wqf(Zp an % (Z;) V(Z)

(4.32)

But we desire a relationship to the intensity of frequency vf(Zf)
and this can be obtained from equation 4.7 and the analogous equation

for Xi(zj)

L,(2;) 1

(4.33)
vi{25) % 1Z,) /v,

Xi(Zj) =

which gives

a1 (z,) v.(Z,) x. (Z.)
dL(Z,) = LA G S S T (4.34)
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Substituting equation 4.3 into 4.32 we would have

dI.(Z, Z.) n Az, v.(Z,
1( J) _ wq( J) a; Xl( J) 1( J) (4.35
dIf(fo wq(Zf) an xf(Zf) vf(Zj)
Let this quantity be M, Now
Ii(Zj) T, o - T cotfz
—-‘.E-—‘-(T)-y F(E cot 9 ) = fdli (Zj)e dz
f -Tf cot Gz
— —_ 1
= Mdlf(Zf)e =M If (Zf) (4.36)
where If‘(Zf) is the observed primary intensity of frequency ve -

We can now compute the multiplying factor which appears in all the
correction formulae, Let us call this Bi' Combining equations
4,10, 4,31, 4.35, and 4,36 we would have for Bij

i
{ — cot g8)

RAOE

Bij = Aij(zf) Ii(zj)

N re-1 vi(Zy) hy42¢) Nq'
f

(4.37)

A special case exists when both series of lines belong to the same

excitation level (K or L) and for atomic numbers greater than 10, In

this case
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We may summarize the three approximations as follows:

I, = % Bijlf'(Zf) gg% Tli ln(1u+ ) (4.38a)
I, = %_Bijlfl(zf) Tli [h‘(t* 9 . ln(le“ v) ] (4. 38b)
I, - z Bij(Zf) 1(Z,) ; { 1n(1u+ u) | 11n(1 +y) 6

ij i [1 - z exp(b pzo)] y

* 2 |1 l-n(zll ZXZYz—b pz )]y } (4. 38¢)

Tg

where u = ;
Ti sin 9

Tf

X = cot §

V= GCOS
3 6

bp
Ti cOs 9

«
T

and If'(Zj) is the observed primary intensity of frequency v P
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c. Effect of fluorescence excitation on the accuracy
in the analysis of small precipitates

Because matter is in general more transparent to x-rays than to
electrons, there is the possibility that the fluorescence radiation can
originate from a larger volume of the sample th;n the primary radiation.,
In the absence of fluorescence excitation, the spatial resolution of the
analysis is limited only by the size of the electron probe and by the
diffusion and penetration of electrons in the target. The size of the
volume element which is directly excited by electrons making up the
probe is usually of the order of 10 to 30 cubic microns (see p. 67).
However, if one attempts to determine the mass concentration of an
element in a precipitate which is of this size, an error will result if
the matrix also contains the element, since the volume of the region
which can be fluorescence excited is larger than the region directly
excited, The error due to this fluorescence radiation will depend on
the concentration of the element in question in the matrix and in the
precipitate. (As a result of the comparison of x-ray intensities from a
heterogeneous target with the intensity from a pure element, an error
can occur even if the concentration of the element is 0 in the precipitate.)

As a first approximation, if the precipitates or inclusions are at
the limit of the spatial resolution of the analysis, we may assume that
the primary radiation originates only in the precipitate, while the
fluorescence radiation origin ates mainly in the matrix in which the
precipitate is imbedded. In this situation, if estimates can be obtained
on the composition of the matrix and precipitate, it is still possible to

correct for the relatively large fluorescence excitation which may result



64

from the selective absorption of the characteristic radiation produced
in the target. i—IoWever, the fluorescence radiation excited by the
continuum, although smaller in magnitude, can also result in an error
in the determination of the composition of the precipitate; and it is
this error which we would like to estimate,

Castaing and Descamps (18) have investigated the magnitude of
the fluorescence radiation which is excited in a pure zinc target by the
continuum and have considered its effect on the determination of the
composition of precipitates in two extreme cases:

(1) The matrix contains none of the element, A, whose concentra-
tion is being determined in the precipitate. In this case, the fluorescence
radiation present when pure A is being analyzed would be added to the
primary radiation, Thus, the apparent concentration sz of A in the
precipitate which would result from using approximation 2.7 would be

given by

A

c! = (5.1)
A qa) + I(A)

where If(A) denotes the fluorescence radiation of the K _ (A} line

CII(
due to excitation by the continuum when a target of pure A is under the

probe, The true concentration, Cp s would be related to the apparent

concentration as follows:

1(a)
CA= CA(].“}’ m) (5.2)
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{2) The matrix consists entirely of the element whose concen-

tration is being determined in the precipitate., In this case, the use of

‘ .
approximation 2.7 would give an apparent concentration €A which is

o c, I(A) + k L(a) 5.3)
A a) + I(A)

where k is the ratio of the mean atomic number of the precipitate and
the mean atomic number of the element A. We would then have the

following relation between the apparent concentration and the true

concentration:
cA kIf(A)
e, = (- ) —————
AT %A S IA) + I (a)
c! k I.(A)
=l - ﬁ ) — (5.4)
I(A)

This result differs from that obtained by Castaing and Descamps, and
we may attribute the discrepancy to the fact that they have incorrectly
taken the denominator of equation 5.3 to be I{A) + k If(A).

The measured concentration is thus too low in case (1) where
the matrix is free of the element being analyzed, and may be either too
high or too low for case (2) where the matrix consists entirely of the
element being analyzed, In this latter case, the error is an absolute
error rather than a relative error and is small only if cA/k is not too
small, If cA/k is small compared to unity, we have the possibility of

the correction factor exceeding CA and therefore a large uncertainty.
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As an example of the magnitude of the fluorescence radiation
due to the continuum, we may cite the results obtained by Castaing and
Descamps (18) for a pure zinc target, This is important for estimating
the correction in the above formulae and for obtaining limits on cA/k
in the second case, below which it is impossible to make an accurate
analysis, The ratio of the intensity of the fluorescence radiation
produced to the primary intensity of the Zn Ka1 line was found to
be approximately 0,068, while the ratio of these intensities actually
observed on emerging from the target at an angle of 16 degrees was

about 0, 036.

d. Limitations imposed by continuous background

The presence of the continuous background of x-radiation imposes
a limit on the concentration which can be measured with accuracy and
on the concentration which is barely detectable., The x-ray continuum,
of course, is not isotropic as is the line radiation emitted by the excited
atoms of the target, but is a maximum at right angles to the electron
beam (non-relativistic electrons), Unfortunately, because of the
physical size of the electron lenses used to form the electron probe,
it is necessary to observe the x-rays in a direction close to the direc-
tion of maximum intensity of the continuum. In a typical case, with
the instrument which is described in chapter III the background is ébout
1% of the line intensity (unresolved Fe Ky doublet from a pure iron

target).
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A concentration of 1% would therefore give a signal-to-background
ratio of 2, If fhe signal/background ratio falls much below this, the
counting interval to obtain accurate statistics becomes prohibitively
long, so this represents a typical value for the lower limit of concen-
tration of an element which must be present in the volume analyzed
for quantitative ‘analysis.

The limit of detectability may be taken arbitrarily as that con-
centration for which the signal is about 10% above background, Thus,
in general, concentrations of 1 part in 1, 000 are at the limit of
detectability, although in certain favorable cases where the mean
atomic number of the alloy is very low, smaller concentrations could
be detected.

The concentration which can be measured with accuracy and the
concentration which is at the limit of detectability are independent of
the overall concentration if the alloy is not homogeneous. One must
then consider the concentration which is present in the volume which is
analyzed. For an electron probe of infinitely small size this volume
is probably of the order of 10 cubic microns because of the diffusion
of the electrons in the target.* For a probe of about 5 microns in
diameter, this volume element is about 30 cubic microns, Consequently,
an impurity in an alloy could be detected regardless of overall concen-
tration if it occurs in the form of inclusions or precipitates of greater

than 0, 03 cubic microns in volume,

% Although the electron density falls rapidly with distance from the probe,
the size of the volume element at a given distance increases rapidly with
r, and this results in a larger contribution to the intensity from distant
points than would be estimated on the basis of the one-dimensional

diffusion of the electrons.
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2. Instrumental Corrections

a. Contamination deposits formed by impact of the

electron probe on the specimen

Whenever an electron beam impinges on a surface in a dynamic
vacuum system, a layer of contamination is produced as a result of
polymerization of organic materials present in the system (31).
Extensive studiés have been made of these contamination deposits
because their insﬁlating properties result in spurious effects in many
beam devices, causing apertures and surfaces to become charged
and resulting in erratic deflections of the electron beam, or causing
an apparent change in the object being studied,

In the electron probe microanalyzer the chief difficulties which
are encountered as a result of contamination are (a) a change in the
current or size of the probe due to contamination of apertures and
(b) a change in the x-ray intensity due to retardation of the electrons
which must penetrate the contamination deposits progressively built:-up
on the specimen, The formation of contamination deposits on the aper-
tures of the beam system requires them to be changed periodically,
while the contamination of the surface of the specimen can be
simultaneously an advantage and a disadvantage; the brownish deposit
can serve to locate the point of impact of the probe, but the reduction
of the x-ray intensity as a result of such deposits on the specimen's
surface can cause a significant error in the determination of small
concentrations wﬁere the probe remains fixed for longer periods of
time. For example, the intensity of the unresolved Ni K, doublet
from a pure nickel target is decreased by about 8% in 10 minutes of

bombardmert,
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In order to minimize the contamination deposit and to understand
its effect on the analysis it is desirable to review the mechanism of
formation of the deposits and their physical and chemical nature,

The constitution of the contamination layer and its rate of formation
depends on the nature of the surface being bombarded and the beam
current (32), as well as on the nature and quantity of organic vapors
present in the vacuum system from diffusion pump fluids, gasket
materials, greases, and unclean metal surfaces (33). Usually, the
deposit is carbonaceous, light brown to almost black in color, although
it may be partly siliceous if silicone greases or fluids are used in

the system, The carbonaceous deposits are very hard, have an
amorphous structure, and appear in the electron microscope as uniform
films or as "shell-round individual particles' (31). They are extremely
resistant to chemical solvents and are probably initially a hydro-
carbon polymer of the type obtained when a gaseous discharge is

passed through hydrocarbon vapor which then becomes partially or
totally carbonized under further bombardment. Contamination deposits
occur even at very low electron accelerating voltages, because the
energy required for these chemical reactions is very small (31).

The thickness of the contamination layer increases almost
linearly with time, at least for small current densities, and decreases
with increasing temperature of surface bombarded (33)., The rate of
contamination increases linearly with current density at low current
densities but tends to fall off at higher current densities (31), probably

because of a limitation in the supply of organic vapors. In relatively
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large electron beams, such as would be obtained with an electron
gun only, Ennos (31) found that direct condensation of the organic
vapors on the surface bombarded was the dominant mechanism,
while for electron probes of the order of 10 microns diameter and
large current densities (1 - 3 amp/cmz) Castaing and Descamps (32)
found that surface migration of the organic materials to the region
under bombardment was most important, In this latter case, the
thermal conductivity of the target will determine its temperature
and hence, will affect the contamination rate because of the change in
the rate of surface migration with temperature.

It is commonly thought that the organic diffusion pump fluids
are the worst confributor to the organic vapors present in the vacuum
system and that the use of cold traps or mercury vapor pumps will
eliminate the source of contamination., However, the work of Ennos
on the sources of contamination indicates that this is erroneous (33).
The exposure of only a small area of rubber can maintain the vapor
pressure of hydrocarbons from the rubber at a level which is very
close to the saturation vapor pressure and will result in relative con-
tamination of the order of 1/2 that caused by Apiezon B diffusion
pump oil, (Silicone pump oil results in about 1/3 the relative contam-
ination of the organic 0il) Vacuum grease is also an important source
of contamination, resulting, in the case of Apiezon M, in a contamination
rate of the same order as the organic pump oil, Other sources of
contamination are certain plastics and unclean metals (e.g. fingerprints),
and these can result in relative contamination rates of the order of

1/2 that of the pump oil,
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Ennos found that ordinary grease removers, such as ether
or aqueous detergent solutions, were ineffective in eliminating
metals as a source of contamination, and that electrical cleanup by
a discharge at low pressure also failed to remove the source of
contamination on the surface of the metals. Only a chemical cleaning,
such as acid attack of the surface layer, was effective, but even in
this case parts which subsequently heated in the vacuum, such as
parts of the electron gun, could act as a source of contamination
unless the parts were baked out in the vacuum at 150 degrees C for
several hours,

The difficulties in having a dynamic vacuum system which is
free from sources of contamination has led to the development of three
methods of reducing the contamination rate other than eliminating
the sources of contamination. Ennos found that either heating the
bombarded surface to 250 degrees C or surrounding it with a cold
trap effectively reduced the contamination rate (31), Castaing and
Descamps found that it was not only possible to reduce the rate of for-
mation of the deposits but also to remove existing deposits in an
electron probe microanalyzer by directing a jet of low pressure air
on the region while it is under the electron probe (32). The pressure
of the jet is controlled by a manometer so that the gas flow is limited
to 0.025 mg/sec, which enables the pressure in the system to be
maintained sufficiently low for the operation of the electron beam,

These methods of reducing the contamination rate have certain

practical disadvantages. Heating the sample to 250 degrees is
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certainly undesirable in the study of alloys which would undergo
changes at theyse temperatures, On the other hand, the use of a
cold trap is impractical because of space limitations in the target
region due to the necessity of having a means of viewing the surface
of the specimen and of having an unhindered path for the x-rays to
the spectrometer, The third alternative, the use of a blast of air

as suggested by Castaing and Descamps, has two undesirable effects
as a result of operating the beam at higher pressures: (a) the filament
life is reduced, and (b) the contamination rate of other parts of the
beam system is increased due to greater back diffusion of vapors
from the pump,

The simplest solution consists in reducing the sources of
contamination as much as possible and attempting to correct for the
effect of remaining contamination., Fortunately the effect of the
contamination in reducing the intensity of the x-rays is linear for periods
of the order of 10 minutes. The results of an experimental verification
of this obtained by the author are given in fig, 6, In this figure, the
intensity of the unresolved Ka doublet from a target consisting
of pure nickel is plotted as a function of time of bombardment. The
electron probe had a diameter of about 5 microns with a current of
9 x 10-8 amps. One should note that the intensity is plotted on an
expanded scale and that the total reduction in intensity in 1080 seconds
is about 8%. In the measurements on small concentrations where
times of this order may be involved, it is desirable to divide the
counting interval into several parts and average the resulting number

of counts/unit time.
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The effect of the contamination will also lead to a different
value of the x-ray intensities if more than one element is analvzed
at each point depending on the order in which the measurements are
made, However, the linearity of the reduction in intensity as a func-
tion of timme makes it possible to correct for this effect by simply
repeating the set of intensity measurements at each point in the
opposite order and averaging the two values obtained for each element,
This procedure does not increase the time necessary for the
measurements significantly since the statistical error depends only

on the total number of counts recorded,

b, Dead time of the detector
In addition to the corrections which have been discussed, one

must correct for the loss of intensity which will occur at high counting
rates due to the finite resolving time of the detector, This is impor-
tant in the method of analysis because of the comparison which is made
of the intensities from heterogeneous targets to the intensity obtained
with pure metals as targets, On a target consisting of a pure metal
counting rates of the order of 1000 counts/second are attained in the
microanalyéer if a detector of high efficiency is used. If this detector
consists of an ordinary geiger tube, the error in the counting rate
can be 10% or more depending on the length of time that the detector
is insensitive after each pulse. This insensitive time will be the sum
of the dead time which depends on the geometry of the counter, weight

and pressure of the fill gas, and operating voltage, and the resolving
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tirne which depends on the operating voltage and the setting of the
discriminator. Unfortunately, geiger tubes which are efficient for
x-radiation down to wavelengths of 1,1 f\) have dead times which
are inherently long ( & 200-300 microseconds) because of the need
to use fill gases of high atomic number and relatively high pressure.

The usual procedure for correcting for the insensitive time of
the geiger counter is to apply the following formulas

N= S — (6.1)
1~ NCT

where N is the number of ionizing events per second, Nc is the number
of counts per second and T  is the insensitive time, A value of
may be estimated from the geometry, fill, and operating voltage of
the counter, but if the counting rate exceeds 100 counts/second T
must be measured by varying the counting rate in a known way and
applying equation 6,1, *

Two difficulties are present in this method of correction:
(2) the value of T is a function of counting rate and (b) the cali-

bration {(or value of T )is subject to hysteresis. The first difficulty

ol

* This can be accomplished in the instrument by using as a source

of radiation the characteristic x-radiation from a pure target. The
current in the electron probe can be varied independently of the accel-
erating voltage by varying the temperature of the filament or the bias
potential on the grid of the electron gun. It is necessary that the
target be insulated so that the beam current can be measured, The
true counting rate will be directly proportional to the target current,
and the deviation of the observed counting rate from proportionality

to the target current is therefore an indication of the dead time.
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could be overcome by the use of calibration curves, The second
difficulty, however, constituties a fundamental restriction on the
accuracy which is attainable with ordinary geiger tubes, *  For
example, if the counting rate is suddenly reduced from an initially
high value, the ratio of the number of spurious counts to real counts
will also decrease but will remain at an abnormally high value for
some time,

It is well to consider at this point other detectors which might
be used in this application. Beaded-wire geiger counters have been
devised which have lower dead times than conventional types due to
the fact that the discharge is restricted to the length of wire between
beads (34). However, in order to obtain sufficient gas absorption
path for sensitivity at the shorter wavelengths either an end-window
type must be used or the diameter of the counter must be large,
leading to excessive operating voltages, The end-window beaded-wire
counter is not suitable for use over a wide range of wavelengths,
because the dead time then becomes a function of the wavelength of
the x-rays since the number of effective segments is reduced as the
radiation becomes less penetrating.

The scintillation counter has the advantages of a high sensitivity

and a small resolving time., However, for most scintillation crystals

which are efficient in the x-ray region (e.g. Nal) the pulse height from

* This restriction can be more important in microanalysis by means
of x-rays than the limitation in accuracy due to statistical fluctuations,
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the softer x-radiation is of the order of the pulse height due to thermal

e
R

noise in the photornultiplier tube. It is therefore unsuitable for
measuring intensities of wavelengths longer than 2.75 j(i (Ti Kq )
if these measurements are to be made in a routine fashion (35).

The proportional counter has good sensitivity and small dead
times, but the pulse height is about 1/100 to 1/1000 of‘the pulse
height obtained from a geiger counter. This is a serious disadvantage
in using a proportional counter in a vacuum spectrometer, since one
must either use an amplifier of several stages within the vacuum
system or drive an external amplifier through a cable having s}lunt
capacitance to ground,

One can reduce somewhat the long dead times associated with the
geiger tube by making use of electronic quench circuits., However,
these do not work well if there is a large distributed capacitance in the
cable to the geiger tube., Furthermore, there is no assurance that an
externally quenched counter will be any more stable with regard to its
calibration than a counter which is internally quenched,

One possibility of insuring constancy of the calibration of a

geiger counter, however, is simply to use it in such a way that it is

never subjected to high counting rates, This could be done by using a

* Sternglass (Westinghouse Scientific Paper 8-1043-p3) has recently
developed a high-speed electron multiplier which uses secondary
electrons emitted from the opposite side of thin insulating films, This
electron multiplier might overcome the disadvantage of conventional
multiplier tubes in this application because of its low thermal noise,

It might also prove feasible to use the photoelectrons emitted by impact
of x-rays on the first dynode of this multiplier and hence to eliminate
the need for a scintillating crystal,
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multicellular geiger tube in which the counting rate received by

each cell is only’l/n of the total counting rate where n is the number
of cells, Such a counter is paﬂicularly adapted to use in a focusing
x-ray spectrometer, because the window area necessary for the detec-
tion of the x-rays is long and narrow and hence, the cells can be
arranged in a linear array, A relatively small number of cells
suffices to reduce the dead time correction a large factor,

The number of counts lost as a result of dead time is approxi-

mately equal to NCZ_T but each cell receives only 1/n of the total
intensity, The counts lost in each cell is therefore (Nc/n)2 T ; and
2

the total counts lost is n(Nc/n) T . But there is also a substantial
reduction in the value of T because the diameter of each cell is
d/n where d is the diameter of a single cell counter which would
suffice to collect the same intensity from the crystal of the spectrometer,
Since the dead time of a geiger tube depends roughly on the square of
the diameter (36), the overall reduction in the effective dead tirne of
the rulticellular geiger counter would be = l/n3 . Mozreover, the
number of spurious counts should not be increased since the cathode
area of n cells of diameter d/n is the same as the cathode area of a
single counter of diameter d,

An additional advantage of the multicellular geiger counter is a
much lower operating voltage for the same pressure of fill gas, This

is particularly important in the case of a vacuurn spectrometer where

some difficulty is caused by the variation of surface resistivity of
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insulators which become coated with vapors from the diffusion pump.
The author observed a tremendous number of spurious counts due to
surface leakage when a vacuum spectraometer was opened to air

after evacuation, and this was undoubtedly due to the tendency of

such oil films to adsorb water vapor.

c. Drift of the beam current

It is relatively easy to regulate the voltage of the electron beam
electronically to a few parts in 10,000, The beam current, however,
is much more difficult to stabilize, for even with the use of a self-
biased triode electron gun as an electron source in the probe, the
beam current is subject to a gradual drift due to the progressive
contamination of apertures. One can overcome this difficulty by
collecting the current which is incident on the target and either
(1) electronically controlling the gun bias so as to maintain this
current constant, or (2) integrating the current and using the total
charge collected by the target to contiol the gate in the scaler (the
intensity of the characteristic x-ray lines is directly proportional to
the beam current)., Both of these possibilities are subject to a
possible error from the fact that the current collected by the target
is always different from the true beam current and will vary with the
cornposition and surface condition of the target. It is necessary to
investigate the effect of this on the approxi‘rnations derived in the
preceding sections,

The approximations in the preceding sections were derived

assuming that the true beam current remained fixed and that the x-ray
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intensities were measured, We will refer to this case as the fixed-
time measurement, If the target current is integrated to control the
gate of the detector™, on the other hand, the detector records the
number of x-ray quanta received by the crystal of the spectrometer
for a given charge collected by the target. We will refer to this
case as the fixed-charge measurement,

McMullen (4) has found that there exists an angle of incidence
for the primary electrons for which the number of secondary elec-
trons received by a collector subtending an angle of 20 degrees is
virtually independent of the composition of the target, For primary
electrons having an energy of 30 kev this is a grazing angle of about
29 degrees, There is, therefore, a possibility of automatically
compensating for the effect of a2 varying number of secondary electrons
in the fixed-charge measurement by choosing the angle of the surface
of the target with respect to the axis of the electron beam so that the
proportionality of target current and beam current is independent of
the composition of the target. One then has the conditions appropriate
to the fixed-time measurement, and we have seen that this results in
proportionality of the x-ray line intensity to concentration in the first
approximation,

We have seen also that the approximation of proportionality of

emission and concentration is not the most useful for accurate

% This is the simpler of the two means for compensating for current
drifts, since the electron gun is about 30 kv negative with respect to
the target and electronic control of the bias potential would be difficult.
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quantitative *wprk when the atomic numbers of the elements comprising
the target are widel"y different and that it is necessary to introduce
empirically determined parameters @ T Therefore, if the more
accurate approximation of equation 2,7 is used in the fixed-charge
measurement, it is not necessary to make any correction for varia-
tion in the ratio of target current to beam current with variaticn in
target composition since this will merely change the value of the
empirically determined parameters, « P In this case, there is a
possibility that the accuracy of an analysis based on the use of equation
'2.7 can be improved by the fixed-charge measurement of the x-rays,

To\ see how such an improvement can result let us recall that
a large number of the high energy secondary electrons (sometimes
called rediffused electrons) have energies in the neighborhood of the
energy of the incident beam (see p.24 ). For the most part, they will
therefore have not caused ionization of the target atoms in their
inner shells. Consequently, if these electrons are not included in the
measurement of the current on the target, the measured current is
more nearly equal to the ''"effective'" current. In this case, the
coefficients, a i » will be less dependent on the scattering
properties of the target and hence one would expect them to be less
dependent on the composition of the alloy,

In addition to the high energy secondary electrons, there are also
low energy secondary electrons emitted from the surface of the target,
The emission of low energy secondary electrons, however, is chiefly

a surface effect and will be only of minor importance for primary
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electrons, which are incident at large angles to the target's

surface and Wﬁich have energies of 30 kev, because of the large
depth of penetration of the primaries. The author has verified

this experimentally, using targets of titanium and nickel which were
biased at a positive potential ranging from 0 to 300 volts, Since

the target is normally in a field-free space, the change in target
current with bias voltage will be a measure of the quantity of low
energy secondaries which, according to Schonland (25), have energies
which seldomr exceed 30 ev for velocities of the primary electrons
ranging from , 2 to ;4 of the velocity of light, The total change in
target current which the author observed was less than 1 or 2% for
target bias up to +300 volts, and most of this change occurred when
the bias was only +10 volts., On the other hand, the ratio of the
target current to the current collected in a Faraday cage was of the
order of 70 to 75%, and therefore the percentage of secondary elec-
trons which had very low energies was a small fraction of the total
number of secondary electrons,

Because the emission of low energy electrons is primarily a
surface effect, it is necessary to investigate the effect of the pro-
gressive building up of a contamination deposit under the electron
probe on the current received by the target. The author has experi-
mentally verified that the contamination deposits have a negligible -
effect on the current collected by the target., The decrease in x-ray
intensity with time as a result of the contamination layer must

therefore be due to a decrease in the energy of the primary electrons
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without change in the number of electrons, (The x-ray self-absorption
in the deposits is negligible compared to the energy loss of the
electrons.) In the first approximation, therefore, the reduction of
x-ray intensity due to the contamination deposit is also linear with

the time in the case of fixed-charge measurement. One has second
order effects from the fact that the time to collect a given charge

may vary slightly with composition of the target,

Let us define r, as the ratio of the number of high energy
secondary electrons to the number of primary electrons incident on
a target consisting of element i, Then, to a good approximation, s
is given by

ro= 1 - Target current collected on element i (6.1)

Faraday cage current

Now in the fixed-time measurement the analysis is accomplished by
applying equa‘ciqn 2.7 where in the first approximation ai =1
for all i, This approximation was true to the extent that the integral
of qfi(pz) was a constant independent of the target material,
In the case of the fixed-charge measurement we would have a different
first approximation., To see what this first approximation will be,

let us assume that we make a redetermination of the function under
the conditions of the fixed-charge measurement, and let us call the
function determined in this way di'(pz) . This new excitation

distribution function will be related tothe old function by an equation

involving T, which is
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f qS’ {pz) dpz 1 -1, f¢ (pz) dpz {6.2)

The desired first approximation is therefore

f¢' ) dpz [1 - ri]z K (6. 3)

where K is a co:nstant.
Let us now consider a binary alloy consisting of A and B, In the limit
of small concentration of A, we would have from equations 2,4 and

2.7,

aA ﬁ {pz) dpz 6. 4)

ag qu (pz) dpz

Hence, a suitable first approximation to the a. in the fixed-éharge

measurement would be, for the binary alloy,

al
A A
-id - (6.5)
ag B
Up to this point, the argument that the analysis can be improved
by compensating for the rediffused electrons through integration of the
target current has been founded chiefly on the assumption that the a;
are not independent of the target constitution because of electron

scattering, The author has not yet undertaken experiments to verify

this, but some confirmation has been obtained by making use of Castaingls
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work on aluminum-copper alloys (15), This has been done by modi-
fying the values of Icu/l(cu) which Castaing obtained (fixed time
measurement) to correspond to the values which would have been
obtained if the gate in the detecting system had been controlled by

the charge collected by the specimen, For the target current
collected by pure copper, one would have 1 - Ty and for that
collected by pur‘e aluminum, 1 - r + The values of and

al cu

T were taken to be.l3 and.29 respectively following the work of

al
Schonland (25) on the reflection coefficient for primary electron
velocities of ,55 the velocity of light, These values are in good
agreement with the values obtained by Palluel {(24) for primary elec-
tron velocities of 0.25 the velocity of light,

Table 2 shows the results of this comparison, Column 1 gives
the true mass concentration of copper in the alloy, Column 2 gives
the value of Icu/I-(cu) which Castaing observed, column 3 gives
the value of a = acu/ aa1 which Castaing obtained from the
application of equation 2,7, and column 4 gives the percentage error
which results from the approximation that a =1. Cclumn 5 gives
the value of Iy / I{cu) which would have been obtained if the
measurement had been made over fixed charge collected by the target,
column 6 gives the corresponding value of a' ., and column 7
gives the mass concentration which is obtained from the first approxi-

mation for this case, namely a'= (1 - rcu) /(1 - ral)' . The

percentage error for this approximation is given in column 8,
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1 3 4 5 6 7 8
I I
L tCu
C (Lol dcy %herror ) CCu % error
Cu . Q= — I{Cu a'
fixed- Apy a-=1 fixed- from
time N charge a'=.815| g =.815
0.01 |0.0099 |0.99 1% 0.0081 | 0.808 | .00994 0.6%
0.04 0.0373 | 0.93 6.75% ||0.0317 | 0.786 . 03855 3.6%
0.53 |0.504 |0.902 | 5.1% |[0.460 0.755 [0.512 3.4%
0.88 0.867 0.89 1.47% |]0.848 0.762 |0.872 0.91%
TABLE 2
Inspection of this table shows that the spread of the aq' is,
as we had hoped that it would be, less than the spread of the a
- . !
Furthermore, the approximation that a =(1- Teu N1 - Tal
apparently is more accurate than the approxzimation that a = 1.

The maximum percentage error occurs at the concentration of 0,04

and not at the concentration of 0,53 as would be expected, and this is

undoubtedly related to the fluorescence excited by the continuous

radiation,

It is interesting to attempt to correct for the fluorescence excita-
tion by making use of the value of If/I(Zn)
Descamps obtained (see p. 66).

is only one less than that of zinc, only a small error will be made if we

which Castaing and

Since the atomic number of copper

).
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take I./I{(Cu) = If/I(Zﬂ) = 0,036. The formula which we will use for

correcting for the flourescence is

Icu' k

I({Cu)'

CCu [(CCu° lo) + 13] If

1 - I
1 -fa%ﬁ) 29 Cu

(6.6)

where k is the intensity ratio observed and I‘Cu/l'(Cu) is the intensity
ratio after correction for fluorescence., Using the values of ICu/I(Cu)

from column b, Table 2, we would obtain the values shown in Table 3.

1! 5! 6! ) 7! 8!
1 1 [ o]

CCu 1 Cu/I (Cu) a CC‘u from /o error

a'= ,815 a' = ,815
0.01 0.00824 0,823 0.,01001 0.1 Yo
0.04 0,0322 0,790 0,0392 2.0 %
0.53 0,462 0,760 0.513 3.2 Yo
0.88 0.851 0,794 0.873 0.8 Yo

TABLE 3

We see that the first approximation is somewhat hetter after

correcting for flourescence radiation, The maximum percentage

error now occurs for an alloy whose concentration is ~ ,50,
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111, Design and Construction of an Electron Probe
for Local X-Ray Analysis

A, Thermionic vs, Field Emission Sources

Until recently, electron probes have exclusively employed
thermionic sources, The suggestion was made by Marton (37) and
others that the use of field emission in an electron source for micro-
probe devices might result in larger current densities in the electron
focal spot, This suggestion was adopted by Pattee (8) at Stanford for
application in a scanning x-ray microscope and was also investigated
further at the Bureau of Standards (10),

The use of field emission in an electron probe for microanalysis
by means of x-rays would have an additional advantage which was
first pointed out by Dr. Jesse W, M, DuMond, namely, that because
of the small size of the electron source an eleciron lens system of
near unity magnification could be used and would therefore give a
greater working distance from the lens to target, This is desirable
in order to facilitate the introduction of an optical viewing system
which is necessary to locate the point of impact of the probe during the
analysis.

As an example of a field emission electron source we rmay recall
the field emission microscope which was mentioned briefly in the first
chapter (see p.4)., In this case, the emitter consists of a wire of a
refractory metal which has been sharpened by electrolytic etching,
Tungsten is most commonly used because of availability and the ease

with which it can be etched to form smooth points having a radius of
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curvature at the tip of a fraction of a micron, Such an emitter when
mounted in a vacuum systerm and maintained at a negative potential
of a few kilovolts relative to an anode at a small distance emits
electrons by a mechanism which was first successfully explained

by the Fowler-Nordheim theory (38). Accordiang to this theory the
very high electric field (108 to 109 v/cm) at the surface of the emitter
results in a reduction in the width of the potential barrier which
otherwise prevents the escape of the conduction electrons, As a
result, the conduction electrons can penetrate or 'tunnel" through
the potential barrier with a finite probability, The current densities
which can be obtained in this way are very high, being of the order
of 109 a:mp/c:rn2 , but the emission is somewhat unstable unless the
pressure of the residual gas in the system is verv low (pressures of

12 mm of Hg are frequently used), The instability results

< 107
from changes in work function due to surface contamination and also
from bombardment of the emitter by positive ions which are accelerated
by the same field as the electrons but in the reverse direction,

The difficulties of applying the field emission source to the

electron probe microanalyzer are greater than those involved in its
application to the x-ray microscope,forin this latter case the electron
beam system can bé isolated by the thin foil which serves as a target
for the microfocus x-ray tube, The microanalyzer, on the other hand,
must not only have a demountable target, but must have a provision
for translating the target from outside the vacuum systermn, Consequently,

it is more difficult to achieve sufficiently low pressures in the vacuum

system for the field emission source to operate with stability,
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In order to investigate the practicability of the field emission
source in the electron probe microanalyzer, the author constructed
two field emission sources, In the first source an attempt was made
to use differential pumping to maintain the cathode assembly at
sufficiently low pressures while the target region could be operated
at pressures more consistent with reasonable designs for a demount-
able target which could be moved from outside the vacuum system,
This cathode Vassembly proved completely unsatisfactory, however,
and with the development of pulsed thermionic-field emission techniques
at Linfield College (39) it became apparent that a field emission
cathode based on the application of these techniques had greatei’
promise of success,

In thermionic-field (T-F) emission, the emitier is maintained
at an '"intermediate' temperature* of about 1800 to 2000 degrees K
by means of a tungsten hairpin filament to which the emitter is attached,
Under these conditions the application of a dc electric field causes
surface migration of the emitter atoms in a manner which leads to
instability and eventual breakdown by vacuum arc., However, if the
electric field is applied in pulses of about a microsecond duration,
stable emission can be obtained at reasonably high residual pressures,

The second field emission cathode which was constructed by the
author was devised for pulsed T-F emission and included certain

desirable features of the first design, such as provision for orienting

3

* Intermediate between the temperature needed for ordinary thermionic
emission and the temperatures at which ordinary field emission is
usually studied,
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the emitter while the systera was evacuated, provision for changing
emitters, and‘provision for viewing the field ernission pattern, In
addition, this cathode assembly provided for the continucus heating of
the emitter and included an infermnediate electrode between the emitter
and anode to which pulses could be applied, This electrode was
intended to serve threze purposes: (1) to reduce the height of the
pulses which would be needed, (2) to reduce ion bombardment of the
emitter by positive ions having the full accelerating voltage, and

{3) to give constant accelerating voltage to the electrons making up
the electron probe regardless of the height or shape of the pulses,
This cathode assembly, along with the pulse generator and other
details of the design and application, are described and illustrated in
the appendix,

While a modest degree of success was attained with this field
emission cathode, experimental tests involving some 17 emitters
revealed limitations not only in design but also in the inherent charac-
teristics of this type of source which make it inferior to the thermionic
source for an eleciron probe to be used in x-ray microanalysis, These
limitations will be briefly reviewed for the benefit of those who are

interested in the practical applications of field emission sources,

1. Temperature effects in the target
The need for using pulsed emission in order to attain stability
of field emission in dynamic vacuum systems requires a reconsidera-

tion of the effects of heat produced in the target of an electron probe,
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The current densities obtained with dc electron probes are many
times the cur‘reht densities which are attained in high power, rotating
anode x-ray tubes, but, because of the extremely small dimensions
of the electron focal spots, as Castaing (15) has shown, the tempera-
ture rise is negligible for targets which are good thermal conductors
because of the rapid conduction of heat away from the focus, The
calculation of the maximum temperature attained in the target when
subjected to bombardment by a pulsed electron probe is given in the
appendix,

This calculation shows that the maximum temperature is attained
in a period of time which is short compared to pulse lengths of 1 micro-
second because of the limited volume in which the heat is produced,

We may assume that the sample cools to the ambient temperature in

a correspondingly short period of time, Thus, if the current in each
pulse is increased so that the average temperature is the same as in
the dc case, the maximum temperature will be proportional to the duty
ratio of the pulses,

The average temperature, of course, remains about the same,
but one is not concerned with the temperature only, but with the result-
ing changes which will occur in the target as a result of increasing
its temperature, Assuming that the target does not undergo a change
in state, the chief deleterious effect is that of diffusion, As this
effect is not linear with temperature, the amount of di ffusion which
takes place cannot be described by the average temperature,

The mean square distance which is traveled by diffusion in solids

in time t is given by the following formula(40):
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0CO o 2
Ax” =f xo(x) dx = @if e g2 ag = 2pt (7.1)
where
2
X
T 4Dt
=T S SR
» 0O 2/ Dt
f Cxt) dx
-0

in which c(x,t) is the concentration as a function of space and time,
and D, the diffusion constant, is defined by the differential equation
for diffusion,

5T © div D grad C (7.2)
It is experimentally observed (41) that for fixed concentration D is
given by

D= pe ¢/KT (7.3)
where A and € are practically constant, K is Boltzmann's con-
stant, and T, the absolute temperature, The activation energy for the
process is ¢ which ranges from about 0,5 to 3.0 ev for common
solids, Therefore, substituting equation 7,3 in 7.1 we obtain for the

case where D does not depend on concentration

(7.4)

The mean square distance traveled by diffusion in the pulsed case is then

Ax® = 24 [ o ~¢/IK(TotTac/whyy 4 e/ Tg (l-w)t:l 7.5)
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where Tdc = 3p/4mIr k is the temperature attained for a dc
probe of the same average current (see appendix), To is the ambient
temperature, and w is the duty ratio of the pulses. We can now

define an effective temperature, Te ¢ @s that steady temperature

f
which would produce the same mean square migration by diffusion

in a given time as that produced by the pulsed temperature, Thus,

Teff is defined by the following equation:

te™ € /[;’:((TO-I_ Teff)]= wte € /[1<(TO+TdC /-a,;:j)]_l_ (l-w)te® /[kTo]

(7.6)

Taking the worst case, € = 0.5 ev and an ambient temperature

of about 300 degrees K, we obtain the values exhibited in Table 4,

Duty Ratio w
0.1 0. 01 0.001

i, o

- y ! 1.31° 14.1° 220°
U -
d e o0
hY oS
%“«G 2° 3.380 62° 338°
o fa E
8 o, o |<H
[4)] S I

SRR 3° 7.7° 111° 398°

TABLE 4 Teff for diffusion in the target for an activation

energy of 0.5 ev and an ambient temperature for

which kT_ = 1/40 ev ( £ 300° K).
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We see that the diffusion which results from temperature effects
using a pulsed electron probe can be considerably greater than for a
dc probe having the same average current. It is necessary to restrict
the duty ratic to be greater than 0,01 if the diffusion is not to be
excessive,

The tests which were made with the field emission cathode
assembly described in the appendix covered a range in pulse lengths
of about 7 to 12 microseconds and a range of repetition rates from
2.5 to 10 kc/sec. The pulse shape, however, was not rectangular
because of the use of a pulse transformer, This makes exact deter -
mination of the effective duty ratio difficult, An estimate of the
effective duty ratios investigated would give a range frorn about 0, 005
to 0,05, With the cathode assembly described it is doubtful that
stable emission could have been attained at higher duty ratios than

were investigated,

2, Effect of using a pulsed electron source on the detection of the X-ravys
Assuming that it is possible to shield the high voltage pulses so

that no spurious effects are caused in any of the other electronic

equipment, there is a restriction on the choice of an x-ray detector

imposed by the use of a pulsed electron probe, This restriction is

associated with the dead time of the detector; if this is the order Qf

or greater than the duration of the pulses, at most one count can be

registered for each pulse of x-radiation regardless of the intensity of

the x-rays, The corrections for dead timne of the detector which were

derived in a previous section do not apply to this case, and the only
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solution to the difficulty consists in using lower average beam
currents or in using detectors which do not record individual pulses

but which measure the average x-ray intensity,

3. Stability of field emission sources

Two instabilities were observed in the field-emitted current
by visual observation of the field ermission pattern on a fluorescent
screen located on the aperature stop of the cathode assembly, This
pattern was characteristic of oxygen-contaminated tungsten in all
cases where the emission was stable enough for this pattern to be
observed,

One instability which was present in the pattern was a fluctua-
tion of rapid frequency which could be observed in the form of bright
specks which rapidly appeared and disappeared. This speckling of
the pattern is presumably due to positive ion bombardment which
is important at the pressures used (about 10_’5 mm of Hg), and might
be considerably reduced if the vacuum were improved by an order of
magnitude, The fluctuation in beam current as a result of this,
however, is of such a frequency that the time average over the period
of time required for an x-ray intensity measurement would tend to
zero if the pressure in the system remained approximately the same,

A more serious instability was present in the form of a gradual
reduction in the field currents which were obtained with pulses of \a
given size, This is due to a gradual change in the radius of the
emitter such that the current could only be restored to its former

value by increase of the pulse voltage, After periods of operation of
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about 1-2 hours, however, the pulse voltages required were beyond
the capacity of the pulse generator (about 6 kv),

The mechanism which produced this emitter dulling was observed
directly in the form of bright rings in the emission pattern, which
originate at the boundaries of the strongly emitting regions and move
inward and disappear at the point corresponding to the apex of the
emitter, These rings have been observed by Trolan et al and have
been correlated with the emission from atomic lattice steps on the
surface of the emitter which move as a result of evaporation or
surface transport of the tungsten atoms (42),

The suggestion was made by W, P, Dyke that the dulling of the
emitters might be counteracted by maintaining a bias field at the
emitter between pulses (43), Following this suggestion, the author
‘tried bias fields ranging from 15 to 30% of the pulsed fields, For
low bias, no decrease in the rate of dulling could be observed, At
20% bias, the emission was noticeably less stable with brighter
speckling at the edges of the areas of greatest emission, With 30%
bias, the emitter arced over after 40 minutes of operation, This
breakdown was preceded by a bright spot in the pattern which resembled
the surface of a boiling incandescent liquid, This coruscation increased
in size to about 1/3 of the normal emission area just before breakdown,
Such a breakdown may have been initiated by an impurity center in the
tungsten lattice and is not uncommon,

In all cases, the field-emitted current which was observed was

somewhat less stable than thermiocnic currents.
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4, Emitter life

Of the se‘veynteen emitters which were tried in the field emission
cathode, only 2 had a life of over 25 minutes, These rather poor
results were certainly due to inexperience in technique, because in
most cases in which the emitter failed after a few minutes of opera-
tion the failure could be attributed to inadequate degassing of the
emitter tip either from insufficient heating of the filament or from
excessive radiative 1ossevs occasioned by too great a distance from
filament to the emitter tip.

The longest lifetime observed was about 2 hours, and this
could undoubtedly be increased by immprovement in technique and
improvement in the vacuum, However, attaining reliable lifetimes
of the order of 10 hours or more, which is common in the case of
tungsten hairpin filaments used in electron microscopes, would have

required considerable effort,

5. Alignment requirements

In the field emission cathode assembly it was necessary to
align the position of the emitter tip very accurately with respect to
the electrode on which the pulses were applied, and to orient the axis
of the emitter in such a way that one of ivts strongly emitting directions
was along the axis of the electron lens, The latter adjustment can be
made while the cafhode assembly is evacuated and will be independent
of the former adjustment only if the position of the emitter tip has
also been properly aligned with respect to the constraints which permit

variation of the angular position of the emitter axis., While most of
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the time necessary to change the emitters was spent in their align-
ment, it was felt that satisfactory alignment was never actually
achieved,

The need for accurate alignment is inherent in the nature of
the field emission source, This is not the case, however, for
thermionic emission, particularly in the case of the self-biased
triode electron gun where the current is partly space charge limited
and small misalignments are compensated by the distribution of the

space charge,

6. Currents possible in the electron focal spot

While at first sight it would seem that the greater current
densities which can be obtained from field emission cathodes than
from thermionic cathodes would result in greater currents in the re=~
focused image of the source, this is actually the case only under certain
restricting conditions. In any comparison of current densities which
might be obtained with the two sources it is necessary to consider
situations which can be realized in practice, and this means that one
must consider that the electron lenses for focusing both sources will
have considerable spherical aberration,

The field emission case is notably different from the thermionic
case, In an electron probe with thermionic emission, one must select
a ratio of the size of the gaussian image to the size of the circle of
confusion due to spherical aberration which maximizes the current on
a real focal spot of given size, In this case, the specific emission of

the cathode is determined by the temperature and nature of the cathode
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surface, With field emission, on the other hand, the size of the
gaussian image is negligible in comparison to the size of the circle

of confusion, The specific emission is then fixed by the voltage and
the radius of curvature of the emitter, While the specific emission
can be extremely high, of the order of 107 amps/cm2 , the emission
takes place over very large angles and as a result, the current
density per unit solid angle can be lower for the field emission source
than for the thermionic source,

Because the size of the focal spot which can be attained with
field emission as a source is limited chiefly by spherical aberration,
the fact that emission takes place over very large angles can be a
serious disadvantage in its practical use as a source in electron
probes, In order to collect all of the field-emitted currents, the
spacing of the vemitter and anode would have to be impractically
small, Ewven if this could be achieved in practice, the spherical
aberration would be large because the radius of the circle of confusion
due to spherical aberration increases with the cube of the aperture

angle according to the formula:

r =Cu3 (8.1)
s s

where CS is a constant characteristic of the electron lens and the
power at which it is operated, and u is the half-angular aperture of
the imaging pencil,
As a result of the large value of CS which is characteristic of
all electron lenses currently in practical use, it is probably advantageous

to use only a portion of the current emitted from the field emitter,
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This current should be obtained from a preferred direction in the field
emission pattern, namely that direction corresponding to the 310
direction in the tungsten crystal, For this direction, the current
density may be 3,7 to 4,2 times the average current density and 1600
times the current density from the 110 direction™ (44).

‘Let us now attempt to deduce the value of currents which can be
obtained from a field emission source under these assumptions and
compare it to the current densities possible using thermionic emission,
The total current drawn from the field emitter will be constant for a
given emitter and voltage, A reasonable value for the case of pulsed
emission is 10"3 amps, and about 30% of this comes from 6% of the
area (46). Assuming that the total emission occurs over angles up to
60 degrees, we would have for the half-angular aperture u(:, which

corresponds to 6% of the total area of the pattern, the following equation:

1 - cos u!

T~ cos 60° = 0.06 (8.2)
s0 (U,E))2 £ Q0,06 (:uo is in radians),

The current collected by a lens which accepts a pencil of electrons

with half-angular aperture of u is then

u

>
u

(8]

i 2
I o, 2 0.3+ 10 2

3 u

£0.,3 10 T)%OT- (8.3)

* The 110 direction is commonly oriented along the axis of the wire
from which the emitter is fabricated, and therefore it is essential that
the cathode assembly provide for orienting the emitter in the most
favorable direction if only a portion of the total amount is used,
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The imaging pencil will have a half-angular aperture of uo/M where
M is the magnification, The diameter of the circle of least confusion®

is then

. C u 3
d = 2—5(—1\-/?-) (8-4)

And hence, the current on a focal spot of diameter d is

2/3
I, 5 1070 (BMdz (8. 5)

foe. Cq

Let us now turn to the case of the thermionic electron source in

the form of an electron gun, The beam from an electron gun is limited,
in the absence of material diaphragms, by an exit pupil known as the
"cross-over!, In the formation of an electron probe, the virtual source
which is imaged by the electron lenses consists of this exit pupil, The
current density in the cross-over is a maximum at its center , and
according to Langmuir (45) this is given by

1C=10(§_—¥ +1) sin 2¢ (8.6)
where ], is the current density at the center of the cross-over, I0 is
the specific emission of the cathode, V is the accelerating voltage,

k is Boltzmann'!s constant, T, the absolute temperature of the cathode,

e

* The diameter of the circle of least confusion which exists in a plane
slightly closer to the lens than the gaussian image plane is, according
to Zworykin (46), only 1/4 the size of the circle of confusion in the
gaussian image plane,
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and @ is the divergence angle of the electrons, Let us define
the brightness as the current/ unit area/ unit solid angle, Then,

the brightness is given by

I ev
5o ()

T ‘KT : (8.7)
neglecting 1 compared to eV/kT. This must be constant for all

images formed in field free space, The current on a focal spot of

gaussian diameter d1 is then

I, = _Z_z(dl)2 Bu?
= @), g o (8. 8)
where u is the half-angular aperture of the imaging pencil, The
current distribution in the real focal spot is the result of a two-
dimensional folding of the current distribution in the gaussian image
and the current distribution in the spherical aberration figure., The
diameter of the real focal spot over which there is appreciable

current will therefore be given by

d!—d+_s2_C“3 (8.9
2711 -9)

With this substitution, equation 8, 8 becomes

CZE..u3

2 eV 2

-—ﬂ- N
L o= (d;- R (8.10)

foe,

This has a maximum for a value of u such that

——= ézf‘ (8.11)
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which means that we must restrict the aperture to such a value that
the diameter of the circle of confusion is 1/4 the real diameter of

the focus, Substituting 8,11 in 8,10 we find the maximum current

on a focal spot whose real diameter is dZ' This is
AN O AN
t.e, 04 12235)2/3 o kT (8.12)

This value is subject to an error because it assumed that the current
density over all parts of the cross-over was equal to its maximum
value and also because electron guns do not always have an efficiency
of 100%. Consequently, equation 8,12 should be multiplied by factor
€ » which represents the efficiency of the electron gun.

We can now compare the current from the two types of sources
as given by equations 8,12 and 8.5, The ratio of the currents which
can be attained with thermionic emission and with field emission on a

given size focal spot would be

L e eV ¢ 2
_I.f._;.z564 I &7 TWZB d (8.13)

Assuming I0 =10 za.rrq;:s/cl:n2 , € =.10, V =30,000 volts, M = 1,
T = 3000° K, the two sources would give equal currents for a diameter
of the probe given by

d = 0.12 microns .
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On the other hand, assuming I0 € =,14 amps/cmz, which is the

value obtained bjr Castaing, we would have

d &~ 032 microns .

Another comparison of the currents possible in electron probes
using field emission and thermionic emission has been given by
Cosslett and Haine, assuming that the field emission is focused by
an electron lens of given aperture (47). For this case, there exists
an optimum position for the cathode and consequently an optimum
magnification, This optimum magnification is equal to 3 for an ideal
thin lens and about 2 for a magnetic lens with bell-shaped field, If
the distance from emitter to lens is taken to be the optimum value,
this becomes impractically small for a lens operated at maximum
strength and for the emitter voltages of 10 kv which Cosslett considered.
Conseguently, the electron lens for the focusing of the field emission
must be operated at reduced power which results in a larger value of
the spherical aberration constant, CS » than can be used in the focusing
of thermionic emission,

Cosslett and Haine find that for these conditions equal currents
will be attained on a focal spot of diameter equal to 0,18 microns and
that the dependence of current on diameter of the focal spot for the
two cases is the same as given by equations 8,5 and 8,12,

The value of the critical diameter as given by equation 8.13 \is
in qualitative accord with the estimate of Cosslett and Haine, For
focal spot sizes sizes larger than this the thermionic source will give

larger currents than the field emission source, It appears, therefore,
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that in the electron probe microanalyzer, where focal spots smaller
than one micron are of little importance because of the diffusion of
electrons in the target, there is little or no advantage in using a

field emission electron source,

B, Realization of an Electron Probe Microanalyzer

Using Thermionic Emission

Since July 1, 1953, work has been in progress at Caltech under
contract DA-04-495-Ord-463 to develop an electron probe micro-
analyzer, At first, it was planned to employ in the electron probe a
field emission source and a single electrostatic electron lens,

However, by February, 1956, it had become apparent from the results
obtained with the field emission source that more time would be
needed to perfect the field emission source than would be required

to reconstruct the beam system for a thermionic source. Moreover,
as we have seen in the preceding section, the use of field emission in
the electron probe would have little advantage other than novelty over
the use of thermionic emission,

The conversion to a thermionic electron source rendered obsolete
the electrostatic electron lens which had been constructed, and in the
new beam system it was decided to use magnetic lenses because of
their inherently lower spherical aberration,

A general view of the completed instrument is shown in fig. 7.
A schematic view of the instrument and its associated electronics is

shown in fig. 8, In the schematic view the electronic components

are shown in approximately the same relative spatial pasition as in
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-
-
.

FIG., 7 General view of the electron probe microanalyzer,.
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fig, 7. The purpose of the various electronic components will be
described in the detailed discussion which follows. For the purpose
of this discussion it is convenient to regard the instrument as sub-
divided into the following systemsﬁ (1) the electron probe, (2) the
vacuum system, (3) the sample support and viewing system, and

(4) the vacuum x~-ray spectrometer and associated equipment,

1. The electron probe

The electron probe is similar in construction to the electron
probe which is employed by Cosslett and Pearson in an x-ray shadow
microscope (9). It consists of a self-biased triode electron gun and
two magnetic electron lenses which will be referred to as the con-
denser and the objective for convenience.

The electron probe system is shown in fig, 9. The entire
column is supported from the side of the spectrometer housing on
brass ways so that the location of the electron focal spot may be
adjusted relative to the focal circle of the x-ray spectrometer. An
"O" ring maintains the vacuum seal between the specimen housing
and the spectrometer housing which is also evacuated in the normal
operation of the instrument., An additional pumping connection is
made to the electron gun housing at the top of the column with an "O"
ring coupling to facilitate assembly and disassembly of the beam
system, A brass tube connects this coupling to a brass bellows which
is attached to the main vacuum manifold,

The controls for the beam system, which include filament

power, grid bias resistance, and coarse and fine adjustments for the
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iew of the probe system.

9 General v
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current of the two magnetic lenses, are located on a remote control
panel immedi‘atély below the beam system, Itis necessary that
these controls be within reach of an operator looking through the
eyepiece of the viewing system, An opening in the remote control
panel which can be seen in fig, 9 to the left of the beam column
enables the operator to view the emission current which is measured
by a meter in series wit-h the high voltage supply. This meter is
housed in a corona shield which also contains the variable bias
resistor and parts of the filament sﬁpply for the electron gun. The
corona shield is suspended from the underside of the instrument
table with insulators and may be seen in fig, 10, which shows the
side of the inst‘:ument with the protective grill removed.

A simplified frontal cross section of the electron beam system
is shown in fig, 11. The grid and filament assembly of the elect‘ron
gun were obtained ffom the North American Phillips Company and are
identiéal to those used in their electron microscopes. The use of
this commercial component saved much time in construction, since it
has the necessary provision for adjustment of the filament relative to
the grid and uses standard filaments. The filaments which are manu-
factured for this gun, however, are _fabricated from 8 mil tungsten
wire, and it was found advantageous to fabricate special filaments
for the electron probe., The special filaments were made from 4 mil
tungsten wire using a technique developed by the author to obtain
V-shaped filaments for which the apex was nearly hemispherical and
the apex angle very small (48), This technique involves altering the

cross section of the wire to the shape of a half-moon in the region
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FIG, 11 Simplified cross section of the probe system,
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where the bend is to be made. The necessary alteration can be
accomplished bir electrolytically etching or mechanically polishing
the wire., The special filaments are spot-welded to the terminals
on the standard sintered-glass filament holders,

The anode of the electron gun consists of a stainless steel disk
with an aperture of 4 mm in diameter, It is located about 1 cm from
the grid of the electron gun, which may be translated with respect to
it by means of screws on the sides of the flange which supports the
grid, The vacuum seal is maintained during this adjustment by an
"O'" ring which lies in a groove in the gun housing and makes a face-
seal with the flange, A tilt adjustment of the grid with respect to the
anode was originally provided but was eliminated when it was found
that it resulted in an uncertainty in the position of the grid when the
system was reduced to air and then re-evacuated, The mechanical
tilt adjustment is, in fact, superfluous since a tilt of the electron beam
can be produced by a deflection of the beam near the edges of the
pinhole electron lens existing at the anode aperture,

Below the electron gun is a fitting consisting of two flanges
which are equipped with "O" rings and connected with a spring-loaded
bellows. The lower flange makes a vacuum seal with the condenser
coil casing. The bellows permits the necessary flexibility for
adjustment of the condenser relatiye to the electron gun and also per-
mits t’he entire fitting to be removed for the purpose of introducing
apertures in the condenser lens without altering the location of the
condenser relative to the electron gun, The lower flange of this

fitting is also equipped with a means for introducing a fluorescent
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screen for viewing the emission from the electron gun, and prisms
or mirrors for aligning purposes.

The condenser lens consists of a spool of soft iron in which a
brass spacer has been soldered to make a gap of about 1/4 inch.

The spool has a bore of about 1 inch in diameter which is threaded
for the insertion of pole pieces. It is wound with 10,417 turns of

no, 26 heavy formvar insulated wire which has a dc resistance of
about 380 ohms, A cylindrical sleeve of soft iron fits over the spool
to complete the magnetic circuit. This lens may be used in either

of two ways for the formation of the electron probe: (1) it may be
used with or without pole pieces as a condenser lens to vary the
effective distance from the source to the objective lens, or (2) it may
be used with the pole pieces to form an intermediate image of the
source,

A dummy condenser lens which is made of aluminum and which
has the same dimensions as the real condenser is used in place of the
condenser when the electron probe is formed with the use of the
objective lens only. In many cases, the use of only a single electron
lens for forming the electron probe gives adequate performance., In
other cases, where it is necessary to use both lenses, the use of the
dummy lens facilitates alignment of the electron probe, since the
alignment of the objective lens can be accomplished without the
restriction in aperture which results from the condenser with its
pole tips. It is possible to remove the dummy condenser and insert
the true condenser without causing a misalignment of the gun relative

to the final lens by more than a few thousandths of an inch,
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As can be seen by inspection of fig. 11 adjustments are provided
whereby the electron gun and condenser may be translated with respect
to the objeétive lens. This choice of constraints is the most convenient
where the condenser is used to vary the effective source distance,
since the condenser in this case may be regarded as part of the illum-
inating system.

The objective lens has a coil casing which is somewhat smaller
in diameter than the condenser in order to permit the crystal of the
spectrometer to move as close as possible to the x-ray source, As
in the case of the condenser, the objective coil is wound on a spool,
but in this case the lower flange of the spool consists of a nonmagnetic
material (brass), The magnetic circuit is completed through the
specimen housing which is made of iron and which has a partition on
which rests the lower pole tip. The specimen housing is octagonal
in shape (fig. 9), and this facilitates mounting portions of the viewing
system, aperture holders, etc., as well as mounting the beam system
to the spectrometer housing,

A vacuum seal is made between the brass flange of the coil
spool and the specimen housing so that the coil winding is not under
vacuum. The winding consists of 11,200 turns of no. 26 heaﬁ formvar
coated wire and has a dc resistance of about 320 ohms. The lower
resistance of this coil compared to the condenser is due to its smaller
mean diameter and results in greater efficiency of energizing this lens,

The pole pieces of the objective lens are made of armco iron.
The upper pole piece makes a snug fit into a bore in the objective coil

spool and has an axial hole 1/4 inch in diameter up to about 1/2 inch
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of the pole tip. Near the pole tip, the size of the bore is reduced

to 3/16 inch, ‘and this results in about 10% less excitation required
for a given focal length of the objective lens than would be required
if the larger bore extended completely through. The lower pole tip
and also the partition on which it is supported have a bore of 1/4 inch
for the insertion of the specimen. The focus of the electrons takes
place under normal conditions of operation at a point slightly above
the lower pole tip so that the x-rays produced can pass out of the
specimen housing and into the spectrometer without being obstructed
by the pole pieces. This can be visualized by referring to fig. 12
which shows a cross section of the specimen housing, spectrometer,
and specimen airlock at right angles to the preceding section.

The surface of the specimen is inclined at an angle of 75 degrees
to the axis of the electron beam which is vertical. The plane of the
spectrometer is horizontal, and consequently, the angle of emergence
of the x-rays is in the vicinity of 15 degrees.

The gap for the objective lens is determined by an aluminum
spacer and is about 0,26 inches in width, The diameter of the flat
portion of the pole tips is 3/4 inch, and the sides are tapered at 30
degrees to obtain maximum field in the gap without excessive satura-
tion effects. The design of the pole tips of the objective lens was
based on the work of Liebman and of Liebman and Grad (49) on the
properties of magnetic lenses, and of Liebman (50) and Mulvey (51)
on the magnetic circuit and saturation considerations in magnetic

electron lenses.
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According to Liebman (49), for a lens of this geometry an
excitation of é.bciut 2000 ampere turns would be required to obtain a
focus at the desired point (just above the lower pole tip). At this
excitation the effective focal length would be , 16 inch or 4,1 mm,
These values may be slightly modified by the effects of leakage flux
in the specimen housing and the effect of reducing the bore in the
upper‘pole tip, but exact calculation of the focal length is difficult
and, in fact, not necessary.

The lens coils are supplied with regulated current from the
coil supply whose schematic diagram is given in fig, 13, The ampli-
fiers in this power supply receive regulated Bt voltage and filament
current from a central power supply whose schematic diagram is
given in fig, 14. The central power supply also provides power for
other units which will be described in the following sections, namely,
the preamplifier for the scaler and the target current integrator. The
two regulated power supplies are located at the bottom right of the
main instrument table (fig, 7).

The accelerating voltage for the electron probe is provided by
a regulated rf-type high voltage supply manufactured by the Spellman
Television Company. This supply furnishes negative voltage which
is continuously variable from 3 to 30 kv at 1 ma, It consists of a
separate oscillator and buffer feeding the power oscillator into a
doubler -rectifier, Regulation, which maintains the voltage constant
to better than .5%, is accomplished through feedback into a dc ampli-
fier plus simultaneous output control of the buffer. This unit is

located on the top of the instrument table at the right (see fig. 7).
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Key to ¥IG, 13

Components for the coil current supply

Vi, 2,3,5,6,8--12AX7 (fil.in series string, regulated B+)
V4, 7--6AS7

R1--10§, 5w

R2,3,19,20--360K, 2 w*

R4, 21--220K, 2 w*

R5,6,7,22,23,24--100K, 2 w

R8,25--1.8M, 1 w

R9, 26--25K, 2 w*

R10,25--2K, 2 w AB pot, "Fine" (on remote panel)
RI11, 28--25K, 2 w*

R12,29--1.8M, 1w

R13,30--68K, 1 w

Ri4,31--1M, 2 w

R15,32--1M, 2w

R16,33--100 §), 20 w (on remote panel)
R17,34--1K, 100 w reostat "Coarse"(on remote panel)
RI8,35--478), 2w

R36--180K

R37--2K, 20 w

R38--75§), 10 w

R39--100 §), 10 w

R40--47K, 1w

Cl,4--1 pFd, 200 v
C2,5--0,25 pFd, 400 v
C3,6--1000 puFd

C7,8--40 pFd, 400 v elect,
C9--2 x 150 pFd, 300 v
C10,11--100 ppFd

B1--Ne-51 neon bulb
B2-7--Ne-2 neon bulbs

M--0-500 ma, meter

T1--110 v to 220 v transformer 1000 va,
T2--2 chokes in series, 7 {ldc.

SR1-4--350 ma, 135 v selenium rect., (2 in series)
SR5-6--65 ma,. 135 v selenium rect,

e

* . . 3
precision or temperature stable resistor
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Key to FIG, 14

Components for the main power supply

Vi, 2,3--5T4
V4,5--0C3/VR-105
V6, 7--6AS7

V8,9--12AT7 (filin series string, regulated B+)
V10--5651

R1--4K, 20 w

R2--100§), 20 w reostat
R3,4--950 §), 100 w adjustable
R5--3.3M, 1w

R6--100K

R7--2M, AB pot. "Hum"
R8--1K, 10 w

R9--75K, 1w

R10--40K, 2 w*
RI11,13--3M, lw*
R12--400K, 1w
R14,15,16,18--100K, 2 w*
R17--40K, 2 w*
R19--100K, 1 w*
R20--150K, 2 w*

Cl--16 pFd, 450 v
C2--8 pFd, 450 v
C3, 4--25 pFd, 500 v
C5--0,01 pFd
C6--90 uFd, 500 v
C7--0.02 pFd
C8--0,01 pFd
C9--0,03 pFd
C10--1 pFd

S1--DPST toggle switch, "Power"
S2--DPDT toggle switch, pos, 1 "Warmup", 2, "Operate"

T1--300-0-300 at 75 ma., 6.3 v at 3 amp, 5 v at 2 amp
T2--400-0-400 at 300 ma,, 6.3 vat 5 amp, 5 v at 4 amp
T3--10 H, 50 ma,

T4--10 H, 300 ma,

Bl--No, 47 pilot lamp

M--0-200 ma, meter

ale

* . s :
precision or temperature stable resistor
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It was found by the author that the use of dc for heating the
filament of the electron gun resulted in an increase of the beam
current by as much as a factor of 4 over the beam current available
when ac was used to heat the filament (48). This is apparently due
to the deflections of the electrons in the magnetic field of the heater
current which can be of the order of magnitude of the aperture angle
of the electron ipencil accepted by the electron lens (about 0, 0005
radian when using the objective lens alone), When ac is used for
heating the filament these deflections are not constant, and, as a
result, the electron lens aperture is filled with maximum current
for only a portion of the time. On the other hand, with dc the deflec-
tions are constant and can be compensated for by an adjustment of
the position of the electron gun,

The direct current for operating the filament of the electron gun
is obtained by rectifying and filtering 60 cycle ac from the filament
transformer, The filament transformer has had the secondary
rewound with a center tap so that full wave rectification may be
achieved with two silicon diodes. These diodes have high current
ratings, a small forward voltage drop, and high efficiency, so that it
is possible to control the filament current by means of a variable
auto-transformer in the primary of the filament transformer,
Filtering is accomplished by means of a special filter choke having
very low resistance and electrolytic capacitors of large capacitance.

Some mention must be made regarding the procedure of align-
‘ment of the electron probe. Alignment of the filament with respect

to the grid of the electron gun is made at the time the filament is
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mounted in the gun assembly. It is sometimes necessary, however,
to remove the as’sembly and re-~-center the filament because of
distortion due to recrystallization of the tungsten on undergoing
transformation to the bcc structure as a result of being heated,

The alignment of the filament with respect to the aperture in the
grid is not critical, however, because of the presence of the space
charge as a result of the grid being maintained negative with respect
to the filament,

The other adjustments of the electron probe cover a total of
only 4 degrees of freedom for the case where a single electron lens
is ﬁsed, and 6 degrees of freedom for the case where two lenses are
used. This, of course, does not include the alignment of the aper-
ture relative to the objective lens and this will be discussed later.

It might be supposed that a planned procedure of alignment would be
necessary, but this is actually not the case because it is possible
with an insulated target to monitor the beam current. In the case
where only the objective is used for the formation of the probe, the
alignment can be accomplished rather quickly by successive approxi-
mations until the current collected by the target is a maximum,
Furthermore, as mentioned earlier, it is possible to align the objec-
tive without the condenser in place and then to insert the condenser
without altering the alignment excessively.

There are present additional variables in the form of the emitter
temperature and the value of the bias resistance., These can also be

optimized by successive approximations and will be virtually independent



126

of the mechanical adjustments if the filament is well centered with
respect to the ‘grid of the electron gun, In addition to the value of
the target current the emission current from the filament can be
measured so that there is little danger of its being accidentally
overheated, Furthermore, the bias resistor can be adjusted so
that the electron pencil from the electron gun is quite narrow, and
hence is operating at high efficiency by maximizing the ratio of the
beam current to the total emission current.

The distance of the electron gun to the center of the gap of the
objective lens is about 300 mm, Using the objective lens alone,
with a current of about 210 ma, a focal spot of 5 microns in diameter
with a maximum current of about .11 microamp was obtained at an
accelerating voltage of 30 kv, The size of the electron focal spot
could not be determined with certainty from the use of fluorescent
screens in the focal plane due to excitation of fluorescence by the
x~rays, and therefore it was necessary to observe the shadow pictures
cast on a fluorescent screen by a fine wire in the focal plane of the
probe, *  For this purpose, a wire was made by electrolytically

etching a 1 mil tungsten wire until its diameter was 5 microns as

als

* A special dummy stage assembly was constructed for viewing
shadow pictures of wires on a distant fluorescent screen. However,
it is also possible to view such shadow pictures of wires without the
use of a special stage. This is done by preparing a specimen having
a wire mounted over a recess about 1/10 inch deep; the bottom of

the recess is normal to the viewing system (see p. 138 ) andis
coated with fluorescent material, When the wire is in the focal plane
of the viewing microscope, the shadow picture can be seen on the
fluorescent screen by looking through the microscope objective with
the eyepiece removed,
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measured under a light microscope with a filar micrometer eyepiece,
It was possible to obscure the electron beam completely with such a
wire provided the aperture stop of the electron probe was free of
dust and contamination,

The presence of contamination or foreign particles on the aper-
ture is graphically demonstrated by viewing the shadow pictures of
wires as the objective coil current is varied, At lens coil low excita-
tion the distortion of the image is only slight and becomes progressively
worse as the excitation approaches values necessary to produce a
focus in the plane of the wire. It is impossible to produce small focal
spots unless the aperture is clean, and as a result it is necessary to
be able to replace the apertures in a routine fashion,

The apertures which are used in the electron probe consist of
disks of copper or bronze a few mils in thickness and 1/8 inch in
diameter with a hole in their centers 10-20 mils in diameter. They
are supported on a holder which extends through the wall of the
specimen housing and which can be removed as a unit from the instru-
ment without altering any of the other adjustments of the electron
beam system, The holder permits adjustment of the position of the
aperture with respect to the axis of the electron lens while the system
is under vacuum, This adjustment is readily accomplished by making
use of the rotation property of the magnetic lens. To do this, a
specimen having a coating of fluorescent material' (fluorescent grade
zinc silicate with a small quantity of lacquer or collodion as a binder)
is mounted in the instrument., The image of the focal spot of the

electrons can be observed by means of the optical system which is
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built into the instrument (see p. 139 ), and the aperture is adjusted
until the electron spot remains stationary as the objective coil

current is varied,

2. The vacuum system

A schematic view of the vacuum system is shown in fig. 15.
The system consists of a National Research type H-2-P purifying oil
diffusion pump backed by a Welsch Duoseal No. 1405 mechanical
pump and isolated from the instrument with an internal cold trap.
Five valves are provided as shown in this figure, and all of these
valves are located within reach of an operator seated before the
instrument. Valve 1 is a simple flapper valve which permits continu-
ous operation of the pumps and cold trap while the spectrometer or
beam system may be reduced to atmospheric pressure, Valve 2
connects the main vacuum manifold to an auxiliary manifold. This
auxiliary manifold, which may be evacuated by means of a second
mechanical pump, communicates with the specimen airlock through
valve 3 and with dry atmospheric air through valve 4, The second
mechanical pump may therefore be used to '"rough down' the main
system or to evacuate the airlock after changing specimens,

Valve 5 separates the airlock from the rest of the electron beam
system, It consists of a blade, containing an ""O'" ring, which is
pivoted about a vertical axis and which is coupled by means of a bével
gear to a shaft extending through the wall of the specimen housing
(see fig, 12). This arrangement occupies little space in the vertical
direction, and, as a result, the specimen holder need not travel a

large distance in the course of changing specimens. Some difficulty
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was experienced at first with the proper seating of this valve, but
this was overcome by allowing the '"O' ring plate two rotational
degrees of freedom through the use of gimbals., The frame contain-
ing the gimbals is forced upward by cams as the valve is closed to
provide the initial squeeze on the "O'" ring.

The vacuum system is provided with three Pirani gauges and
an ionization gauge. The ionization gauge indicates the pressure in
the main system and may also be used to locate leaks in the vacuum
system, If the suspected parts are sprayed with a jet of illuminating
gas, the ionization current will increase when the jet strikes a leak.
Pirani no. 1 is located on the high pressure side of the diffusion
pump and serves as a check on the function of the diffusion pump.
Pirani no. 2 is located on the low pressure side of the diffusion pump
and indicates when the pressure in the main system is sufficiently
low for the operation of the diffusion pump. Pirani no. 3 is located
on the auxiliary manifold and serves to indicate the pressure in the
airlock,

The procedure for changing specimens while the system is under
vacuum is as follows, In normal operation of the instrument, valves
1, 4, and 5 are open and valves 2 and 3 are closed. The stage assem-
bly on which the specimen is mounted is first lowered by means of
al/l5 horsépower motor which drives a threaded nut through a worm
gear (this worm gear can be seen in fig. 12). A flexible brass
bellows permits the stage to move downward about an inch while

vacuum is still maintained. With the stage assembly in the lowered
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position (see fig. 9) valve 5 may be closed and the airlock let down
to air by opening valve 3. The stage assembly is removed and a
new specimen mounted in it. The auxiliary forepump is started,
the stage assembly replaced, and valve 4 is closed. When Pirani
no. 3 indicates sufficiently low pressure, valve 3 is closed, the
forepump is shut off, and valve 5 is opened. The motor which drives
the stage assembly up and down is reversed by means of a switch
and started. As the specimen moves upward it gradually comes
into view in the viewing microscope, and the motor is stopped when
the specimén reaches the focal plane. Small adjustments of the
vertical positioning can be made by manually adjusting a knurled
knob on-the shaft of the worm gear.

For the benefit of those who will be concerned with operating
this instrument in the future, it is well to consider a few practical
aspects of the operation of the vacuum system. Both organic dif-
fusion pump oil (Narcoil-20) and Silicone diffusion pump fluid
(Dow No. 702 Fluid) have been tried in the diffusion pump. While
Ennos (33) recommends avoiding Silicone pump fluids because of the
reduced electrical conductivity of the contamination deposits, this
was not found to be a serious limitation and the use of the Silicone
fluid avoids the necessity of cleaning the diffusion pump frequently.

The cold trap has been operated with liquid air, a mixture Qf
dry ice and acetone, and without refrigeration. With liquid air, the
trap required filling about every four hours and did not effectively
trap the oil vapors, unless it was filled more frequently, because of

the variation in the cold zone as the liquid air level varied. With dry
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ice and acetone the trap required filling a few times a week and was
effective in ti'apping the oil vapors because the thermal conductivity
of the acetone resulted in a more nearly constant cold zone. The
temperature of the dry ice - acetone mixture is not sufficiently low
to trap water vapor effectively, but this is not a serious limitation
because the dryer removes moisture from the air which is periodi-
cally admitted to the system., Operation of the cold trap without
refrigeration resulted in large quantities of pump oil collecting in
the pumping manifold due to "creep!' or back diffusion and eventually
resulted in very poor operation of the diffusion pump as a result of
the loss of this oil. Even without refrigeration, however, it was
possible to operate the beam system although the contamination
rates were higher,

In the alignment of the spectrometer it is necessary to operate
the spectrometer in air, since the alignment is accomplished by
successive approximations, The spectrometer case, however, is
ordinarily a link in the vacuum line from the main manifold to the
electron probe., It is therefore necessary to use a special fitting
which connects the opening in spectrometer case leading to the
pumping manifold with the opening leading to the specimen housing,
This fitting is clamped temporarily in place by brackets and has "O"
rings which seat on machined faces on the inner sides of the spec-
trometer case (see fig. 18, p.143 ). The fitting is L-shaped in order
to facilitate moving the spectrometer crystal close to the specimen
and has a window of Mylar 1 mil thick and 2 inches in diameter oppo-

site the opening leading to the specimen housing. The Mylar window
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is sufficiently thick to support atmospheric pressure but results in
negligible abéor'ption of the x-rays (about 2% for copper K a ).
The pressures normally attained in the operation of the instru-
ment are about 2 x 10-5 mm of mercury. The mean free path of
electrons in air is about 20 meters at this pressure (52). Although
one requires only a pressure sufficiently low that the mean free
path of the elecfrons is long compared to the dimensions of the probe
system (e.g. 10-3 mm of Hg), lower pressures than this are
desirable to reduce the formation of contamination deposits and

increase filament life,

3. The sample traverse mechanism and
viewing system

The stage assembly which is used to produce a translation of
the specimen under the electron probe is illustrated in fig. 16. The
cover of this assembly has been removed in order to show the mech-
anism which is used to accomplish the translation, The vacuum
seal between the stage assembly and the instrument is made by means
of a greased taper joint which permits a rotation of the entire assembly
about the axis parallel to the electron beam, This feature was provided
in order to facilitate establishment of the curve for x-ray self-absorption
correction, but it is not essential to the operation of the instrument
since the absorption curve can be obtained by other means,

Two shafts are introduced in the base of the stage assembly
through "O" ring seals. Each shaft has a precision thread of 1/2 mm

pitch on which a split bronze nut travels, The nut in each case is
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FIG, 16 The stage assembly used to translate the specimen
under the electron probe,
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constrained by the shape of the body of the assembly in such a way
that rotation is prevented, and is spring-loaded with respect to
the body by a helical spring coaxial with the shaft, The upper end
of each shaft has a recess containing a ball bearing which rides in
an insert of Morganite mounted in the body of the assembly, Affixed
to each nut is a polished steel wedge which, on rotation of the
calibrated knob attached to the shaft, translates the stage in a plane
inclined at 15 degrees to the horizontal, The lines of intersection
of the polished faces of the wedges with this plane are mutually
perpendicular, and consequently the motion which is conveyed to the
stage itself takes place independently in two mutually perpendicular
directions, The stage makes contact with the face of one of the
wedges at two points and with the face of the other wedge at one point,
This kinematic feature was found to result in rectilinear motion to
a high degree. Helical springs exert a downward force on the base
of the stage when the cover is in place, and other helical springs
exert lateral forces which are necessary to maintain contact between
the stage and the surfaces of the wedges,

The stage contains a polystyrene insulator in which is mounted
a brass bushing., The specimen which has the form of a rod 1/8 inch
in diameter and 1 1/16 inch long fits into the bushing and is held in
place by a set screw., The brass bushing is connected to a flexible
wire which passes through a glass tube extending to the outside of
the vacuum system and permits the beam current collected by the

specimen to be measured. The glass tube is drawn to a capillary
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for a distance of several inches from the bushing to provide the
flexibility neceséary to allow movement of the stage,

The specimen can be translated a distance of 2 mm in each
direction in very small increments, since the angle of the wedges
was chosen so that each revelution of the shafts corresponds to a
movement of the stage of about 50 microns. For linearity of the
calibration it is necessary that the eccentricity of the shafts (or more
precisely, the axis of the precision thread with respect to the axis
of rotation of the shafts) be made very small, and this constitutes a
serious disadvantage of the design.

Another limitation as a result of the design is large hysteresis
in the movement of the stage due to friction at the sliding contacts,
This trouble is augmented by the difficulty of lubricating these sliding
contacts, in addition to the thrust bearing and threads, when the stage
is under vacuum, The use of Silicone vacuum grease caused severe
binding because this grease permits the metal parts in contact to
"geize', Organic diffusion pump oil or Lubriseal vacuum grease
have been used as lubricants with greater success.

Some mention should be made about the orientation of the speci-
men in the stage assembly, Surface irregularities will produce
errors in the analysis if they result in a change of the self-absorption
path of the x-rays which are analyzed. Such surface irregularities
are difficult to avoid because there is no known method of producing
a perféctly flat smooth surface on a specimen which is not homogeneous.

For example, in the case of a linear diffusion couple, the various
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diffusion zones corresponding to different composition will be
affected differenﬂy by mechanical polishing and electrolytic or
chemical etching, Whenever possible it is desirable to orient the
specimen in such a way that the boundaries of regions of different
composition are parallel to the direction of the emerging x-rays
which are accepted by the spectrometer,

In the study of the composition of regions on the surface of an
alloy it is necessary to know at any given time on what region of the
surface the electron probe is impinging. This can be done by a
variety of methods., In England attempts are being made to utilize
the probe itself to obtain this information by causing the probe to
scan the surface and by reconstructing an image of the surface on
a cathode ray tube which is modulated with the x-ray signal (6) (7).

In such a scanning arrangement it is also possible to employ
secondary electron emission as in the secondary emission micro-
scope of Zworykin (3), but this is susceptible to a greater difficulty

of interpretation,. Caétaing has employed a special optical microscope
objective and a small perforated mirror in the original version of

his instrument, which had electrostatic focusing (15). In a later
version, in which magnetic focusing was used, he uses a reflecting
microscope objective which is c.ontained in the upper pole piece of

the objective lens. In this country Fisher and Swartz have attempfed
to overcome the difficulties resulting from the small working distance
of the objective lens of the electron probe by using a magnetic repeater

lens of near unity magnification to refocus the electron spot, and by
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inclining the specimen at an angle of 45 degrees to the axis of the
electron beam, The objective of the light microscope can then
view the surface in the usual fashion, This procedure, however,
results in lower currents possible in the electron probe because of
the additional spherical aberration of the repeater lens,

The solution which was used in the Caltech instrument was
to place the viewing ;system in the gap of the lower magnetic lens,
This would not be possible with ordinary microscope objectives
because of the large size of the lens mounting, but a Zeiss objective
which is used in the "Ultropak" dark field illumination system has
small external size and can be modified to fit between the pole pieces.
The objective then views the surface of the specimen by means of a
small mirror which is mounted on the aperture holder and which
moves with it, It is not necessary for this mirror to be perforated,.
as the electron beam can pass over its edge if the surface of the
specimen is inclined with respect to the electron beam., At the
present time the surface of the specimen must be inclined at an angle
of 15 degrees to conform to the constraints of the stage assembly,
and this results in a small sacrifice in the numerical aperture of
the system, An improvement of the viewing system could be made
by modifying the stage assembly so that the full numerical aperture
of the objective (N, A, = 0, 25) could be used,but the angle of inclination
of the specimen should not be increased more than necessary since
the finite depth of focus of the microscope will result in an error of

parallax in the location of the electron probe,.
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The completed viewing system is shown in fig, 17, which
shows the sarﬁple housing with the rest of the electron beam system
removed, The microscope objective can be seen to the left of the
center of the housing, The mirror used to view the surface of the
specimen is inclined at 45 degrees to the surface of the specimen,
but is not visible in the photograph since it is mounted on the lower
side of the aperture holder,

The specimen housing has a glass window for light to pass into
and out of the vacuum system, and this is inclined slightly with
respect to the axis of the objective to prevent back-reflection. Just
outside the vacuum window is a beam splitter which serves the double
purpose of admitting the illumination and permitting visual observa-
tion of the specimen. The beam splitter is housed in a cylindrical
aluminum box attached on the left of the specimen housing (fig. 17).
This box has an eyepiece tube of adjustable length at right angles to
the axis of the objective. The axis of this tube is parallel to the
surface of the specimen so that the orientation of the image can be
related most easily to the orientation of the specimen, The eyepiece
which is shown in fig. 17 is a filar micrometer eyepiece and may be
used for measuring distances on the specimen.,

Illumination for the microscope is provided by a ribbon filament
illuminator which is located on the corner of the instrument table
(see fig. 7).

The alignment of the optical system is accomplished in the
following manner, With the instrument in the state of assembly

shown in fig. 17 the aperture is adjusted to be approximately centered
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FIG, 17 View of the sample housing which shows the aluminum
pole-tip spacer, the viewing microscope, the mirror
and aperture mount, and portions of the spectrometer,
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with respect to the bore in the lower pole piece. The objective is
then adjusted fof position along its own axis so that the optical path
from objective to the plane of the specimen is approximately equal
to the working distance of the objective (5.8 mm). The beam system
is then assembled and with the probe in operation, the aperture is
centered by the method described in the preceding section (p.127}.
The beam system is dismantled again to the state shown in fig, 17,

a specimen is placed in the proper position, and the axial position
of the objective readjusted to focus on the specimen. At this time,
the tube length of the microscope is also adjusted to correct for the
spherical aberration which results from the presence of the vacuum
window in the optical path, When these two adjustments are satis-
factory, the corresponding locking screws are tightened and the rest
of the electron probe system is assembled,

The alignment of the illuminator is not critical, but should be
adjusted properly to minimize glare., The condensing lens of the
illuminator may be adjusted by placing a grid (tissue paper or other
textured translucent material will also serve this purpose) and moving
it along the light path until a sharp shadow picture is seen through the
microscope when it is focused on a specularly reflecting sample.
Without moving the grid the condenser is then adjusted to focus in the
plane of the grid. The optical axis of the illuminator must also be
adjusted to coincide with the axis of the objective. This is accomplished
by removing the eyepiece of the microscope and viewing the reflec-

tions from the various lens surfaces of the objective, Proper alignment
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is indicated when these reflections all lie on a line passing down the
center of the o‘lojéctive.

As a final adjustment with the probe in operation and with a
fluorescent screen as a target, the 'objective is translated perpen-
dicular to its axis by means of the two screws, which may be seen
on the front of the specimen housing,until the image of the electron

focus coincides with the intersection of two hairlines in the eyepiece.

4, The spectrometer and associated equipment

The spectrometer, which is used to analyze the characteristic
radiation emitted by the part of the specimen under the electron probe,
is of the Johann-DuMond type. This type of spectrometer is ideally
suited to this application because of the small size of the source of
x-rays and because the focusing action of the crystal helps to compen-
sate for the low intensity of radiation at small concentrations.

A general view of the spectrometer is shown in fig. 18. The
‘casting was made by the Aluminum Company of America using 356-T6
aluminum and has two bronze taper bearings set in the bottom which
serve as female taper bearings for the shafts on which the gears are
mounted, The crystal and detector arms are mounted on 120 degree
sectors of Boston gears NA 200 and NA 180, respectively. These
gears are driven by Boston gears GA 25 and GA 45 which are mounted
on a common shaft brought out of the vacuum system through an no
ring seal. The use of commercial gears in this spectrometer was
possible, because it is not necessary to make precise wavelength
measurements in the analysis, but only to be able to set the sf)ectro—

meter reproducibly on known lines. The gear ratio between the
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detector beam and the crystal beam is 2 to 1, and therefore the
crystal and detector are in the correct relation to satisfy the Bragg
conditions for all positions of the spectrometer.

Backlash is removed from the spectrometer gear train by
means of a braided phosphor -bronze cable which is attached to a
pulley sector on the detector gear at one end and to a pulley sector
on the crystal gbear at the other end, This cable is supported at two
other points by fixed pulleys attached to the spectrometer casting.
Tension is maintained in the cable by means of a helical spring and
a turnbuckle, resulting in a torque between the detector gear and the
crystal gear in such a way that the teeth of each gear always have
the same side in contact with the teeth of the driving gear. There is
no change in the tension in the cable for the different spectrometer
settings, since the ratio of the diameter of the crystal pulley and the
diameter of the detector pulley is the inverse of the gear ratio.

The shaft to which the driving gears are affixed extends through
the bottom of the spectrometer case and through the top of the instru-
ment table., Located below the top of the instrument table on this
shaft is a 12-inch-diameter drum and a worm wheel, The drum
consists of a pulley having a 1-inch face. The crown of this pulley
has been turned off, and the resulting cylindiical surface divided into
225 equal divisions, each division corresponding to an angular displace-
ment of the crystal equivalent to 1/10 degree of the Bragg angle.
Other markings can be put on the face to correspond to the location

of the various characteristic lines of interest if this should prove desirable.



145

The calibrations can be viewed through an opening in the remote control
panel by means of a prism (see fig, 9). Illumination is provided by a
lamp house below the prism, The fiduciary for the scale consists

of the hairline from a 6-inch slide rule which has been etched with
additional divisions corresponding to 0,02 degree of Bragg angle.

The worm wheel is driven by a shaft which extends to the front
of the instrumeﬁt and which can be rotated by means of a handwheel.
This handwheel may be seen in fig, 7 to the right of the viewing
prism. The worm wheel has 30 teeth, giving a gear ratio from the
hand wheel to the spectrometer driving gears of 30 to 1. This ratio
should be increased to give greater sensitivity in setting the spectro-
meter.

The crystal used in the spectrometer consists of a quartz
lamina measuring 3.5 ¢cm by 1.43 cm. It is one of five such lamina
obtained by Di'. DuMond from Jobin and Yvon, 26 rue Berthollet,
Paris, France, The lamina has been ground to a radius in the
unstressed state of about 53,08 cm, The planes which are used are
the 1011 planes with a grating constant of 3336.2 X.U, (53), and
these planes make an angle of about 3 degrees with the surface of the
crystal at its center, This gives rise to an asymmetry in the spec-
trometer which can be very useful in this application. The crystal
is mounted so that the angle between the crystal and source is (29+ 6)
degrees where @  is the Bragg angle, and the angle between the
crystal and detector is (2 § =~ 6) degrees, This overcomes the diffi-

culty of the large size of the electron lenses in the electron probe
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system, which would otherwise make it impossible to obtain settings
of the spectrometer corresponding to small Bragg angles,

The crystal mounting provides for 5 degrees of freedom and
the detector mounting for 2 degrees of freedom, The detector is
constrained so that the end-window geiger tube is always directed
with its axis toward the center of the crystal, Two slits restrict
the x-rays which are accepted by the geiger tube. The first slit,
which is nearest the geiger tube window, may be adjusted symmetri-
cally about its center by means of a screw which can be seen in
fig. 18, The second slit is of fixed size and serves only to prevent
the direct radiation from the source from entering the defining slit
(see fig. 17).

"The spectrometer covers a range in wavelengths from about
1.1to 3.5 & . Itis therefore possible to study elements of atomic
number 20 (Ca) through 33 (As) by means of their Ka radiation,
and atomic numbers 50 (Sn) through 83 (Bi) by means of their L,
radiation, In addition, limited study of elements of atomic numbers
34 to 46, and 83 to 92 is possible by obtaining the K, and L
reflections in the second order. However, the intensity of the second
order reflections is quite low for the crystal planes which are used,
being only 15% of the first order (53).

The procedure for aligning the spectrometer is that suggestéd
by Castaing in his thesis (15). In this method, after a preliminary

adjustment of the radius of the source, crystal and detector, the
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spectrometer is adjusted by successive approximations using two
different x-ray 1ines corresponding to different parts of the focal
circle, The Ka doublets of nickel and titanium were used, since
both of these lines can be obtained with the spectrometer operating
in air and the vacuum bypass in place. For the purpose of this
adjustment, a specimen consisting of a piece of nickel wire and a
piece of titanium wire pressed into a brasé tube is used as a target.
By translating the stage it is therefore possible to convert rapidly
from a nickel to a titanium target and vice versa.

An improvement over Castaing's method of alignment can be
obtained if one makes use of the calibration of the spectrometer in
terms of Bragg angles, The Bragg angle scale, of course, has an
arbitrary zero, since the adjustment of the position of the source
relative to the spectrometer axis does not take place along a radius
vector., However, it is possible to ;:alculate separately the zero
position of this scale yvith reference to each of the two lines since
the grating constant of the crystal is known., If these two values do
not agree, a misalignment is indicated, and the direction of the
adjustments which must be made is partly indicated by noting whether
the zero position calculated from the location of the titanium line is
higher or lower than the zero calculated from the nickel line, The
indication is not unique, however, so there is still need for some \
“trial and error' methods, It might be possible to make a further

improvement in the method of adjustment by using the zero of the
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Bragg angle scale calculated with reference to the lines from three
elements,

At present, the detector which is used in the spectrometer is
a type D-34 A geiger tube manufactured by Nuclear Chicago. This
tube has a neon fill and is not efficient for the shorter wavelengths
of the spectrometer's range, It is hoped that this tube can be replaced
in the near futui'e with a special multicellular geiger tube now under
construction. This tube has 4 end-window cells 1/4 inch in diameter
and 4 inches long arranged in a linear array. It has a window of
mica about 1.3 mg/cm2 surface density and will be filled with argon
and an organic quench at approximately atmospheric pressure, The
window is capable of supporting atmospheric pressure in either
direction and should have a transmission of about 60% at the longest
wavelengths in the spectrometer range,

The cables from the geiger tube consist of bare wires insulated
with segments of glass tubing. The connections are brought outside
the vacuum system by means of a header plate which is sealed to the
spectrometer case with an "O" ring, A preamplifier, consisting of
a pentode and cathode follower, is mounted on the side of the spectro-
meter case (see fig, 7). From the preamplifier the pulses pass
through coaxial cables to a double scaler, This scaler is identical to
those in use at the Caltech Synchrotron Laboratory and may either be
used with two input channels each having electronic scales of 99 and
a high speed mechanical register, or with a single input channel having

an electronic scale of 9999,
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The double scaler is located at the top of the instrument rack
on the main table (see fig. 7). Below the scaler and in the same rack
is a counting-rate meter which is operated by a signal obtained from
the scaler. The counting-rate meter has a meter movement for
semi-quantitative work and a loudspeaker for audio indication of the
counting rate., The audio indication may be in the form of individual
clicks or in the change in frequency of a tone from a frequency modu-
lated audio oscillator, This latter form of audio indication makes it
easier to discern changes of counting rate, particularly at high
counting rates, and has proved to be very useful for locating lines
of unknown elements in the target and also for aligning the spectrometer,

The instrument is equipped with provision for measuring the
x-ray intensities for a given interval of time or for a given total
charge collected by the target. In the fixed-time measurement the
gate in the scaler is controlled by a timer which is adjustable for
periods of 3 to 120 seconds, The timer is incorporated in the power
supply for the geiger tube which is located in the auxiliary instrument
rack (see fig, 7). In the fixed-charge measurement the gate in the
scaler is controlled by a current integrator, The current collected by
the target charges one of three polystyrene film capacitors (0.01, 0,05,
0.1 pFd ), and the gate in the scaler is closed when the voltage
across this capacitor reaches a predetermined value set by a decéde
of precision resistors and a helipot. The integrating capacitors are
mounted on a plug-in unit in the preamplifier which may be seen to the
left of the vacuum controls and just below the remote control panel

in fig. 7.
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The circuit diagram for the preamplifier and the current inte-
grator is reproduced in fig, 19, The potential of the grid in the
electrometer tube in the preamplifier is maintained constant by feed-
back from the main amplifier to the opposite side of the integrating
capacitor, The grid bias of the electrometer tube is adjusted so that
the tube is always operating in a portion of its characteristic where
minimum grid current is drawn. Additional advantages of this
arrangement are maximum stability and a constant potential of the
target during the integrating cycle. A meter and selector switch in
the feedback circuit permits monitoring the potential difference
across the integrating capacitor ( QU charge) or the time derivative
of this potential ( OL current) during the period of integration.

In the use of the current integrator it is desirable to know the
time which is required to collect a given charge on the target., This
can be important to obtain a first approximation to concentration
(see p. 79 ff,). A clock is therefore provided which records the
time that the gate in the scaler is open.

Both the current integrator and the cycle timer have a provision
for automatically resetting the electronic registers of the scaler at
the start of the counting cycle if this is desired, On the other hand,
if the counting interval (time or charge) is to be doubled or tripled
for some of the measurements, the reading on the electronic regisfers

can be retained by disabling the automatic reset by means of a switch,
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Key to FIG, 19

Components for the integrator

V1--CK5886 (Raytheon)

V2,8--12AX7 (filin
series string, regu-
lated B+)

V3, 4--12AT7 (fil in
series string regu-
lated B+)

V4--2D21

V5--12AT7

V6--12AU7

V7--OB2

Rl--1M, 2 w*
R2--10K, 2 w pot,
"Amp zero"

R3--225K, 2 w*
R4--14K, 2 w*
R5--7.5K, 2 w*
R6--7K, 2 w¥*
R7--5008), 2 w*

AB pot, "Bias"
R8--1M, 2 wx
R9--200K, 1w
R10, 11,12-~-1M
R13--2,5M, 2w, AB

pot. "Cal, current”
R14,15--4.7TM
R16--25K, 2 w, AB pot.
"Cal, charge (volts)"
R17--25K, 2 w pot,
"Fil.current”
R18, 28--10K, 1/2 w

M--0-1 ma.

Bl--NES5I,
B2--NE51, "Integrate"
B3--NE51, "Power"

R19,27--3,3M, 1w
R20,24--200K, 2 w*
R21,25--1.5M, 1w
R22--33K, 2 w*
R23--16K, 2 w¥*
R26--100K, 1/2 w
R29,30--1M
R31--6K, 10 w
R32--2.5K, 2w AB
pot."Zero V,T.V.M.,"

R33--1.5K
R34--100K, 2 w
R35--820 §)

R36--470K, 2 w
R37--100K, 2w
R38,39--1.5M, 2w
R40,41--2,2M, 2w
R42,43--100K, 2 w¥*
R44--330K
R45--150K, 2 w*
R46--20K helipot
"Gate set, fine"
R47-58--10K, 1/2 w*
R56--500 2w, AB
pot. "Gate zero"
R60,62,65--60K, 1/2 w
R61--2K, 5w
R63--4,7TM
R64--1008), 1w
R66--1008), 1w
R67--250 ), 2 wx

"Zero indicator"

Cl, 2, 3--polystyrene
film capacitors, 0,01,
0.05, 0.1 pFd, 400 v,
on plug in unit

C4--0,005 pFd, 600 v

C5,10--0,06 pFd

C6,8--0,002 pFd

C7--0,02 pFd, 600 v

C9--0,04 pFd

Cl1,13--0,25 pFd, 400 v

C12--0,1 pFd

Cl14--0,5 pFd

Cl5--1 pFd, 200 v

Cl6--50 pFd, 50 v

Cl17,18,19, 23--0,01 pFd,
400 v

Cc20,21,22--0.1 pFd,
600 v

P1--80239 "Gate"

P2--50239 "Reset"

P3--4 pin Jones plug to
clock, 1 and 3 common,
2 brake release, 4
motor

L1,2--No, 26 wire on
1/2" form 1-1/2" long
(not crit.)

S1--DPST Relay 110 V,A,C, coil, modified for low leakage

S2--3 pole 4 pos, rotary sw,, "Monitor", pos,., 1 reads voltage, pos. 2,
3,4 read dV/dt, rel, scale factors of 1,2, 4

S3--1 pole 3 pos, rotary sw., pos. |l reads V.T.V.M, zero, pos, 2 reads
voltage, max, sensitivity, pos., 3 monitors as selected by S2

S4--SPDT plate circuit relay

S5--NO push button sw, "Start"

S6--NC push button sw, "Stop"

S57--4PDT relay, 110 V, ac . coil

S8--SPST toggle sw; "Reset"; open- "Manual", closed- "Automatic"

59--2 pole 1l pos. rotary "Gate set, coarse"

sk

precision or temperature stable resistor
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IV, A Preliminary Application of the Electron Probe Microanalyzer

In order to demonstrate the use of the instrument described in
this thesis and of the correction formulae which must be used to
obtain quantitative information from the relative x-ray intensities,
it is desirable to consider a specific application. A useful alloy for
such a preliminary application would be an alloy containing iron and
chromium, since this case involves the use of both the self-absorption
correction and the fluorescence radiation correction because of the
selective absorption of the characteristic x-radiation of the iron in
chromium. Moreover, in this case the specimen is ferromagnetic
and it is of practical interest to demonstrate that it is possible to study
ferromagnetic materials in an electron probe instrument which employs
mégnetic electron focusing,

The iron-chromium alloy, however, does not permit a compari-
son of the fixed-charge measurement of the x-rays with the fixed-time
measurement, since the atomic numbers of iron and chromium are
quite close together, We will assume that in this case the first
approximation to theA concentration is given by the proportionality of
the intensity of an emission line of an element and the mass concentra-
tion of that element. We will attempt to illustrate the magnitude of
the corrections in this case, the computation of the mass concentra-
tions, and the check which is afforded by summing the concentrations,

The specimen which was studied consisted of electrolytic iron
impregnated with chromium. The process by which this is done is

known as chromizing and is carried out by treating the iron with CJ:'CI2
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at a temperature of 1300 to 1400 °Cc. The CrCl2 , which is produced
by reaction of hydrogen and hydrogen chloride with chromium, reacts
with the iron at the surface of the specimen to form iron chloride

and metallic chromium. The iron chloride passes off in the vapor
phase, and the chromium diffuses into the specimen at a rate which
depends on the temperature at which the process is done.

The chromizing was done by the Chromalloy Corporation,

450 Tarryton Rd., White Plains, N.Y. (courtesy of Richard P. Seelig)
and is referred to as their process number Crel 95,15 fal. After
chromizing, the specimens were plated with 0,010 inch of hard

nickel so that rounding of the edges would not take place in the polish-
ing of sections.

At first, a specimen having a volume of about 20 rnm3 was
examined in the microanalyzer, but it was found that as the specimen
was translated under the electron probe the focal spot was displaced.
This displacement resulted in a shift in the setting of the spectrometer
for which the intensity of the x-ray line was a maximum because of
the high spatial resolving power of the curved crystal spectrometer
(about 40 microns), If the spectrometer setting was held constant,
as the specimen was translated the sensitivity of the spectrometer
varied with specimen position, which also gave erroneous results,

A specimen having a volume of 3 mrn3 still resulted in this type
of error, but the effect was practically negligible for a specimen of
0.2 rnm3 in volume. The preparation of a specimen of this size was
accomplished by attaching it to the end of a brass rod with silver paint

and then embedding in plastic using a special holder. The holder
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served the dqal purpose of determining the angle of the specimen's
surface during i)olishing and of permitting the specimen rod to be
extracted from the plastic without damage to the polished surface,.

As the plastic was transparent (lucite) it was a simple matter to polish
the specimen to a thickness of a few thousandths of an inch. When

the specimen was removed from the plastic, sufficient plastic was

left around the specimen to keep it in place on the brass rod, but it
was found that the surface of this plastic would become charged and
deflect the electron probe unless it was coated with silver paint.

Since the concentration of chromium at the surface of a specimen
of chromized iron is less than unity (being limited by the equilibrium
of the displacement reaction), it was necessary to make use of a
standard sample containing pure iron and pure chromium. The volume
and shape of this standard wére nearly the same as that of the chro-
mized specimen and made it possible to determine the ratio of the
intensity of CrKa and FeK, radiations from pure targets.

This ratio was used to calculate the intensity which would have been
obtained from pure chromium in the specimen by multiplying by the

observed intensity from pure iron in the specimen (after corrections
for dead time).

A photomicrograph of the specimen's surface after the analysis
is shown in fig. 20. The trace of the contamination deposits where
the focal spot remained for an x-ray intensity measurement can be
seen as well as the boundary between the nickel plating and the surface

of the chromized specimen (arrow A). The mottled portion in the
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100 microns

FIG, 20 Photomicrograph of the chromized iron specimen
after analysis,
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upper left corner is silver paint which was carried over the surface
of the specimen to insure good electrical contact. It will be noticed
that the contamination deposits are elliptical in shape and this is
undoubtedly due to astigmatism in the electron probe. The variation
in the size and density of the contamination deposit is probably due
to the variation in thermal properties with composition, although
there may be some effect of the ferromagnetic material in changing
the focal length of the electron lens.

The electron focal spot was about 5 x 10 microns and had a
current of about 0.4 microamp. This resulted in an intensity of the
unresolved FeK, doublet of about 2050 counts per second from a
target of pure iron, and the dead time correction is very important
at these high counting rates, A plot showing the calibration of the
geiger tube is shown in fig. 21. The experime:ﬁtal points are not

well represented by an equation of the form

N
c

N= N (5.1)

as can be seen from the dashed curve plotted for T = 281 micro-
seconds which was selected to fit the experimental curve at low
counting rates. In general, it is best to reduce intentionally the
intensity of the beam if the dead time correction is more than about
10% because of greater uncertainty in the dead time correction at high
counting rates,

The intensity of the FeKg radiation must be corrected for

self-absorption since the absorption coefficient of the alloy for radiation
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‘of this wavelength varies widely with composition. The intensity
of the CrKg - radiation must be corrected for fluorescence excita-
tion, which is particularly important at low concentrations of
chromium. The fluorescence correction gives the fraction of the
observed intensity \;s/hich is due to fluorescence; it would be necessary
to correct also for self-absorption of the CrKgq radiation were it
not for the fact that the mass absorption coefficients of iron and
chromium are nearly the same for radiation of this wavelength,

The first step in making the necessary corrections is to obtain
values for all of the quantities which appear in the correction formulae.
The values which were used in correcting the data from this preliminary

experiment may be tabulated as follows:

Exciting radiation ~ Fluorescence radiation
FeKgq FeKB] CrK
) R |l1.9350 1.7530 2.285
cm N
u/p(Fe) oo 71.2 54 118
cm
n/p(Cr) = 500 366 93
Relative (al+ aZ)
intensities
(Williams) (54)||1.5 0.182
X, (Fe) .9 .1
Atomic no.Aj 58.8 52
rlCr) = 9 o = 2080 (Castaing)
WK(Fe) = 0. 306 (Castaing) (15) b =2.48" 1, 03 (using value for Cu)

0.20° 10-3 (using value for Cu)

PZq
TABLE 5
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The self-absorption correction curves which were obtained
by Castaing and Descamps (see fig. 2, p. 32) were determined in
Castaing's original version of the instrument in which the axis of
the electron probe made an angle of 10 degrees with the normal to
the specimen's surface, and the emerging x-rays made an angle of
16 degrees with the specimen's surface, Consequently, there is a
small correction which must be made in applying these correction
curves to data taken on the instrument described in this thesis.
This factor can be included in computing the value of X in the following

way:

X - M _cosB sin 10°
p sin O cos 93
where 8 is 15 degrees in our instrument and 85 depends on the

spectrometer setting.

By simple geometrical considerations it may be shown that 93
is given by

8, = le0 - 65l

where 60 is a constant depending on the location of the x-ray source
relative to the axis of rotation of the spectrometer crystal, and GB is
the Bragg angle corresponding to the x-ray line which is being measured.
Since the value of 63 involves the difference of these angles, they
may be measured on the angular scale of the spectrometer in spite of
the fact that this scale has an arbitrary zero. The value of 6, depends

slightly on the spectrometer alignment and had a value of 13,25 degrees

for this experiment. The iron line had a maximum intensity at 6. 94,
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and the chromium line had a maximum intensity at 10.11. In this
case, the refinerhents to the geometry of the self-absorption
correction have only small effects and will affect the accuracy of the
correction to a lesser degree than one's ability to read points from
the curves of fig. 2.

Both the self-absorption correction and the fluorescence
correction involve a knowledge of the concentration of the specimen.
Consequently, if the corrections are to be made directly on the
intensities observed, it would be necessary to use successive approxi-
mations. This can be avoided by using the correction curve to
determine the correction for a series of known concentrations. These
corrections may be plotted as a function of either the intensity which
would be observed,or the ratio of this intensity and the intensity from
a target of pure iron. The latter choice of variable gives a better
concept of the magnitude of the error which would result if the absorption
correction were not made and if one assumed that the observed
intensity were proportional to the concentration.

The plot of the corrections to be applied in the case of an alloy
of iron and chromium is shown in fig. 22. In this graph, the mass
concentration (C) divided by the observed intensity ratio (k') is plotted
as a function of the observed intensity ratio. While it is clear that
it would suffice to plot the concentration as a function of the observed
intensity in the manner of a conventional calibration curve, the repre-
sentation which was chosen gives a better picture of the magnitude of
the correction itself and is capable of slightly greater accuracy in

reading the graph.
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The fluorescence correction was made by using the correction
formula which was derived in this thesis (equation 4. 38c, p. 62). It
is clear from the magnitude of the quantities shown in Table 5 that
the cont’ribution of the Fe Kﬁl line is considerably less than the
contribution fromthe Fe K, doublet ( = 6%), and consequently the
excitation can be assumed to be caused entirely by the K, doublet.
Furthermore, because the K , 1 and K, o, are very close together,
they may be treated as a single line. Castaing's approximation for
the fluorescence correction for this case and for the same neglect of
the Fe Kﬁl line gives values which are about 5% smaller, and this
is to be expected from the representation of the function ¢ ( p z) by
an exponential,

The reduced data for this experiment are shown in fig. 23 in
which the mass concentration of iron and of chromium are plotted as
a function of distance from the edge of the specimen of chromized iron.
The abrupt descrease in the concentration of chromium corresponds to
the concentration of chromium for which the a solid solution of
chromium in bcec iron cannot exist in equilibrium at the temperature at
which the process was done. Beyond this point, any chromium which
exits must be the y solid solution in fcc iron. One must conclude that
the diffusion rate of chromium in the y phase is much less than the
diffusion rate in the g phase at this temperature.

It is interesting to note that the position of the discontinuity in
chromium concentration is visible (at arrow B) ét the photomicrograph.
The surface of the specimen was subjected to mechanical polishing

with 1 micron "diamet" and was not subsequently etched.
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The experiment shows that the concentration of chromium at
the edge of the specimen is about 37% * 2%. The sum of the concen-
trations of iron and chromium deviates from unity by .04 at most
and is, in general, somewhat less than this, This should not be
interpreted as being typical of the accuracy possible in the method
of analysis, because this case is one for which the corrections are
particularly large and the corrections were made without an attempt
to obtain maximum accuracy, In addition, there is a large uncer-
tainty in the dead-time correction because of the high intensity of
the electron beam, The statistical errors are virtually negligible in
comparison to these other errors, being less than 0.7% (probable

error) for all concentrations greater than 0,1,
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Appendix

A. An Experimental Field Emission Cathode

A useful field emission cathode assembly must satisfy the

following design considerations:

(2) Provision must be made for allowing the electron
focusing system to collect electrons from one of the
directions of strong emission.

(b) A means must be present for indicating the adjustment
necessary to obtain emission from the most favorable
directions.

(c) It must be possible either (1) to degas the emitter
thoroughly before use and to maintain a very high
vacuum in the cathode region or (2) to heat the
emitter continuously and apply the electric field

in pulses,

(d) An aperture stop must be provided to limit the electron
beam entering the focusing system,

(e) Adjustments must be provided for aligning the emitter
and aperture stop so as to coincide with the axis of
the focusing system,

(f) Replacement of the emitters must be possible.

(g) The emission current should be susceptible to adjust-
ment independent of the accelerating voltage.

A cathode assembly which satisfies these requirements is shown
in fig, (a) and fig, (b). The emitter itself is mounted on a hairpin
tungsten filament which is supported by gimbals so that the tip of the
emitter remains approximately fixed in space., Its angular orientation
may be adjusted from outside the vacuum system by means of two
concentric shafts to which lucite disks are attached., Rotation of the
disk attached to the inner shaft causes a variation of the polar angle

of the emitter with respect to the vertical, while rotation of the disk
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attached to the outer shaft varies the azimuthal direction of the
emitter, The field emission pattern is observed on a fluorescent
screen on the aperture stop, and therefore the adjustment can be
made to cause a direction of maximum emission to coincide with
the hole in the aperture stop.

The motion of the shafts for adjusting the emitter axis is

coupled to the emitter holder in a manner shown in fig, (a). The
outer shaft is rigidly attached to a cover (not shown in this view),
which is dome-shaped to prevent corona and which has a pin normally
engaging the notch (1) in the ring (2). This ring therefore can rotate
with the cover, Fixed to this ring are parallel horizontal bars (3)
and (4) spaced from each other by a distance slightly greater than
the diameter of the cathode holder (5). The edges of these bars
facing each other have grooves which constrain a wire slider (6)
having the form of a hexagonal loop, one end of which is attached to
a spring (7) which is connected to the ring (2). The cathode holder
(5) screws into the inner gimbal which is pivoted about the axis (8-9)
(12-13) at right angles to the axis (8-9), The tip of the emitter is
approximately fixed in space at the intersection of these two axes;
a rotation of the ring (1) therefore gives an azimuthal rotation to the
axis of the cathode holder and leaves one remaining degree of freedom
which can be determined by fixing the cathode holder at some point
along the bars (3) and (4).

This degree of freedom is determined by a slider (14) having

a "U" cross section and straddling the bars. A knob (15) projects
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Isometric view showing the holder for the field emission

(a)

FI1G,

cathodes and means of adjustment,
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above the slider so that it may be engaged by a lever (16) which is
pivoted at one end about a vertical axis fixed in the cover. This
lever can be rotated by pressure from a crank (17) on the shaft (18).
Friction at the "O" ring seal (19) prevents any motion of the crank
unless the shaft is rotated by manipulating one of the lucite disks.
On the other hand, the spring (7) maintains the contact at all of the
linkages, Thus, with the shaft (18) in some position in which the
spring (7) is not extended, the cover of the cathode assembly can be
removed for the purpose of replacing emitters,

A cross section of the complete cathode assembly is shown in
fig. (b). The fixed ring (11) of the gimbal assembly is held by three
screws in a stainless-steel tube (20) having holes for vacuum relief
and mounted in a brass body (21). The body has a conical cavity to
permit movement of the cathode holder, an "O" ring (22) for seal-
ing to the glass insulator (23), and recesses for Stupekoff seals (24)
and (25) which support an intermediate electrode (26). The electrode
(26) will be called the emission control electrode, since, in the opera-
tion of the cathode assembly, it is pulsed with voltages which determine
the quantity and duration of the field emission, The recesses contain-
ing the seals (24) are filled with Apiezon "W" wax which has excellent
resistance and prevents the pulses applied to the emission control
electrode from arcing across the short leakage paths of the seals,
Another recess in the body at 90 degrees to the plane of the section
contains a similar seal for connecting to one side of the tungsten

hairpin (27) by means of a beaded flexible wire (28) and connecting
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. plug (29). The other side of the tungsten hairpin is grounded to the
body by the flexible lead (30).

A split clamping ring (31) hold s the brass body to the glass
insulator with four screws which are accessible when the ball bearing
retainer (32) and lower ball bearing race (33) are removed, The
function of the ball bearings is to reduce friction on rotation of the
cover (35) relative to the rest of the assembly, and also to determine
the compression of the '"O'" ring which maintains the vacuum seal
during this rotation. The upper ball bearing race (34) is press-
fitted into a g roove in the aluminum cover,

The aperture plate (36) has three push screws, of which (37)
is one, for translating the glass insulator relative to the aperture
hole (38) in the molybdenum aperture plate (39). Three other screws,
of which (40) represents one, translate the aperture relative to the
electron lens (41)., During these adjustments the vacuum seal is
maintained by the "O!' ring seals (42) and (43). A fluorescent screen
is mounted on the aperture plate (38) which requires degassing.
Because of the close proximity of "O!'" rings, degassing by heat must
‘be rapid so that a high temperature can be attained on the aperture
plate in a short time without raising the temperature of the ""O" rings
excessifrely by thermal conduction,

This is accomplished by electron bombardment from a filament
(44) which is supported below the aperture stop by three Stupekoff
seals of which (45) is one. A stainless steel shield (46) which is

clamped to one of the lead-in wires and supported at two other points
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by glass beads, e. g. (47), reduces the emission current on the top
of the electron lens. A small power transformer with windings of
5v and 6.3 v connected in series across the filament and 2 600v
winding connected between the filament and the aperture plate (35)
furnishes from 20 to 60 watts of emission current for short periods
of time, most of which is collected by the aperture plate.

The cathode assembly described satisfies all the design require-
ments and, in addition,' has a compact physical size and smooth
exterior which are very desirable for a component which is to be
operated at a potential of -30 kv. The use of "O'" rings placed a
serious restriction on the lowest pressures which could be attained
in the cathode assembly (about 5 x 10_6 mm of Hg). The dualA
requirements of adjustability and replaceabikity of the emitter were
most easily satisfied by the use of "O'" rings, however, and therefore ’
the chance was taken that they might not impair the performance of
the emitter when operated under pulsed T-F conditions (see page 90).

The emission control electrode can be expected to have a lens
effect on the emission current, This was observed in the form of a
reduction in area of the field emission pattern as viewed on the
fluorescent screen, the reduction being greater the higher the voltage
of the pulses applied to the emission control electrode. This effect
is not disadvantageous except for the possible spherical aberration
which is introduced as a result of this lens effect.

Pulses were applied to the emission control electrode from a
pulse generator which is shown schematically in fig, (c). In this

circuit a signal from a variable-frequency, free-running multivibrator,
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Components for pulser

V1, 2,4--6SN7
V3--6ACT7
V5, 6~-6L6
V7--3D21
V8--5U4--GB
V9--3JP7

Rl1--10K
R2--240K
R3,4--6,8K, 2w
R5--100K
R6--47K
R7--33K
R8--10K, 2 w
R9--4,4M, 4 w
R10--15K
RlI1--10K, 2 w
Rl12--1K
R13--15K, 10 w
R14,16--10K, 10 w
R15,17--5K, 25 w
Ri18--330K
R19--150K, 30 w
R20--80K, 20 w
R21--15K, 2 w
R22,23--4,7TM
R24,25--3.3M
R26,27--560K
R28-~-1M
R29--50K
R30--1.33M
R31--100K
R32-~100 ohms
R33--5K

173a

Key to FIG, c

R34--1000 ohms, 25 w

R35--6,8K, 2 w

Cl1,5--500 ppFd
C2,3, 4--4-30 ppFd
C6--5-40 ppFd
C7--150 puFd
C8--0.001 pFd

c9,10,11,12,13,14--0,005 pFd

6 Kv
C15,16--0,1 pFd, 1 Kv
Cl7--2-1/8" RG11U coax
C18--6" RGS8U coax
C19--0,25 pFd, 200 v
C20, 21, 23--47 ppFd
C22--330 wpFd
C24-37--0,1 pFd, 600 v

P1--2M, "Rep, Rate"
P2--250K (2 w), "Sync,"
P3--250K, "Length"
P4-.50K, Screwdriver adj.
P5--5M, "“Hor. cent,”
P6--5M, "Vert. cent,"
P7--600K, "Focus"
P8--100K, "Intensity"

L1--0.03 microhenrys with
100 ohms 1 w carbon in
parallel
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V1, is amplified by one section of V2 and triggers a univibrator, V4,
whose unstable state can be adjusted to control the pulse length. The
resulting pulse-is amplified by V5 and fed to a cathode follower, V6,
which drives the grid of the switch tube, V7. A pulse transformer,
which has its primary in the plate circuit of the switch tube, inverts
the pulse and gives a voltage gain of about 3. A damper diode, V8,
shunts the primary of the pulse transformer and controls the back-
swing of the pulse which results from the collapsing flux in the
transformer,

In addition, the pulse circuit provides a monitoring oscilloscopg
whose horizontal sweep is furnished by V3 which is triggered by a sig-
nal from the free-running multivibrator after it has been amplified
by the second section of V2. By triggering the sweep out of phase
with the trigger fed to the univibrator, it is possible to have the
entire pulse on the scope for a wide range of pulse lengths and repe-
tition rates., The parameters have been chosen to produce pulses at
repetition rates varying from2 1/2 to 40 kc/sec and lengths from
1 to 20 microseconds. Rectangular pulses and pulses of length less
than 7 microseconds, however, can only be obtained if a load resistor
is used in place of the primary of the pulse transformer, since the
pulse transformer was not designed for short pulses., It is not possible
to obtain good performance with pulse transformers over wide ranges
of pulse lengths., For pulse lengths of about 10 microseconds and
about 2 kv on the plate of the switch tube it was possible to secure

pulses of roughly triangular shape and a height of 6 kv,
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Using the coupling means shown in fig, (d), with C = 500
and R = 400 K ohms, about 90 to 95% of the pulse appears across R,
Therefore, the emission control electrode, which is normally at
cathode potential (-30 kv), goes positive with respect to the cathode
during a pulse, If the pulse has overshoot, there is no adverse
effect at the field emitter. However, because of the close spacing of
the emission control electrode and aperture stop there is undesirable
field emission from surface irregularities of this electrode, and
there is also greater tendency of the switch tube of the pulser to
spark, These effects require that the overshoot of the pulse be

restricted by the damper diode, V8, in the pulser.
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Appendix

B. Calculation of the Maximum Temperature Attained in the Target
of the Microprobe with a Pulsed Electron Source

The differential equation for heat flow is

%:E= é%vzu+-§-5 (9.1)
where u(t, ) is the temperature
t is the time
k is the thermal conductivity in cal/cm sec
c is the specific heat in cal/gm degree
5 is the demnsity
p(r) represents a heat source in cal/sec

In the case of a pulsed heat source, one cannot neglect -%%
Instead of solving the problem of a heat source which is uniform for
r < ro » zero everywhere else, and periodic in time, it is easier
to solve the transient problem where there is no heat source for
t < -t0 and a uniform heat source which is on from t = -to tot=20
inside of a sphere of radius T In this way, we can find the tempera-
ture after a heat pulse of any length, and if necessary, superpose
solutions to find the effect of more than one such pulse occurring at
a variable time later.

In spherical coordinates the homogeneous heat equation for

spherical symmetry reduces to

ou 2,0 u %9& ) (9.2)

T
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where

2 k
a = 5 (9.3)

This has the solution

A r2

= exp ( - ) O (9.4)
" r/f- P 4a2t

Another solution which does not blow up at the origin is

L2 (= By, exp (- g
r or T P32 SRR s (9.5)

And therefore, the general solution is

= (_l) (r‘r) dt'
: (Za/—') ff‘V P salt (9.

In the case where the initial temperature  (r') depends
only on the radius, one can write the element of volume, dt' , in
spherical polar cocordinates, r'2dr' sin 8 a8 a4 , and by
using the cosine law for (r - r')z the integration over q'b and 0

can be performed

(r r')2 (r+:|e")2

u(r, t) = f¢(r') [ 2ak o 2ak ]r'dr' (9.7)

2a/tm
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where é(r") denotes the initial temperature distribution, Now,

let g=1- for r < Ty and zero elsewhere, Making the changes

of variable,

X = ri-r and x' = ritr
2a/t 2a/t”
we have
ro-r r+r
2 12
u(r, t) =/__;r_' [fza/? e ™ (r + 2a/'x)dx - f ¢ e ™ (r+ Za/t"'x')dx'}
rlL% 0
(ro+r )2 _(rc-r} 2
=l{wr-r +W(r +r)} +£{e 2a/t e 2aff‘ }
2 2 /E)' 2q/T /Tr

(9.8)

where ‘l’ is. the error function:
X
2
2 f -£
X) = = e d
(x) 77 Jg 3

We are interested in the maximum temperature which is
obviously attained at the origin so we desire the limitas r -—» 0,
The first term remains finite, and the behavior of the second can be
obtained by expanding the exponential in a power series and retaining

only the first two terms. Thus, the last term in (9,7) becomes
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2 2 2 2
a./?{l_ro +2rr, + r t v, -1+ To -2§r0+r+.‘.}
/Ty 4a2t 4qt

which goes to the limit

——To as r —=0

v art’
Hence

u(r=0,t) = Y (—2—) - —=0 (9.9)

2a/t" a/m't

This represents the temperature at time t after a heat pulse of
infinitely short duration, If the initial temperature distribution
corresponds to an energy, E, the result, given by equation (9,8)
can be expressed in terms of this energy by multiplying by E/JcdV,
where J is the mechanical equivalent of heat in cal/erg, V is the
volume which is initially at temperature u = 0, and c and 8§ are

as defined earlier, To get the effect of a pulse of finite time, let
t=t+ £ (this represents a delta function heat source att = -§)
and replace E by 2pdf where p represents the power in the beam
(the factor of 2 comes from the fact that the beam power goes into a

hemisphere of radius T, in the physical problem). Thus,

0 ro/[?.ai/t—g]
u(r:O,t):——?:-E——-—f Jif e * dX-———-—EQ—] dg
cdVJ t 0

o avw (t-¢)

3

(9.10)
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The integral can be simplified by a change in variable. Let

2
— To

4 az(t-g)
Then

ro?/laa? (bt )] A

2 2
w= 2P /%e_x dx - 27_/:2-‘]—-—0——1'2 > dy
m
cd6VJ rc)/(wz,c) 0 4a”y
Or, substituting for V and for QZ,
roz/(4a2t) =
3 1

= 3@ (& L, - 2 exf /) dy

8Jr km 2 2 2 2

o Ty /[4a (t+t0] y y

(9.11)

Now, this should reduce to the steady state case for to very large

and t = 0 ; therefore, for this case,

c
i
oo w

(o0 6] r—
P f 2 vy 1erf
- Vy') dy
rokm Jo /W22 (9.12)

It can be verified by numerical integration that the above integral

is constant and equal to 2. Hence, in the steady state:
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P

3
957 Tr kw (9.13)

which is the same as the solution of the steady state problem (15),

Let us investigate the temperature after a pulse of 1 micro-

second, For this case, t =0, to = 10_6 , and the upper limit of

the integral in ( 9. 10) is infinity and the lower limit is

cs T
4k t,
Using the values for copper: c¢=0.1; k=0.9; 6§ =28.9

. -4
and a radius r,F 10 "cm, we have

cbro? _ (0.1)(8.9) 107° . 107?
N R T N
and using this value,
oo
-3 _p 2 iy, 1
u—zwf (ZF§2'§Zerfl/T)dY
1/4 + 107
or
1/4 + 1072
.3 _p [ 2 g, ]
u—4T170—1_€7T[2_0 (/%;Z';Zerfﬂ?')dY

We may expand erf /y' , since y is small:

2
25 -

erf /Yy =‘/?l

—
.-‘~<
W
a4
v
P
S}
4+
.
.
L]
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Retaining only the first two terms of the expansion, we get

1/4 » 10‘2
3 P { f 2
us= o= 2 - (———— ) dy
am  Jr k 0 AV E
1/4 « 1072
-3 P [2 4 A ' :I
41 Jr k 3./
= 2~ 0,037 (9.15)

which differs by only 1.8% from the maximum temperature which
would result from an infinitely long pulse. On the other hand, for a

poor thermal conductor, e.g., for k = 0.1, the result is

u = 5.7? JrEk (2 - 0.119) (9.16)
At first sight, the longer time to achieve maximum temperature for
a substance of lower thermal conductivity seems unreasonable, but
it must be remembered that the maximum temperature is higher since
the steady state temperature is proportional to 1/k..
In any case, it is apparent that at the center of the sample,
the temperature becomes nearly equal to the maximum temperaturbe

in a very short period of time.
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