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1. INTRODUCTION

The spot analysis technique known as “electron probe microanalysis”
or “X-ray microanalysis” was developed ten years ago by the author in
his thesis prepared under the direction of Prof. A. Guinier (1-3). The
principle of the method is as follows: a finely focused electron beam (elec-
tron probe), of a diameter less than 1 u, is directed onto a particular point
of the surface of a sample whose chemical composition is to be examined.
The very small volume of material irradiated by the electron beam (about
one cubic micron) then emits a complex X-ray spectrum which includes
the characteristic radiations of the various elements present at the point of
impact of the probe. Spectrographic analysis of this X-ray spectrum per-
mits the respective concentrations of these elements to be determined.

Such a principle was hardly novel: it can be observed that the apparatus
(Fig. 1) used by Maoseley (4) in his historical work on the frequencies of
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characteristic X lines contains, with its trolley carrying various targets
under an impinging electron beam, all the main elements of an electron
probe microanalyzer. Ten years after the epoch-making experiments of
Moseley, the first applications of X-ray spectrography to chemical analysis
were beginning to bear fruit; these mainly concerned the analysis of pow-
ders. In this field, X-ray emission had from the very first some remarkable
successes, in particular, the discovery of new elements. In this connection
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Fia. 1. Moseley’s apparatus (by courtesy of Philosophical Magazine).

one may mention the discovery of element 72, whose Loy and L@, lines
were first identified by Urbain and Dauvillier (§) and whose entire L
spectrum was obtained a little later by Coster and von Hevesy (6).

The extreme simplicity of X-ray spectra where, contrary to the case of
light spectra, the characteristic lines are few and practically insensitive to
chemical bonds, led physicists to consider the problem of quantitative
analysis. The wavelengths of the various characteristic radiations made it
possible to define the nature of the elements present in the sample. There
remained to deduce from the intensities of these various radiations the rela-
tive proportions of the constituent elements; and then many difficulties
began to appear. These difficulties will be reviewed briefly; it will be shown
that the main advance brought about by the electron probe microanalyzer
results more from the principle involved in quantitative analysis than from
the spot character of this analysis.

A. Old Methods of Quantitative Determination

For many years, quantitative analysis by means of X-ray spectrography
proceeded on the essentially empirical method used by the early workers.
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The principle was as follows: Let us suppose we have to determine the con-
centration of an element A in & mixture (generally a mixture of oxides in
powder form). The mixture is deposited on the anticathode of an X-ray
tube and is subjected to bombardment by the beam. A measurement is
made (generally by simple photographic recording of the spectrum) of the
intensity with which the mixture emits, under definite bombardment
conditions, the most important characteristic line of the element A. There
is then added to the mixture increasing quantities of a reference element
B, with an atomic number close to that of element A, until the homologous
characteristic lines of elements A and B are emitted with the same intensity
by the mixture. It is then taken that the concentration of element A is
equal to that of the reference element B.

This method of determination has the double disadvantage of being
highly complex and rather inaccurate. Even when precautions are taken
to avoid selective volatilization of one of the constituents under the impact
of the electron beam, many other sources of error make the results very
uncertain. For example, the method is based on the comparison of the inten-
sities of two radiations of different wavelength. These two radiations are
adsorbed differently in the sample, in the output window of the tube, and
in air; they are reflected with a different efficiency by the crystal and
recorded with different sensitivity by the receiver unit of the spectrometer;
so the ratio of the measured intensities differs appreciably from the ratio
of the intensities actually emitted by the sample. It becomes necessary to
apply rather uncertain corrections, which depend essentially on the experi-
mental arrangement. If an attempt is made to reduce these causes of error
by choosing lines of extremely close wavelengths, one is led to comparing
lines of different kinds (for example, the Le; line of element A and the
LB, line of element B) and the ratio of line intensities for equal concentra-
tions has to be empirically estimated. And moreover, the X-ray lines of two
distinct elements, even of very close wavelengths, generally have distinctly
different excitation thresholds, with regard to both direct excitation by the
electron beam and secondary fluorescence excitation.

Under such conditions it is necessary for the determination to proceed
in an empirical manner, ealibration from mixtures of known composition
being essential in practice.

B. An “Absolute” Method Using Pure Elements as Standards

It has just been stated that the main source of inaccuracy in old methods
of X-ray spectrographie analysis rests on the fact that they are based on
the comparison of the intensities of two radiations of different wavelengths
or kinds. For this reason, the author (2) has proposed a method of analysis
based on a new principle in which comparisons of intensity are made on
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identical radiations. Measurements thus have an intrinsic significance and
are not affected by properties characteristic of the apparatus used.

In this new method, the concentration of an element A in a given alloy
is deduced from a comparison between the intensity I, of an important
characteristic line of element A emitted by the alloy under given conditions
of electron bombardment and the intensity I(A) of the same character-
istic radiation when emitied by the pure element A under the same electron
bombardment conditions.

The operation consists of taking two readings on the spectrometer, by
successively bringing under the impact of the electron beam the region of
the sample to be analyzed and an element for comparison in the form of the
pure element A. The main advantage of this method lies in the fact that
the simple ratio of two readings supplies with good accuracy the mass
concentration of element A in the region analyzed, as was shown by the
author (2) and later by Castaing and Descamps (7} in a more rigorous
treatment.

C. Emission-Concentration Proportionality Law

It is assumed that the sample, homogeneous over an extensive region,
contains n elements A; of respective mass concentrations c,;; it is desired
to determine the mass concentration ca of one of these constituents, such as
A. For this purpose, the emission I, of the sample in the Ko, line of element
A is compared with the emission (A}, in the same line A Koy and under the
same electron bombardment conditions, of a reference target consisting of
the pure element A. Let us show that the concentration of element A in
the region analyzed is supplied, as a first approximation, by the simple
relation Io/I(A) = ca.

Consider the trajectory of an electron within the sample. Along this
trajectory, the energy E of the electron passes from Ey; = ¢V (V being the
accelerating voltage of the beam) to zero, this energy E being a function
of the path x followed from the point of impact. Let Ex = ¢V be the criti-
cal excitation energy of the K level of element A, and ng the number of
electrons K(A) present per cubic centimeter in the sample. The number of
K(A) ionizations produced along the path dz is then dn = ®(E,Eg,ng)dx;
the ionization function & contains ng as a factor, and designating p as the
density of the analyzed region, A the atomie weight of element A, and
¥a a function depending only on the characteristics of element A, we can
write

A dE/dz

As a first approximation let us assume that Williams’ law (8) applies
to the deceleration of the electron

dn
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dE _ | o1
where k is a constant and 8 = v/c is a function only of the energy E of the

electron; we have
dn = 2 fu(E)dE, 3)

the function f4 depending only on the characteristics of element A. The
total number of K(A) ionizations produced by the electron along its tra-
jectory is then

Ex
= 6
"=7 I Sa(E)E. 4
The same electron would have produced in the pure element A a number of
ionizations

1 Ex
n = z—/E fA(E)dE

We have assumed that the characteristics of the electron beam and the
adjustment of the spectrometer remain the same for the two successive
measurements.

Neglecting for the present the X-ray absorption in the sample itself
and the secondary fluorescence emission, points which will be taken up
again later, it is clear that the ratio 7,/I(A) of the intensities seen on the
spectrometer is equal to the ratio n/n’ of the number of ionizations produced
by an electron in the region analyzed and in the pure element A. From this
the required relation is derived which is valid as a first approximation

In
Iy =

In a second approximation we can take for the deceleration of the elec-
trons the law proposed by Webster (9) which, for a pure element A of atomic
number Z,, is

%)

QE - 1.4 ZA
and which becomes, for the complex anticathode,
dE _ 1 a1a9. Y 6
T = ko) °F )

The same calculation then leads to the relation
IA - CAZA/A
1(A) ZC:‘Z"/ A;

(8)
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If we designate by n; the number of atoms A; per unit volume in the
sample, the two approximations considered may be written
I, nad I, naZa

1(4) B ZniAi7 HOM Znizi

It is clear that the validity of these approximations is not tied to the
exact form of the deceleration laws of Williams or Webster, since, in order
for the first approximation to be valid, it is only necessary that the decelera-
tion law of the electron along its path be written dE/dx = po{E), whereas
the second approximation assumes that the deceleration law can be written
dE/dx = ny(E), n being the number of electrons per unit volume of the
sample and the functions ¢ and ¢ being any functions of the argument E.

Neither of these two deceleration laws, of course, is rigorously obeyed
and a still better approximation could be obtained by applying to each of
the elements A; a coefficient «; representing its ‘‘specific deceleration
power,” so that the deceleration law of the electron in the pure element
A; of specific weight p; may be written dE/dz = a.p:;f(E). where f is a uni-
versal function of any form. The emission-concentration relation would
then take the form

Ia QACA

TA) = Ea—.c: 9)

It is the latter form which would have to be adopted as a second approxi-
mation, the coefficients «; being empirically adjusted by means of measure-
ments made on alloys of known composition. The validity of this last
approximation holds only on the assumption that the deceleration curves
of the electrons in the various elements can be deduced from each other by
expansion or contraction of the coordinates.

It should now be noted that, in order to simplify the calculations, we
made two assumptions the validity of which requires examination.

(1) We have neglected the X-ray absorption in the sample itself and
the secondary fluorescence emission; in faet, such a simplification is gen-
erally not admissible. Actually, the foregoing relations are valid only for
the intensities emitted in the sample (i.e. corrected for their absorption in
the sample itself) from atoms directly ionized by the electrons of the beam.
It will therefore be necessary, after each measurement, to deduct from the
measured intensity the fraction of this intensity corresponding to a second-
ary fluorescence emission. It will be seen later that these various corrections
can be sufficiently well estimated so they do not affect the accuracy of the
measurement,

(2) It has been implicitly assumed that the trajectory of the electron,
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or at least that part of the trajectory where the electron has an energy
greater than the critical excitation energy of the X-ray level, is entirely
within the sample. This assumption is incorrect because of back-scattering.
We shall see further that back-scattering tends to raise the apparent
concentration of the heavy elements and so acts in the opposite direction
to the factor Z/A4 of the Webster equation [Eq. (6)]. This effect produces a
kind of compensation with the result that the validity of the first approxi-
mation, which assumes strict proportionality between emission and con-
centration, is often much better than might have been supposed.

In any case, back-scattering can be taken into account by a suitable
choice of the empirical coeflicients «;, and the following basic relations can
be written between the intensities and the concentrations

In
T =

Ia QaACA

IA) ™~ Saes

It 1s understood that these relations are with respect to the intensities cor-
rected for their absorption in the anticathode and for the fraction due to a
secondary fluorescence excitation. We shall return later to the validity of
these relations, which has been verified experimentally for a consider-
able number of analyses carried out on homogeneous samples of known
composition.

Stress should be laid on the fact that the reason for the simplicity of the
relations rests mainly on the absolute character of the measurements: the
radiations whose intensities are being compared have the same wavelength,
and all the difficulties which might arise from the absorption of the radia-
tion—apart from that in the sample itself—or from the efficiency of the
spectrometer are automatically eliminated since they occur equally for
both terms of the ratio. The quotient of the two readings (after correction
for fluorescence and self-absorption) very accurately gives the ratio of the
over-all emissions, in the line analyzed, of the sample and of the pure ele-
ment; this ratio has an intrinsic significance which is independent of the
experimental equipment.

The absolute character of this method of analysis makes superfluous
the use of reference samples with a composition close to that of the sample
to be examined, whereas such practice is essential in light spectrography,
for instance. This circumstance is a particularly happy one, and the method
would hardly be usable as a quantitative analytical method did it not
possess this absolute character. It would be impossible to prepare a whole
series of reference samples with sufficient small-scale homogeneity. In the

(first approximation) (10)

(second approximation) (11)
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field of metallurgy, for instance, definite phases or solid solutions (which,
however, may contain submicroscopic precipitates) alone are usable as
standards for local analysis. Even in the case of binary alloys, definite
phases, if such there be, are few in number; the concentration of solid
solutions can be varied continuously, but over a range which is generally
narrow in the neighborhood of pure elements. Last, it is generally impos-
sible to obtain phases containing more than two elements and of sufficiently
well-known composition to be used as standards; in fact, the precise role of
electron probe microanalysis will be to determine the composition of these
multiple phases which generally appear as small precipitates.

II. GENERAL STRUCTURE OF THE MICROANALYZER

The principal elements of & conventional electron probe microanalyzer
are four in number:

(1) An electron optics system, consisting of an electron gun followed
by reducing lenses, whose role is to produce at the level of the sample an
electron probe with a diameter approximately between the limits of 0.1 and
2 u. It will be seen that, in the present state of technique, diffuse penetra-

ELECTRON BUN

MAGNETIC
CONDENSER

B ELECTRONS
METALLOGRAPHIC §
MICROSCOPE

MAGNETIC
OBJECTIVE

REFLECTING
OBJECTIVE

Fic. 2. Schematic diagram of the French microanalyzer (Castaing and Descamps),
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F16. 3. The French microanalyzer (Castaing and Descamps). Parts of the housing
have been removed and the right-hand spectrometer has been opened to give an inside
view,

tion of electrons in matter makes it unnecessary, at least for the analysis
of massive samples, to use probes of very small diameter.

(2) A mechanical arrangement for bringing successively under the probe
the point of the sample to be analyzed and the reference targets consisting
of the pure elements or of compounds of known composition.

(3) A viewing device (generally a metallographic microscope) for
accurately choosing the point to be analyzed.

(4) A set of spectrometers for analyzing the X-ray radiation emitted.

The first experimental model built by the author in 1949 by converting
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a C.8.F. electron microscope (1-3), used electrostatic reducing lenses and
a single spectrometer in air. The latter practically prohibited the analysis
of light elements. Since then, many more or less improved models have
appeared in various countries. We shall describe here in detail the apparatus
built by the author in the laboratories of the Office National d’Etudes et de
Recherches Aéronautiques. This instrument, shown at the French Physical
Society’s Exhibition in June 1955, is now available commercially and it
will be referred to here as “the French model.” Figure 2 shows diagram-
matically the principle of the apparatus, a general view of which is given in
Fig. 3.

A. The Electron Probe

The probe is obtained by forming, by means of electron lenses, a much
reduced image of the crossover produced by an electron gun. The gun is of
the conventional hot cathode triode type; the three models which are most
frequently used are shown in Fig. 4. The French model uses a type A gun

LU\! m LU_J

2 ez
8 C

Fia. 4. Three usual models of electron guns.

which was designed by Bricka and Bruck (10) for the C.8.F. electron
microscope. This gun concentrates in an electron beam of very small
aperture almost the total current of the HT source. Its efficiency is excel-
lent and it has the advantage of producing a crossover located immediately
below the anode level, in a region where it is easy to place a fixed aperture.
The type B gun, used in particular by Mulvey (11), has similar properties.
As regards type C (RCA gun) used by Birks and Brooks (12) its efficiency
is lower but its emission seems to be less sensitive to accidental decentering
of the filament (warping may shift the filament position). All these guns
use a dropping resistor for self-bias operation; Marton and Simpson (13)
on the contrary, use a long-focus gun with fixed battery bias.

In The French model, the tungsten filament is heated at high frequency
and the HT, stabilized by a conventional electronic process to a few parts
in a hundred thousand, is adjustable from 5 kv to 35 kv; for it is essential
that the HT used be adapted to the critical excitation energy of the X-ray
line being measured.!

The electron gun is followed by two magnetic reducing lenses (Fig. 2);

! See Sec. ILE,2.
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the first of these lenses has a focal length which is variable between 2 mm
and infinity; it acts as a condenser and the adjustment of its excitation
makes it possible to abtain probes with a diameter of 0.1 to 3 u.

The second reducing lens (probe-forming lens) accurately focuses the
electron beam on the surface of the sample. Its focal length is about 0.9 ¢cm
and its spherical aberration coefficient C, = 3.6 em. The point of formation
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F16. 5. Probe-forming lens and viewing device (French microanalyzer) (Castaing and
Descamps)., 1.—Mirrors, 2—semitransparent mirror, 3—coil, 4—reflecting objective,
5—X-ray spectrometer (operating in air, in low vacuum or in high vacuum), 6—main
frame, 7—outlet window (can be turned down during work), 8—specimen, 9—pole
pieces, 10—stigmator (astigmatism correction and probe deflection), 11—electrostatic
shield, 12—lens casing (iron circuit).

of the probe is 0.6 em below the lower face of the pole piece, which gives
sufficient clearance to pass the X-ray beams to be analyzed (Fig. 5). An
electrostatic device corrects the natural astigmatism of the probe-forming
lens; it also makes it possible to apply to the probe small lateral displace-
ments to compensate for slight deviations which sometimes occur in the
analysis of magnetic samples.

Last, on the extension of the beam and about 30 cm below the object
level, a fluorescent screen is inserted for observing the beam, which is most
useful for certain adjustments; a photographic chamber also provides
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means for obtaining electron-diffraction patterns (accurate measurement
of the beam accelerating voltage).

Figure 6 shows three types of pole pieces which may be used for the
probe-forming lens. Type A (French model) accommodates optical viewing
of the sample along the beam axis; type B (Fisher) is designed for about
1:1 demagnification as a transfer lens; it accommodates lateral viewing of
the sample, but its spherical aberration is larger than that of type A. With
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Fi1a. 6. Three usual models of probe-forming lenses.

the pinhole type C (Mulvey) optical viewing of the specimen is impossible,
but it has the advantage of reducing the magnetic field strength at the
sample level, leading to minimum beam deflection with ferromagnetic
specimens.

1. Probe Brightness. Theoretical limitations. The aim is naturally to
obtain maximum electron intensity on a probe with the smallest possible
diameter, in order that the analysis may add high sensitivity to high
resolving power. If electron lenses free of aberrations were available, and
more particularly lenses free of spherical aberration, it would be possible to
reduce the diameter of the probe by a considerable factor without reducing
the current carried by the electron beam, and very high electron densities
could be obtained. Unfortunately such is not the case in the present state of
technique, and the spherical aberration of the probe-forming lens—the only
one working at relatively large aperture—sets a limit to the current that can
be obtained in a probe of a given diameter. This limit ean be calculated as
follows (2):

According to Langmuir (14) the current density in a crossover is a maxi-
mum at the center where it is equal to

= % + 1) sin? 8. (12)

In this equation, % is the emissive power of the cathode, expressed in
amperes per square centimeter; T is the absolute temperature of the
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cathode, V is the accelerating potential, and 8 is the half aperture of the
beam at the crossover level.

This amounts to saying that the crossover may be considered as a
source of electrons whose brightness (at least at the center) is

_ eV
T akT

neglecting unity compared to ¢V /kT. The successive images of the cross-
over produced by the various reducing lenses are formed in constant
potential media, so that the brightness of the probe is again equal to B.
If the reducing lenses were perfect, a probe of Gaussian diameter d, formed
by a beam with an aperture » would have a true diameter dy and would
carry an electron current

(13)

it eV e (14)

(u is supposed to be small), and it would only be necessary to increase u
in order to increase the current without changing the diameter of the probe.
We must, however, take into account the spherical aberration of the probe-
forming lens, which spreads the current ¢ over a probe of true diameter
d = dy + C?/2. This gives, in a probe of true diameter d formed by a
beam of aperture «, an electron current

. w Cad\eV .
1.—41((1—' 2 )ﬁ’to’u,, (15)
where C, is the coefficient of spherical aberration. This expression has a
maximum value for
d ¥
U = (2_CT,> ’ (16)

that is, for an aperture such that the diameter of the aberration disk is
equal to one-quarter of the true diameter of the probe. The maximum value
of the current is then equal to

. OweV . A

1 = aﬁwW' (17)

The procedure for obtaining a probe of true diameter d carrying maxi-
mum current (assuming that the only aberration of the probe-forming lens
is the spherical aberration) is then as follows: (1) Adjust the Gaussian diam-
eter of the probe to the value 3d/4 (whatever the value of C,), and (2)
limit the aperture of the probe-forming lens to the value v = (d/2C,)%.

In practice, in order to avoid excessive wear of the filament, its tempera-
ture is set to the value T = 2700°K, at which its emissive power is 4 = 2
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amp/cm?. As a result the theoretical brightness of the crossover, for an
accelerating voltage V = 30 kv, is B = 82,000 amp/cm? - steradian.

2. Attempls to Obtain the Theoretical Brightness. It must be noted that
the theoretical value of B, which has just been calculated, is the maximum
value of the brightness at the center of the crossover; Haine and Einstein
(156) have shown that it was possible, under optimum operating conditions,
to approach closely this theoretical value. On the other hand, if the probe
is obtained by forming the image of the over-all crossover, as was the case
in the first experimental instrument built by the author (2), the brightness
which has to be inserted in the formulas is an average brightness. This .
value is much lower (the brightness decreases exponentially at the edges
of the crossover) and it is necessary to introduce the notion of “gun effi-
ciency” (2, 10). This efficiency is nothing more than the ratio of the
mean value of the brightness of the crossover over its “‘whole surface area’
(i.e. over the area where the brightness is noticeable) to the maximum value
of this brightness at the center, and is about 7-109%. If it is required to
obtain in the probe a current as close as possible to the theoretical maxi-
mum, it is necessary to eliminate the peripheral area of the crossover, by
means of a limiting aperture, and to retain only its central part where the
brightness is a maximum. This amounts to replacing the natural exit pupil,
which the crossover constitutes for the electron gun, by a physical exit
pupil of smaller diameter.

The gun model of Bricka and Bruck is particularly well suited to this
operation, as the beam shows a crossover a few millimeters below the anode
aperture, in a region of zero field. All that is necessary is to place at that
level a platinum aperture whose diameter, of the order of 0.1 mm, is rather
less than the half-diameter of the cross-over and which therefore eliminates
all those parts of the crossover where brightness is less than about 609,
of the maximum,

If a second aperture of small diameter (0.1 mm) is then placed in the
path of the beam, all that need be done is to measure the electron current
passing through the two successive apertures in order to deduce, knowing
the distance and the diameters of the apertures, the brightness of the beam.
The author was able to obtain, for a beam accelerating voltage of 30 kv
and a cathode emissivity 7 = 2 amp/cm?, an average brightness B =
58,000 amp/cm? - steradian, or 709, of maximum theoretical value.

3. Measurement of Probe Diameter. Since the diameter of the electron
probe is one of the main determining factors for the resolving power of the
analysis, it is important to know it accurately. Several procedures are avail-
able for the purpose.

The simplest and quickest method consists in measuring on the micro-
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scope the diameter of the contamination spot? which is formed on the sam-
ple at the point of impact of the electron beam. This spot appears more or
less rapidly depending on the nature of the object and on the bombardment
current (16). For instance, a visible spot is obtained on a copper sample
bombarded under normal conditions (V' = 20 kv, 7 about 0.05 pa, probe
diameter 0.5 g) after a 20-sec bombardment, while it is necessary to wait
several minutes, under the same bombardment conditions, for the contam-
ination spot to appear on a chromium sample.

The contamination spot tends to spread for a prolonged bombardment,
with the result that the diameter measured on the microscope is greater
than the true diameter of the probe. The relative error may become large
with small diameter probes. To take an example, it can be noted that the
contamination spot formed on a copper sample with a 1-u probe (even for
a short-time bombardment) reaches a diameter of about 1.5 u. This method
cannot be considered to be a precision method; in particular it is quite
inadequate for verifying that maximum theoretical current has been
obtained in the probe.

A second method consists in cutting off the probe by means of a sharp-
edged metal strip (1) and observing on a fluorescent screen the shadow of
that edge, considerably distorted by the spherical aberration of the reducing
lens. The beam is then moved at right angles to the metal edge by means
of an electrostatic or magnetic deflecting arrangement; calibration of the
deflector allows the probe’s minimum movement between the appearance
of the shadow and the complete occultation of the beam to be determined.
This arrangement provides means for easy adjustment of the probe on the
sharp edge, this adjustment being obtained when the sharp edge cuts the
beam in the neighborhood of the circle of least confusion. If the astigmatism
of the reducing lens has been corrected previously, the adjustment criterion
is very simple. With the metal edge located, say, to the left of the observer,
the shadow should appear simultaneously at the extreme left of the field
and at a spot situated at the right-hand side of the field, at three-quarters
of its diameter (Fig. 7); the two shadows should then join up in a perfectly
symmetrical manner. This procedure is an excellent test of the correction
of astigmatism (2, 17).

This method is extremely simple if the instrument is normally provided
with a probe deflection arrangement; all it requires is the insertion of a
sharp-edged metal strip. This strip should previously be sharpened by elec-
tropolishing followed by ionic bombardment to eliminate impurity layers,
for, if the edge is not perfectly clean and conducting, charging up may cause
probe deflection. The amount of additional deflection varies during occulta-

z See Sec. II,C.
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tion, and the exact deflection of the probe is no longer that which is deduced
from the calibration of the deflector system. This additional deflection
introduces some inaccuracy in the measurement of the probe diameter.
For accurate measurements, it seems preferable to use a third method
(2) which consists in oceculting the probe with a wire of known diameter.
Suppose for instance that a probe is required with a diameter of 1 p and
carrying, for a given accelerating voltage, maximum electron current. First,
an aperture diameter is chosen for the probe-forming lens leading to the
optimum value u = (d/2C,)*; then a tungsten wire 1 p in diameter is

A)

E/ectm-palisliéd W-pin Image of the pin

Image of an edge
Without astigmatism. With astigmatism.

E) Image of 8 wire
Without astigmetism. With astigmatism.

F16. 7. Shadow microscopy images (Castaing and Descamps).

placed in the beam at right angles to its axis and the shadow of the wire is
observed on the fluorescent screen placed in the lower part of the apparatus.
The condenser is then strongly excited, so that the Gaussian diameter of
the probe is very small, and the excitation of the probe-forming lens is
adjusted so that the shadow of the wire covers the whole field. This com-
plete occultation of the beam is easily obtained for if the astigmatism of the
lens has been suitably corrected, the diameter of the probe is of the order of
0.25 u. Then the beam current is gradually increased by reducing the con-
denser excitation until it is no longer possible to obtain complete occulta-~
tion of the probe. The criterion for condenser excitation is as follows: With
the wire properly centered in the beam, the excitation of the probe-forming
lens is slightly modified; if the Gaussian diameter of the probe is too great
(IFig. 7) two bright, spots appear in the field, at one-quarter and at three-
quarters of the diameter, before the periphery of the shadow has fully
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covered the field. When the maximum Gaussian diameter compatible with
complete occultation is obtained, a measurement is made, by means of a
Faraday cylinder, of the current carried by the beam, which can then be
compared with the theoretical value deduced from the emissivity of the
filament and from the spherical aberration of the probe-forming lens.

In a typical experiment using a probe-forming lens with a spherical
aberration coefficient C, = 3.6 c¢m, an accelerating voltage of 30 kv and a
tungsten wire 1.2 p in diameter, the author was able to verify that complete
occultation of the probe was still obtainable for a beam current ¢ = 0.77 pa.
The theoretical maximum calculated from Fq. (17) is, for a probe 1.2 u in
diameter, ¢y = 1.07 pa. The efficiency of the probe-forming system is thus
72%,. Naturally, such an efficiency can be attained only if the central part
of the crossover alone is used for forming the probe. In the author’s first
experiments (2) in which the whole of the crossover was used, and in which,
in addition, the spherical aberration coefficient of the probe-forming lens
was 20 cm (electrostatic lens), the maximum current obtained on a 1-x
probe was 0.015 pa, or about 30 times less than in the present instrument
(0.47 ua on a 1-u probe). Such a current is much too great for the needs of
spot analysis and it is possible to reduce the probe diameter to a value of
about 0.4 p while retaining high enough an intensity.

When the probe current approaches its maximum value, the tempera-
ture of the tungsten wire used for occultation is raised to a considerable
extent and mere radiation loss would not enable it to keep below its melting
point. It is therefore necessary to arrange effective cooling by conduction.
To this end, instead of a wire of uniform diameter, the end of a 0.1-mm
wire is thinned down by electrolytic polishing. It is relatively easy to obtain
the shape shown in Fig. 7 by this method. The diameter of the thinned-
down part is measured, either with an electron microscope, or by shadow
microscopy in the analyzer itself; the conical part is a very effective means
for conducting the heat away; in spite of this, the thinned-down part,
which can be observed during the experiment by means of the viewing
device, is raised to white heat.

In order to obtain high efficiencies it may be necessary to effect prior
correction of the astigmatism of the probe-forming lens; but correction does
not need to be as carefully made as in the case of an electron microscope.
It is only necessary that the residual astigmatism after correction be less
than 1 g in order that it have no detectable effect on the probe diameter.
Simple observation on the fluorescent screen of the shadow of a sharp edge
allows the stigmator to be adjusted in a perfectly satisfactory manner.
If, for special reasons (for example, in order to obtain a probe of very small
diameter) a very carefully made correction for astigmatism is required,
use can be made of the method proposed by the author (17). This technique
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consists in observing on the fluorescent screen the shadow of a very fine
diameter wire (diameter of the order of 0.01 u) placed at right angles to the
beam axis at the level of the probe, i.e., a little above the Gaussian focus.

If the lens is perfectly corrected for astigmatism, this shadow for any
orientation of the wire consists of the combination of a straight line and a
circle (the circle corresponding to the cone of rays for which the aperture
u is such that the focus F,, is on the wire). A similar image is obtained with
an astigmatic lens when the direction of the wire coincides with that of one
of the focal lines; if such is not the case, the appearance of the shadow is
asymmetric (see Fig. 7). In particular, if the wire is set at 45° to the focal
lines, the image obtained provides immediate means for determining the
value of the astigmatism by a very simple geometric construction (2, 17).

In order to obtain perfect correction for astigmatism, the procedure is
then as follows: A ring which carries a large number of wires set out in all
directions is inserted in the beam. It is convenient to use plexiglass wires
prepared from a solution of plexiglass in aniline and then coated with chro-
mium by vacuum deposition. Note is taken of one of the wire orientations
which produces the symmetrical circle-and-straight-line image (direction
of one of the focal lines); a wire is then chosen whose orientation is at 45°
to that direction and the stigmator is adjusted to produce a symmetrical
image. Correction is complete when the symmetrical image is obtained for
any orientation of the wire. This operation takes only a few minutes and
ensures a reduction of residual astigmatism to less than 0.5 u.

4. Possibility of Improving the Probe Brighiness. Further on it will be
seen that probe brightness is one of the main factors which limit the resolv-
ing power in electron probe microanalysis. Higher electron densities would
be useful for the analysis of very light elements, such as carbon, and it would
be extremely valuable in high-resolution analysis of thin films.? Two
processes can then be considered for increasing the brightness of the probe.

a. Use of a field emission cathode. Marton (18) has suggested that the use
of a field emitter (a tungsten point, for instance) could increase the current
density in a probe of a given diameter, and experiments on such cathodes have
been carried out at the National Bureau of Standards. Use of a pulsed field
emission has also been investigated by Wittry (19). In good agreement with
the calculations of Cosslett and Haine (20), Wittry reaches the conclusion
that field emission is preferable to classical thermionic emission as soon as
the diameter of the probe required is less than about 0.1 g, the ordinary hot
cathode giving a higher density for probes of a larger diameter. It therefore
appears that field emission would be of value only for the high-resolution
analysis of thin films. Serious technical difficulties will have to be overcome
in order to obtain a sufficiently stable emission for long time operation. It

3 See Sec. I1,E,3,
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would seem that best results are obtainable from the use of thermionic field
emission (21). This technique consists in heating the emitting point to a
temperature slightly below that which corresponds to thermionic emission,
and then applying the extractor field in the form of very short pulses
(1 usec). This source shows fair stability under the relatively high residual
pressures which cannot be avoided in an electron probe microanalyzer;
unfortunately, in the present state of technique, the life of such cathodes is
hardly more than 1 hr.

b. Correction of the spherical aberration of the probe-forming lens. A less
revolutionary solution, but probably more practical, consists in reducing
or even in trying to correct completely the spherical aberration of the probe-
forming lens, which enters at the two-thirds power in the expression for
maximum electron current attainable in a probe of a given diameter [Eq.
(17)]. It is well known that the reduction of C, in a lens with axial sym-
metry can be obtained only by reducing the focal length; such an improve-
ment of C, is achieved in Duncumb’s and Melford’s instrument (22) at
the expense of the X-ray spectrometer resolution for the probe is formed
inside the lenst and the closest the crystal can be moved to the specimen is
about 15 c¢m, necessitating a spectrometer of the semifocusing type.

Archard (23) has proposed the use of spherical aberration correction
devices, originally designed for electron microscopy (magnetic quadrupoles
and octupoles), in electron probe systems. This does appear to be the best
solution, and spherical aberration correction seems likely to find an easier
field of application in electron probe systems than in high-resolution elec-
tron microscopy.

In the present state of technique, the minimum value of the spherical
aberration eoefficient is about 0.03 cm (24) for an axially symmetrical lens.
We shall call “ideal probe” one obtained with such a lens associated with
a perfect hot cathode gun, as opposed to the probe—which will be referred
to as “long-focus probe”’—obtained experimentally by the author by means
of a relatively long-focus lens, the gun efficiency being 729%,.

Assuming for both cases a cathode emissivity of 2 amp/ecm? and a
cathode temperature of 2700°K, we obtain from Eq. (17) the following
expressions for the current carried by a probe of diameter d, at an accelerat-
ing voltage V:

i = 0.535Vd* (ideal probe conditions) (18)
i = 0.0158Vd* (long-focus probe conditions) 19)

where ¢ is expressed in microamperes, V in kilovolts, and d in microns.
5. Automalic Regulation of Probe Current. The fundamental operation
of the analysis consists in comparing the intensities of one characteristic
4 See Fig. 15.
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radiation in two successive measurements in which the sample and the
reference target in turn are subjected to the same electron bombardment
conditions. Sometimes many points of the sample are analyzed in succes-
sion (this is the case, for instance, in the determination of intermetallic
diffusion curves) and the intensities emitted by the various points analyzed
are all compared to the intensity emitted by the pure metal, the latter
being measured once for all. In this way each analysis requires only one
measurement instead of two, which is an appreciable saving of time. It is

CONDENSER REGULATOR
Dy
Do AMPLIFIER
OBJECTIVE
SPECIMEN

F1q. 8. Probe current regulating system (Castaing and Descamps).

then important that the electron current carried by the probe remain rigor-
ously constant over the whole period of the measurements, to the same
extent as the beam accelerating voltage and the adjustment of the spec-
trometer. But it may happen that the gun emission is subject to a slight
drift in the course of measurements made over a long period; this drift is
due mainly to an off-centering of the tungsten filament.

Figure 8 shows the arrangement of an automatic regulation system (25)
which makes the probe electron current practically independent of any
variation in the total gun emission. The aperture D, of the probe-forming
lens is preceded by a coaxial aperture D, with a diameter k times as great.
Since the electron density in the plane of aperture D, is uniform around the
center, the aperture D, receives an electron bombardment of intensity I
proportional to the current ¢ carried by the probe, the proportionality coeffi-
cient being k? — 1. A constant fraction r of this intensity 7 is diffused back;
as a result, if the aperture Do is connected to earth through a high resistance
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R, the current through to this resistance is 7(1 — r), and hence the poten-
tial difference developed at its terminals is proportional to the current <,
the proportionality coefficient being R(1 — r)(k* — 1). All that is then
necessary is to control the excitation of the condenser by this potential
difference by means of an electronic arrangement in order to obtain an
excellent regulation of the current 7 carried by the probe. The regulation
may be sufficiently effective to ensure that a two-to-one variation in the
total gun emission does not bring about a variation greater than 1%, in
the electron current of the probe.

Another method would consist in regulating the electron current
absorbed by the sample in accordance with Wittry’s suggestion (19). This
current may differ considerably from the probe current through back-
scattering effects and the author feels that such a procedure would present
several disadvantages:

First, emission concentration proportionality is no longer valid in this
case, and this introduces a serious complication as well as some uncertainty
in the interpretation of the results.® Also, it would be rather difficult, in
scanning analysis for instance® to cause the probe to adjust its current
without any delay to the rapid changes which would be involved by a
sudden move from a low scattering point on the sample to an adjacent
point where back-scattering is strong. In this case, the procedure of con-
trolling by means of the condenser, whose inductance is quite large, would
be difficult to apply.

B. Thermal Conditions of the Analysis

The electron density in the region of the sample bombarded by the
probe is distinctly greater than that on the anticathode of a usual X-ray
tube; it might therefore be feared a priori that the sample might become
seriously overheated at the analyzed point. This is, in fact, not the case
since the very small diameter of the bombarded region permits very strong
cooling by thermal conduction.

The temperature rise in the center of the probe has been calculated by
the author (2) for the case of a massive hemispherical sample (the external
shape of the sample has practically no effect on the result) with its outer
surface kept at room temperature. Electronic bombardment brings a uni-
form amount of power into a hemisphere whose radius r, is taken as being
equal to that of the probe (it is actually greater, and so the calculated tem-
perature rise is overestimated). Under these conditions maximum tempera-
ture rise at the center of the probe is

5 See See. IILF.
8 See Sec. ILE,1,c.
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_ W (3 _2)_ 3W,
O 4ch< R) = &rJCre (20)

where R is the radius of the sample (£ > ry), J is the mechanical equivalent
of heat, C is the thermal conductivity of the sample, and W, is the power
carried by the beam (which we suppose entirely converted into heat).

In the case of a metallic sample, the temperature rise obtained in this
way is quite negligible. For example, under the impact of a probe 1 u in
diameter carrying a maximum current of 0.47 ua at 30 kv the temperature
rise of a copper sample would be less than 18°. Such is not the case, how-
ever, if the sample analyzed is a thermal insulator, and, under these condi-
tions, one often observes thermal effects at the bombarded point when the
low proportion of the constituent analyzed requires the use of a high elec-
tron current. Such samples can be coated with a thin conducting film
(metal layer or carbon coating) with the double purpose of evacuating the
heat dissipated in the sample and of holding the surface of the sample at
constant potential by removing electrostatic charges.

It is also of interest to examine what goes on when a thin sample is
penetrated by the beam electrons (high resolution analysis by transmis-
sion); for it is in this case that it becomes necessary to use the highest
possible electron density. In the case of a thin layer of thickness e, cooled
over a circle of radius K, and bombarded at its center by an electron probe
of radius r,, it is found (2) that maximum temperature rise at the center is

w
Om = 4T 0o (1 +2In ) (21)

where W is the power absorbed by the sample. As long as e is small com-
pared to the maximum path of the electrons, W is practically given by the
relation W = gpeW,, where Wy is the power carried by the beam, p is the
specific weight of the sample, and ¢ is the Lenard’s absorption coefficient.
Then

— Woop L
On = 178 (1 +2In r0>, (22)

¢ is of the order of 10® for an accelerating voltage of 40 kv (26) and would
be much less at the high accelerating voltages which would have to be used
for high-resolution transmission analysis.” Therefore the temperature rise
would be considerable in probes of large diameter carrying large electron
currents. This is the case of the temperature rise, in the electron microscope,
of samples sufficiently thick to ensure that radiation loss is small compared
to conduction loss. But analysis of thin layers will necessarily require the

7 See Sec. ILE,3.
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use of probes of very small diameter. Since W varies as the 8/3 power of the
diameter of the probe and since the logarithmic term varies only slowly,
the temperature rise will decrease with the decreasing size of the probe.

Let us take for example the case of an ‘“‘ideal probe” (Eq. 18) 0.1 4 in
diameter, carrying a current of 0.046 ua at an accelerating voltatge of 40 kv
and impinging on a thin copper sample. The rise of temperaure at the,
center of the point of impact is of the order of only 7°. Even if it is assumed
that the spherical aberration correction of the probe-forming lens can bring
the diameter of the probe to 0.01 g while retaining its current value (the
solid angle of the probe-forming beam would have to be greater than 0.5
steradian in the case of a hot cathode gun!), the temperature rise at the
point of impact would increase from 7 to 9°. It is therefore certain that
thermal limitations will in no way hinder the securing of high resolution
in the analysis of thin layers by X-ray spectrography.

C. Contamination

It is well known that a sample subjected to electron bombardment in
a dynamic vacuum gradually becomes covered with a ‘“‘contamination”
layer due to polymerization, under the action of the beam, of organic
matter adsorbed on the surface. Ennos (27) has shown that organiec mole-
cules condense directly on the sample from vapors present in the enclosure.
To this phenomenon there is added, in the case of a highly localized bom-
bardment, a superficial migration towards the bombarded point of organic
matter condensed on the surface as a whole (16). Ennos found that heating
the sample to 250°C or surrounding it with a cold trap effectively reduced
the contamination rate. Unfortunately, heating the sample is not always
acceptable; certain alloys, for instance, are liable to suffer a transformation
at a relatively low temperature. Also, the installation of a cold trap raises
some practical difficulties, and the necessity of providing clearances for the
exit path of X-rays lowers its efficacy. Castaing and Descamps (16) have
shown that it is possible, not only to lower the contamination rate but also
to remove pre-existing deposits by means of a low-pressure air jet directed
onto the region bombarded by the beam. However, this solution, as pointed
out by Wittry (19), has two undesirable effects: as a result of operating the
beam at higher pressures, filament life is reduced and the contamination
rate in other parts of the beam system is increased because of greater back
diffusion of vapors from the pump.

The effect of the contamination is not very troublesome so long as the
accelerating voltage used for the beam is much greater than the critical
excitation voltage of the line analyzed. Such is not the case if, with the
object of increasing the resolving power,? a low accelerating voltage is

8 See Sec. ILE,2.
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chosen; in this case it is essential to eliminate contamination completely.
Consideration of Eq. (23) shows, for example, that, in the case of the
analysis of copper by means of an accelerating voltage of 10 kv, the pres-
ence of a contamination layer only 200 A thick (in the absence of special
arrangements such a layer is formed in a few seconds) suffices to lower the
energy of the incident electrons by some 70 ev and to reduce the emission
of Cu Ka, line by more than 109}.

D. X-ray Recording

1. Conditions to be Satisfied. X radiation emitted by the sample con-
sists, in addition to the characteristic radiations of the various constituents
of the bombarded region, of a continuous background which increases
as the mean atomic number of the bombarded point increases. Therefore
the analyzing device for this radiation has to satisfy the two essential
conditions:

(1) High sensitivity, as the intensity of the X-rays is relatively low.
The electron current used for the excitation being of the order of 0.1 ua,
the X-ray emission of the sample is about 100,000 times less than that of
an ordinary X-ray tube and the detection technique necessarily uses a
counter capable of recording the individual X photons. This detector may
be a GM counter, scintillation counter, or proportional counter. The
counter is generally preceded by a bent crystal monochromator, the whole
making up a conventional X-ray spectrometer. In order to give some idea
of the experimental conditions, we shall just indicate that the impact of a
0.33-u probe, carrying an electron current of 0.025 ua at an accelerating
voltage of 30 kv, on a pure copper block gives rise to a Cu Koy emission
which, when measured in a bent quartz spectrometer and a GM counter,
reaches 1,500 counts/sec. Such an intensity is adequate for a rapid and
accurate measurement of the characteristic emissions.

(2) Good discrimination; it would seem a priori that the extreme
simplicity of the spectra would not require the use of a highly dispersive
instrument for isolating the characteristic lines, and, in fact, quite a coarse
discrimination is sufficient for isolating the K spectra of the various ele-
ments. This is no longer true when using the L spectra, which is essential
in the case of heavy elements for which the excitation of the K levels would
demand an electron accelerating voltage incompatible with correct local-
ization of the analysis. The L spectra have many more lines, and it is
obviously important that they be perfectly separated by the spectrometer
to avoid all risk of ambiguity between separate elements.

But the usefulness of high discrimination arises mainly from the fact
that the limit of detection of the analysis (minimum detectable concen-
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tration) is lowered as the discrimination of the spectrometer increases as a
consequence of improved signal-to-noise ratio.

2. Practical Designs. In the French model (25) analysis of X radiation
is effected by means of two similar spectrometers, the crystals and the
counters rotating over the same focusing circle (Rowland circle) of 25-cm
radius (Fig. 9a). A gear system gives the counter a speed of rotation which

Fia. 9. Three spectrometer arrangements.

is twice that of the crystal. The radiations reflected by the crystal thus
come, whatever the angular position chosen and hence the reflected wave-
length, to a focus exactly at the center of the counter imput window. A
dial graduated in degrees and minutes shows continually the angle of inci-
dence of the X-ray beam on the crystal and hence the wavelength of the
reflected rays.

a. Usual wavelengihs. One of these spectrometers is used to deteet radia-
tion of medium wavelength in the band 0.6 to 4.5 A, and so it permits the
analysis by K lines of all elements situated in the periodic table between
chlorine and molybdenum, and the analysis by L lines of all elements
heavier than molybdenum. The detector is a GM counter with a mica
window and the crystal is a quartz plate 0.3 mm thick of the Johannson
type (ground and bent). A similar arrangement is used in many other
instruments (11, 12), the quartz crystal often being replaced by a lithium
fluoride crystal. Lithium fluoride gives a broader reflection, which could be
an advantage if the spectrum as a whole were recorded by a scanning
method, because the integrated intensity reflected by the lithium fluoride
is in this case much greater than that reflected by a quartz crystal under the
same conditions. But microanalysis is a case of a method of analysis in
which we have to consider peak intensity and not integrated intensity.
Peak intensity is practically as great for a quartz crystal (provided the
crystal is correctly curved and the spectrometer is well adjusted) as for a
lithium fluoride erystal, with the considerable advantage that the diserim-
ination—and consequently the signal-to-background ratio—is much better
in the case of the quartz. The bent quartz spectrometer provides means for
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the convenient separation of the two components of the Ka doublet for
elements of medium atomic number. This possibility is of no particular
interest in itself for the analysis, but this resolution is related to the ability
to achieve a value of the signal-to-continuous background contrast which is
of the order of 400 when pure elements are bombarded. This observed
signal-to-continuous background contrast is in good agreement with Cam-
bou’s measurements (28) in which he used the method of Ross’s double
filters and a beam accelerating voltage of 30 kv. It can be deduced directly
from Cambou’s results than the portion of continuous spectrum emitted
between the absorption limits Cu K and Ni K (AN = 0.1065A) by a pure
zine anticathode has an intensity equal to 189, of the intensity emitted
in the Zn Ka doublet. As a result, for a spectrometer whose discrimination
is just sufficient to separate the two components of the doublet (AN =
0.00386 A), the signal-to-continuous background contrast is, when the
spectrometer is adjusted to the Zn Koy line which carries two-thirds of the
Ko intensity,

2 0.1065
9 = 3518 x 0.00386 ~ 10
neglecting the self-background of the counter, which is mainly due to cosmic
rays and amounts to about 30 counts/min,

The value of 400 obtained for the line-to~continuous background con-
trast permits very low concentrations to be detected; an iron concentration
of 0.029, for instance, is very easily detected since the Fe Ky line projects
above the continuous spectrum by nearly 109%,.

Other types of spectrometers are also used. Borovsky (29), in an appa-
ratus designed in 1953 independently of the previous work of the author,
uses a bent crystal operating by transmission (¥Fig. 9¢c) which naturally is
applicable only for relatively hard lines. Figure 9b shows the arrangement
used by Fisher (30), in which the reflecting crystal moves in a straight
line from the source and so constantly sees the source in the same direction.
Some authors also use a plane crystal whose effectiveness, however, is less
than that of the bent crystal. Last, Birks and Brooks (31) set up several
crystals and fixed detectors for the simultaneous analysis of several ele-
ments (system analogous to that of the quantometer) which has the ad-
vantage of reducing the time required for the analysis on a given point of
the sample and consequently the degree of its contamination by the beam.

b. Light elements. The analysis of light elements is made rather more
difficult by the fact that their characteristic radiation is much softer and
hence easily absorbed. We shall here describe the soft radiation spectrom-
eter used in the French model (25) which enables the waveband from 4 A
to 12 A to be analyzed.
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The reflecting crystal is a mica strip curved on a 50-cm radius; the
receiver is a proportional counter with gas flow (Fig. 10). The window of
this counter consists of a 6-u Mylar foil whose absorption is only 409, for a
radiation as soft as Si Ke (7.11 A). The Mylar is somewhat permeable to
water vapor, and this prevents the design of a sealed-off counter; gas flow
has therefore to be used, the rate of flow of the gaseous mixture (909
argon and 109, methane) being about 10 cm?®/min. The lateral arrangement
of the window makes it possible to avoid any blind space; the drop in sensi-
tivity of the counter at the longer wavelengths then arises only from the
absorption in the window, which is slight up to 10 A. A bypass arrangement
(Fig. 11) enables the counter to be evacuated before the gas is introduced.
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—
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F1a. 10. Proportional counter (soft X-rays) (Castaing and Descamps). 1. Araldite

(a trade name for an epoxy resin); 2. Window (Mylar 6 x thick); 3. Tungsten wire (20 u
diameter); 4. Wire tension spring; 5. Araldite.
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This arrangement avoids the long flowing process which would otherwise
be necessary to eliminate completely the inside air, and the counter is ready
for operation in less than 5 min. The constancy of the gas flow is secured
by a capillary; the gas pressure is slightly above 1 atm, avoiding contam-
ination by air. The small diameter (20 u) of the central tungsten wire
enables the operating voltage to be lowered to 1500 v. A preamplifier
located in the evacuated space of the spectrometer follows the counter in
its motion.

To take an example, it may be mentioned that the Si Ke line emitted
by a block of pure silicon under an electron bombardment of 0.1 pa at 15
kv gives an intensity of 1000 counts/sec, the signal-to-background ratio
being about 100, which is sufficient for a quick and accurate measurement.
It is, of course, necessary to evacuate the spectrometer in order to record
such soft lines {the introduction of atmospheric air in the spectrometer
would lower the intensity of the Si K« line in the ratio of 10%). In order to
avoid the presence of an absorbent window between the source and the
crystal, a secondary vacuum is applied in the spectrometer, and the outlet
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window of the instrument, which normally isolates the spectrometer from
the object space, is turned down. This beryllium window 0.08 mm thick,
inserted in the path of the beam, would suffice to reduce by a factor of 140
the intensity of the Mg K radiation.

The combination of the two spectrometers thus allows all the elements
whose atomic number is not less than 11 (sodium) to be analyzed either by
their K lines, or by their L lines.

FORE CUM g,

F1a. 11. Spectrometer arrangement (Castaing and Descamps). Ci, C, capillary pipes;
Ry, Rs, Rs, valves; 1, pressure-reducing valve; 2, gas tank; 3, linear amplifier; 4, pulse-
height discriminator; 5, counting device with integrator; 6, HT supply for counters;
7, gas-flow meter; 8, preamplifier; 9, pressure meter; 10, proportional gas-flow counter;
11, micsa crystal; 12, probe; 13, quartz crystal; 14, GM counter.

¢. Other arrangemenis. Certain authors, in particular Mulvey and Camp-
bell (32), have investigated the use of nondispersive systems for measuring
characteristic radiation. The use of scintillation counters (unfortunately
limited to lines harder than Fe K« ) and especially of proportional counters
makes it possible, with the aid of a pulse analyzer, to avoid reflection on
the crystal and so to obtain a considerable gain in sensitivity. This gain is
mainly due to the large aperture of the admitted beam; unfortunately,
the power of discrimination is much poorer, and special artifices must be
used to separate the characteristic emissions of adjacent elements (33).

Cambou (28), in the author’s laboratory, has examined the possibility
of applying Ross’s double-filter method, which ensures excellent separation
of the lines and which is applicable to wide beams. The conclusion is that
the interpretation of the results is much more difficult than in the case of
ordinary spectrographic measurements. This difficulty arises mainly be-
cause of the complexity of the absorption correction for the continuous
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spectrum. But it should be noted that one of the cases where i, will be essen-
tial to use large-aperture beams and nondispersive detector systems is
high-resolution analysis of thin layers® where such absorption is negligible;
hence this happy consequence that the main disadvantage of the double-
filter method vanishes in one of the cases for which a large collection
efficiency becomes essential.

d. Special design. Riggs (34) has designed an arrangement which makes
it possible to keep the specimen in air outside the electron optics system.
A 10-u hole through a mica sheet allows the electron probe to emerge and
strike the surface of the sample. Emitted X-rays which leave the surface
at a take-off angle of 55° first pass back through the mica sheet and
then emerge again through a beryllium window; excessive air leakage
through the 10-u hole into the electron optical system is prevented by an
auxiliary pumping path near the window.

With Riggs’s instrument, specimens weighing several hundred pounds
may be examined; this is of particular interest in the analysis of big
meteorites.

e. Possibility of extension to very light elements. The extension of the
analysis to very light elements, such as carbon introduces quite serious
difficulties. The characteristic lines are of very long wavelength (44 A for
carbon) and therefore easily absorbed. Moreover, the efficiency of the
dispersive systems which can be used in this wavelength region (ruled
gratings for instance) is very bad (11).

Dolby and Cosslett (35) have undertaken a detailed examination of the
possibility of using nondispersive systems for the separation of character-
istic lines in this region, and the results they have obtained are very
encouraging.

They start from the observation that “high efficiency is necessary to
keep the beam voltage and current as low as possible, both from specimen
heating and spatial resolution considerations. The quantum efficiency
problem is particularly acute when scanning images' are desired. The best
available energy diseriminating detector having high collection efficiency
is the proportional counter. However, proportional counters do not have
sufficient energy resolution for separating the K X-ray lines of elements
closer than about three in atomic number. But the collection efficiency
overrides this disadvantage” and the authors have centered their effort
around the direct use of a proportional counter followed by a special pulse
analysis method which overcomes many of the problems associated with
low-energy resolution.

This “matrix method” is illustrated in Fig. 12. The three overlapping

9 See Sec. I1,E,3.
10 See Sec. 11,E,1,c.
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pulse height distributions from elements A, B, and C, adjacent in the
periodic table, add together to give the composite curve Y'; this last curve is
known from the experimental measurement, but the constituent ampli-
tudes a, 8, and v are unknown. These amplitudes can then be found by
expressing three ordinate measurements Y4, Y, Y¢ in terms of the com-
ponent amplitudes and solving the three equations for «, 8, and v. The
coefficients evidently depend on the exact shape of the constituent curves,
which may be known from experiments on pure elements. The values chosen

Y

Measurements Solutions
Ya = a + 0.6078 4 0.135vy a = 1.83Y4s — 1.52Y -+ 0.68Y¢
Y = 0.607a + 8 + 0.607y g = —1.52Y + 2.85Y + 1.52Y¢
Yo = 0.135a + 0.6078 + ~ v = 0.68Ya — 1.52Y 4+ 1.83Y¢

Fic. 12. A composite curve and its constitutent curves A, B, and C (by courtesy of
R. M. Dolby and V. E. Cosslett).

in the example (Fig. 12) correspond to Gaussian distributions with the
same standard deviation, and peaks separated by a distance equal to this
standard deviation. Electronic mixing of the outputs with the appropriate
signs (Fig. 13) makes it possible to solve the equations automatically;
ordinate measurements are replaced by area measurements (vertical strips)
performed by three identical pulse analysis channels.

The method could be applied to the separation of the characteristic
lines of carbon, nitrogen, and oxygen; however, absorption in the inlet
window makes it rather difficult, for the moment, to design proportional
counters recording efficiently the nitrogen and oxygen lines. Meanwhile
the authors have applied the method to the separation of magnesium, alu-
minum, and silicon lines with excellent results.
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The only disadvantage of this method lies in the fact that it increases the
influence of statistical fluctuations on the accuracy of the results; statistical
errors of 59, in the determination of the ordinates Ya, Yy, Y¢ cause, for
instance, in the 8 amplitude (Fig. 12) an error of about 30%,. In practice
this amounts to lowering the collection efficiency of the counter by a factor
of about 40. Nevertheless, this method seems to hold out a real hope for
the microanalysis of very light elements, at least in the absence of heavy
constituents whose L spectrum would seriously complicate the situation.
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Fia. 13. Scanning X-ray microanalyzer incorporating the matrix method of pulse
analysis (by courtesy of R. M. Dolby and V. E. Cosslett).

But it must not be forgotten that, even if a satisfactory method for
recording lines is developed, serious difficulties will remain for the practical
application of the method to precision quantitative analysis, mainly as
regards absorption correction.! In order to maintain self-absorption within
acceptable limits, it will be necessary to use very low accelerating voltages
(a few kilovolts), and the analysis will be extremely sensitive to the presence
of surface impurities such as contamination.

E. Localzzation of the Analysis

1. Various Procedures for Localizing the Point of Impact of the Probe.
The accurate determination of the point of impact of the probe is one of the
main problems in electron probe microanalysis. This determination has to
be effected with an accuracy at least equal to the diserimination of the
analyzer, ie. better than 1 u, The method most commonly used consists
in observing the sample during the operation by means of a viewing device
consisting of an optical microscope.

1 See See. II1,D.
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a. Optical viewing of the sample. In the original apparatus developed
by the author (2), the viewing device consisted of the object lens of an ordi-
nary microscope, preceded by a mirror placed between the object and the
probe-forming lens. The mirror had a hole 0.2 mm in diameter to let the
electron beam through, and its orientation was such that the viewer’s
optical axis, perpendicular to the surface of the sample, was inclined at
about 10° to the electron beam axis. This arrangement makes it possible to
reject the shadow generated by the mirror orifice. A similar arrangement is
at present used in several instruments; it has the disadvantage of limiting
the numerical aperture of the viewing microscope used to about 0.25 and
its resolving power to about 1.5 u. But the experimenter should be able to
distinguish easily the structural details of a sample with which he is familiar
from observation with excellent metallographic microscopes.

A perfectly satisfactory solution consists in observing directly the sur-
face of the sample by means of an objective centered on the electron beam;
a reflecting objective (36) was adopted in the French model (Fig. 5). The
advantages of such an arrangement are many: The reflecting objective has
a large working distance (about 17 mm) while retaining a large numerical
aperture (0.48) and a resolving power of 0.7 p. In addition, the axial part
of the objective plays no part in the formation of the image and so can con-
veniently be provided with a hole for the electron beam; the objective
has no nonconducting surface liable to cause charging up effects; last, none
of the optical surfaces is opposite and close to the point of impact of the
probe. This last feature makes it possible to prevent contamination of the
surfaces under the action of back-scattered electrons.

This objective is associated with a reticular eyepiece; it is only neces-
sary to make a preliminary adjustment to cause a coincidence of the point
of impact of the probe with the cross lines. This adjustment is effected by
means of a small fluorescent screen set up permanently on the specimen
holder. The position of the probe is therefore fixed in three dimensions
because of the very small depth of field of the viewing microscope. The
construction of the specimen holder makes it possible to bring in succession
under the impact of the probe the point chosen for the analysis and the
standard composed of the element to be assayed. A set of 42 standards
composed of pure elements or definite compounds is permanently fixed on
the specimen holder.

The exact position of the point of impact of the probe can be con-
stantly verified by observing the contamination spot produced by a pro-
longed bombardment. It is thus possible to observe slight displacements
of the probe which occur, in particular, when analyzing a highly magnetic
sample. These displacements are then compensated for by means of the
electrostatic device for deflecting the beam. It is important that the probe
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always be in precisely the same position with respect to the spectrometer,
at least when the latter uses a dispersive crystal of high discrimination.

b. Rotating drum. The arrangement developed by Mulvey (11) avoids
the use of a reflecting objective and the difficulties involved in placing
it on the axis of the probe-forming lens; the specimen is mounted on
a drum and is rotated out of the electron beam in front of a regular
microscope for viewing. In this way it is possible to observe the sample by
means of an excellent metallographic objective with a resolving power
close to 0.3 u. Also, the probe-forming lens does not have to be specially
designed to accommodate the objective on its axis, hence a greater struc-
tural simplicity. But the difficulties are transferred to the design of the
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Fia. 14. Schematic diagram of the X-ray scanning microanalyzer (by courtesy of
P. Duncumb and D. A. Melford).

rotating drum which has to ensure absolute correspondence between the
point viewed by the microscope and that bombarded by the probe. It seems
that a precision better than 1 u can be held only with difficulty over a long
period of routine operation. The scanning technique proposed by Cosslett
and Duncumb enables this difficulty to be overcome.

¢. Scanning analysis. Cosslett and Duncumb (37) have developed a
scanning technique which permits rapid study of the surface distribution
of the different elements. The electron probe is scanned over the specimen
surface in synchronism with the spot of a cathode-ray tube whose bright-
ness is modulated by a signal from the spectrometer detecting the charac-
teristic emission of the selected element (Fig. 14).
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The value of this method arises from the fact that it makes it possible
to detect rapidly local variations of concentration (e.g. segregation) which
often fail to appear on the image obtained on the optical microscope.
Scanning hardly replaces the optical viewing method when a definite point
of the sample (such as a precipitate) has to be rapidly brought under the
impact of the probe in order to effect its quantitative analysis. According
to Duncumb and Melford (22) “an image of the specimen surface showing
the distribution of the element is obtained, and, after stopping the scan,
the electron probe can be accurately positioned from the image afterglow
for quantitative analysis.” But it should be noted that a really accurate
positioning is possible by this method only after the image has been estab-
lished for a rather long time. If, for instance, a detail of the object (e.g. a
precipitate), whose diameter is at the limit of resolution of the analyzer,
i.e., 1 u, has to be centered under the impact of the probe, positioning has
to be effected to a fraction of a micron. This centering requires that the
resolution of the image be itself of the order of 1 u. Now the intensity re-
corded on the spectrometer is of the order of 10,000 counts/sec for pure
elements and each surface element of one miecron square must deliver at
least some 20 counts in order that statistical fluctuations shall not com-
pletely mask the concentration fluctuations of the constituent to be assayed.
Therefore the period required for establishing a sufficiently clear image of
0.4 mm side is of the order of 10 min, which necessitates the use of a very
long remanence oscilloscope as a more complicated storage system.

Most fortunately, a more rapid view of the surface of the sample can
be obtained by using the back-scattered electrons. In the Duncumb and
Melford instrument, a scintillation counter is used to collect scattered
electrons (Fig. 15) and the signal delivered by this counter is used to modu-
late the brightness of the oscilloscope. By this method image formation is
considerably faster, the number of back-scattered electrons being 107 times
greater than that of the X photons recorded on the spectrometer. But
contrast in this case arises mainly from local variations of mean atomic
number, and the examples of application given by the authors refer to
samples in which these variations are large (e.g. aluminum-tin).

It is not yet certain that these two modes of observation are capable of
completely replacing visual observation of the sample in the course of analy-
sis by means of the metallographic microscope, at least if the method is
to be capable of application to any type of sample. The ideal would be to
combine direct vision on the metallographic microscope with mapping
possibilities of the various elements by the scanning method developed by
Cosslett and Duncumb. Electrostatic or magnetic scanning of the probe
is, however, incompatible with the use of a high-resolution spectrometer.
Displacement of the probe by a few hundredths of a millimeter completely
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upsets the adjustment of the spectrometer and falsifies the measured inten-
sities. In Duncumb’s and Melford’s apparatus the crystal used (LiF) has
a broad reflection, and this makes it possible to depart considerably from
the strict focusing conditions; the disadvantage of this erystal is that the
line-background contrast is low, which limits the possibilities of quanti-
tative analysis in the region of weak concentrations. Considering that the
period required for establishing a good X-ray image is in any case long, it
is possible to replace the scanning of the probe by a mechanical scan of the
sample itself, the probe remaining fixed. This allows the spectrometer to
remain constantly focused on the X-ray source; in this way the advantages
of scanning analysis ean be combined with those of precision quantitative
analysis.

2. Limitation of Discriminalion by Diffuse Penetration of Electrons. In
the course of their progress inside the sample, the electrons deviate from
their initial direction; at the end of a travel which is shorter for a weaker
accelerating voltage and for a higher atomic number of the bombarded
region, the direction of the electron trajectory is no longer related to its
initial direction and the penetration of the electrons in the sample is con-
sequently completely diffuse. Some of the electrons may even be diffused
back and leave the sample. As a result, the diameter of the region analyzed,
i.e. the diameter of the sample region where the electrons still have suffi-
cient energy to ionize the characteristic X-ray levels, is greater than the
diameter of the probe itself. It is quite futile to use probes of very small
diameter for the analysis if, at the same time, the precaution is not taken of
lowering the accelerating voltage of the electron beam.

It is normal, in the usual X-ray tube technique, to use an accelerating
voltage at least equal to three times the critical excitation voltage of the
X level since it is well known that this gives the optimum value of the con-
trast between the characteristic emission and the continuous spectrum. If
this rule is maintained in electron probe microanalysis, the voltage which
will have to be used for assaying copper, for instance, is in the neighborhood
of 30 kv. Under these conditions, the electrons follow, within the sample, a
track of the order of 2 u before their energy falls below the 9 kev which is
necessary for the excitation of the K level of copper. Along this track, which
abviously is not a straight line, the electrons depart from their initial fra-
jectory by an amount which may reach about half the total path. As a
result, the diameter of the region analyzed is greater by 2 p than the
diameter of the electron probe, and consequently there would be little
point in seeking to improve the discrimination of the analyzer by reducing
the diameter of the probe below 0.5 u.

But, as was shown by Wittry (38), it is not to be deduced that the resolu-
tion of the method is thus subject to a fundamental limitation and that
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efforts to improve the probe brightness are of no interest. It is possible, if
one wants to do away with the use of the best accelerating voltage for the
excitation of X levels, to improve considerably the discriminating power of
the analyzer, the only limit being, in fact, imposed by the performance of
the probe-forming system (probe brightness) and the quality of the spec-
trometer used (line-continuous background contrast).

Wittry was able to establish the experimental conditions leading to
optimum discrimination, on the basis of the observation that the volume
or the diameter of the region analyzed may be made arbitrarily small by a
suitable choice of the probe diameter and of the beam accelerating voltage;
the only limitation is imposed by the necessity of obtaining a sufficiently
accurate measurement of the line intensity without extending the measure-
ments beyond a reasonable time. Without entering into the details of
Wittry’s calculations, the various stages of his argument ean be summarized
—with minor modifications—as follows:

First, the depth of the analyzed region can be estimated from Williams’
law of deceleration modified, as suggested by Webster (9), by introducing
the factor 2Z/A. The equation obtained by Williams is applicable to rela-
tively fast electrons (8 > 0.5); here we shall modify slightly the numerical
constant of Williams’ equation (8) in order to adapt it to electrons with an
energy between 10 and 30 kev; in good agreement with the results obtained
by Williams on argon (39) and by Terrill on aluminum (40) we shall adopt
the deceleration law

& < 184081422, (23)
where V is expressed in kilovolts and z in centimeters. It can be assumed
that excitation at the maximum depth is produced by electrons which have
suffered practically no deviation along their path. Writing that their
deceleration has brought them from their initial energy E = eV to the
minimum energy necessary for exciting the K level (for instance) or
Ex = ¢V, we obtain an approximate value of the depth of the analyzed
region

Zm = 0.033(V17 — Vg7 ;izmicrons, (24)

where V and Vg are expressed in kilovolts; A is the mean atomic mass of
the bombarded point, Z is its mean atomic number, and p the local density
in grams per cubic centimeter.

It can be assumed that the total diameter of the analyzed region is
equal to

d =d+ 2m, (25)
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where d is the diameter of the electron probe and z, the maximum effec-
tive range.

The total diameter can, of course, be reduced indefinitely by reducing
the diameter of the probe and lowering the accelerating voltage V to the
immediate neighborhood of the threshold voltage V. But in this case the
intensity of the line emitted by the sample becomes extremely weak and
an accurate measurement of this intensity requires a very long time. For
example, let us consider attaining an accuracy of 0.4% on the intensity
emitted by the pure element by means of a measurement lasting no more
than 1 min. If the intensity of the continuous background can be neglected
compared to that of the characteristic line (which will be assumed in order
to simplify calculations), the number of counts per second recorded by the
counter should be n = 500 for the pure element.

But the intensity of the characteristie radiation is proportional to

(1) the electron current, i.e. to Vd*,

(2) the efficiency of the electron-photon conversion, which is substan-
tially proportional to (V — Vg)ie,

To take an example, let us consider the case of a pure copper sample
(Vg = 9 kv) and a curved quartz spectrometer for which the intensity
Cu Ka, is equal to 1500 counts/sec for an accelerating voltage V' = 30 kv
and a beam current of 0.025 ua. These conditions result from Eq. (19)
(long-focus probe conditions), for a probe diameter d and an accelerating
voltage V, in an intensity of the Cu K, line of

I(Cu) = 7.3V(V — 9)164%, (26)

where V is expressed in kilovolts and d in microns.
The intensity of 500 counts/sec is thus obtained for a probe diameter

d = 4.74V"%(V — 9)~%8 microns. 21

The application of Eq. (24) to the case of copper leads to the expression
for the depth of penetration z.,

2m = 0.0081(V17 — 42) microns. (28)

The diameter of the analyzed region, therefore, varies with the accelerat-

ing voltage used (the intensity of the Cu Ka; line being constantly held at
500 counts/sec) according to the relation

b =d+ 2w = 474V H(V — 9)-06 4 0.0081(V17 — 42).  (29)
This expression gives a minimum for V = 14.5 kv; this gives the opti-

mum conditions leading to the best discrimination when the line examined
is the Cu Koy line:

V =145kv; 7 = 007 pa; d = 0.646 p; 2o = 0.421 4.
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Under these conditions, the diameter and the volume of the analyzed
region are

6=1074u and v = 0.38 ul. (30)

For the ideal probe conditions [Eq. (18)] we would obtain the optimum
values

V = 11.7kv; 6 = 0.475 u; v = 0.034 . (31)

We have assumed that the influence of the continuous spectrum is
negligible; this is entirely justified in the case of a high-resolution spectrom-
eter provided the concentration of the element being measured is not too
small. In a more accurate caleulation, Wittry (38) takes the continuous
spectrum into account and reaches the following conclusions:

(1) The diameter of the analyzed region is a minimum for a rate of
excitation V/Vg between 1.6 (strong concentrations for which the con-
tinuous spectrum is negligible) and 1.9 (low concentrations); however,
this minimum is broad and slightly higher aceelerating voltages may be
used without reducing the linear discrimination markedly.

(2) The volume of the analyzed region has a much more sharply
marked minimum for a rate of excitation V/Vg between 1.1 (strong con-
centrations) and 1.5 (low concentrations), minimum volume being in the
neighborhood of 0.2 4® in the case of pure copper.

The discrimination power can be even better in the case of the analysis
of light elements for which the critical excitation energy of the X levels is
in the neighborhood of 1 kev. Duncumb (41) obtains under these conditions
a discrimination close to 0.1 u. His estimate is a little optimistic since the
diameter of the analyzed region is obtained by a quadratic sum of the Gaus-
sian diameter of the probe, of the diameter of the aberration disk, and of
the maximum depth of excitation. This method certainly leads to an under-
estimation of the total diameter of the analyzed region. Considering only
the first two terms, the intensity distribution in a probe whose Gaussian
diameter is infinitely small shows a marked maximum at the edges, so that
the optimum probe has a sharp edge intensity distribution.

In order to improve the discrimination in the case of elements of medium
atomic number, Duncumb (/1) recommends the use of very soft lines (L
spectrum in the case of copper, M spectrum in the case of heavy elements).
However, in addition to increased experimental difficulties, the use of the
L or M spectra makes the estimation of fluorescence correction'? a more
delicate matter, and it seems preferable, in the case of a precision quanti-
tive analysis, to limit ourselves to the K spectrum up to atomic number
Z = 35 and to the L spectrum for the heavy elements.

12 See Sec. IILE.
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But it is nevertheless valuable to use for the analysis a relatively weak
accelerating voltage exceeding only by 50 to 809, the critical excitation
voltage of the element to be analyzed. The resulting gain in discrimina-
tion is particularly important when a relatively heavy element has to be
measured in a sample of low density. Suppose, for example, that copper is
the element to be measured in an aluminum—copper alloy of low copper
content and of density around 2.7. With the electron current such that
the pure copper emission is equal to 500 counts/sec we find the optimum
conditions V = 12.2 kv, d = 0.953 u, 2, = 0.712 u or a discrimination
8 = 1.7 u, the volume of the analyzed region being of the order of 0.5 ud.
The use of an accelerating voltage of 30 kv would make the diameter of the
analyzed region greater than 7 u, and its volume greater than 300 !

The use of low accelerating voltages has the further advantage of reduc-
ing the magnitude of the absorption correction,® but it has the disadvant-
age of increasing the thermal load of the sample, which is not too trouble-
some in the case of metal samples but could cause an unacceptable tem-
perature rise in the analysis of thermal insulators.

Another disadvantage arises from the increased relative importance of
fluorescence secondary emission excited by the continuous spectrum.
However, it is possible that the ratio I;/I which begins to grow when the
excitation rate V/Vg passes from 3 to 2 (this effect is due to the increase in
the average absorption of the continuous spectrum in the sample), de-
creases again when the excitation rate approaches unity. This behavior
results because the intensity of the exciting continuous spectrum decreases
as (V — Vg)?* while the intensity of the line excited by direct ionization
decreases as (V — Vg)Ls,

Last, a practical disadvantage is the fact that the improvement in the
discrimination is obtained mainly by a reduction of the maximum penetra-
tion of the electrons in the sample; the analysis thus becomes more super-
ficial in character and the infiuence of the surface state of the sample be-
comes a dominant feature. Unfortunately, chemical processes such as oxida-
tion may modify this surface state. Also, the influence of a slight variation
of the beam energy may become important. Even if the accelerating voltage
is perfectly stabilized, a slowing down of the electrons may result from
passing through a contamination layer, or from charge effects in the case of
insulators.

It will therefore be prudent to maintain the rate of excitation between
the limiting values 1.5 and 2; the discrimination is then close to its optimum
value without the disadvantages noted being too troublesome.

3. Possibility of Improving the Discrimination. From the considerations

1 See See. I11,D.
u See Sec. II1,E,2.
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which have just been set down it follows that the diserimination power of
spot analysis can easily be brought to the neighborhood of 1 4 ,with a possi-
bility of pushing the limit back to about 0.3 u under the best conditions.
The further lowering of this limit requires some considerable effort and it
seems clear that the only possibility of an important advance in this line
lies in the analysis “by transmission” of previously thinned down samples,
as was suggested by the author (1, 42).

Suppose for instance that the sample to be analyzed is no longer in the
form of a solid sample, but in the form of a thin film, the thickness of which
is much less than the maximum range of the electrons. The deviation of the
electrons in passing through the sample is then very slight and the diameter
of the analyzed region is practically equal to the diameter of the probe.
Discrimination is then limited only by current considerations, and this
limitation is much less harsh than in the case of solid samples, since the
accelerating voltage can be held at a sufficiently high value to ensure good
efficiency of the electron-photon conversion. In the case of solid samples,
improvement in the discrimination power can be obtained only at the cost
of a catastrophic collapse of this efficiency. It will even be worthwhile to use
relatively bigh voltages for the analysis of thin films, for the following
reasons:

(1) The mean deviation of the electrons on crossing a layer of a given
thickness falls as the initial energy of the electrons increases; this mean
deviation depends only on the ratio of the energy of the electron to its
initial energy (43) and tends to zero as this ratio tends towards unity.

(2) The ratio of the intensity of the line to that of the continuous
spectrum recorded simultaneously in the spectrometer (signal-to-back-
ground ratio) increases with the electron accelerating voltage. If we con-
sider the emission as a whole in all directions, we find that the intensity of
the continuous spectrum over a band of wavelengths of a given width
enclosing the line varies as V= (44a) while the intensity of the characteristic
line varies roughly as V-1(Vg=t — V1) (44b); so that the line-background
contrast increases with V and tends to a constant value for very high
acclerating voltages. But, in addition, the direction of maximum emission
of the continuous spectrum tends to move towards the beam direction at
high energy (44c¢). As a result of this fact if the X-ray beam analyzed is on
the side of the bombarded surface of the sample, it contains practically
only the characteristic line as soon as the beam accelerating voltage becomes
large (100 kv, for instance).

(8) The probe brightness is proportional to V for a given diameter, and
this is quite an advantage since the main limitation in the discrimination
power arises in this case from current considerations. The discrimination
power can be estimated in the following way:
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In the case of analysis by transmission of a thin layer, the X-ray emis-
sion is considerably reduced by the fact that the path of the electrons inside
the sample is very short. Suppose for example that the measurement of
line intensity is always effected by means of a curved quartz spectrometer
and that the sample consists of a thin copper foil e microns thick (e < 1).
From the measurements made by Castaing and Descamps,!® it can be
deduced that the ratio of the Cu Koy emission of this layer to the Cu Key
emission, under the same bombardment conditions, of a solid copper anti-
cathode is

I.(Cu) _ pe

T(Cu) ~ 146 = 0.6¢, (32)

for an accelerating voltage of about 30 kv. Let us measure the intensities
of the characteristic radiations in pulses per second in the counter. If ¢ is
the beam current in microamperes, we have

I(Cu) = 60,0007, or I.(Cu) = 36,0007e. (33)

If the examination of the sample is performed by transmission electron
microscopy, a reducing lens of very short focal length can be used; we are
therefore under “ideal probe conditions” (V = 30 kv) and we obtain from
Eq. (18)

1,(Cu) = 5.77 108 d®5, (34)

where d is the diameter of the probe in microns. For a sample 0.2 4 thick
and a probe diameter of 0.1 u, the Cu Koy intensity is 250 counts/sec,
the discriminating power being close to 0.1 p; such an intensity is quite
sufficient for a correct measurement of characteristic emission.

However, it will be noted that the intensity of the characteristic lines
decreases more or less as the 11/3 power of the resolution, and there is not
much hope of improving the latter with the same experimental arrange-
ment. There are then two possibilities:

(1) Increasing the probe brightness by correcting the spherical aberra-
tion or using a field emission gun.

(2) Replacing the spectrometer by a nondispersive system securing
high collection efficiency; the solid angle of the beam received by the
curved quartz spectrometer is about 1/300 steradian and so it can be hoped
to attain, in the limit, a gain of about five in the discrimination power.

The ultimate discrimination of transmission microanalysis would then
be in the neighborhood of .02 u; we have seen that thermal limitations do
not play any part (at least in the case of metal films).

18 See Sec. I11,B.
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On the other hand, the contamination of the sample, which is a function
of the total beam current, will be fairly rapid, and it can be expected from
practical considerations of available space around the specimen that it
will be even more difficult to eliminate it completely than in the case of
solid samples. It might be feared that the contamination layer might cause
a serious perturbation; in actual fact this cause of error is not at all serious
in the case of transmission analysis. The main effect of crossing a contam-
ination layer is to slow down slightly the incident electrons. This slowing
down would cause a large variation of the characteristic emission in the
case of a solid sample bombarded by electrons with an energy close to the
critical excitation energy of the X level; but it has no appreciable effect
on the emission of a thin layer bombarded by high-energy electrons. This
behavior can be observed on the experimental curves (variation of the
ionization funetion with the rate of excitation V/Vg) obtained by Webster,
Hansen, and Duveneck (44d). The only effect of the contamination layer,
therefore, is to introduce some diffusion of the electrons which slightly
lowers the diserimination. From Bothe’s formula, the most probable
angular deviation suffered by 50-kv electrons after passing through a con-
tamination layer (mainly carbon) 0.1 u thick would be about 3°. The loss
of discrimination is negligible, and the same applies to the lengthening of
the electron trajectories within the thin sample. The latter point is an im-
portant one since the result of the analysis is not to supply directly the con-
centrations of the element present at the point analyzed, as is the case for
solid samples, but the masses per unit area of these various elements.
It is therefore necessary to measure in turn all the elements present in order
to obtain the chemical composition of the sample. A gradual inclination of
the electron trajectories within the sample could thus lead, if the various
elements are measured in turn, to a slight overestimate of the elements
measured last, when the contamination layer becomes rather thick. In
actual fact, the effect is a second order one, and the same applies to the
error introduced by the formation of a superficial film of any kind (oxida-
tion, for instance) provided of course that it is not the element to be meas-
ured which gets deposited on the sample.

Analysis by transmission measures directly the superficial masses of
the various elements present at the analyzed point. Any surface phe-
nomenon such as oxidation or deposition of a contamination layer which
leaves these superficial masses unvaried (it is assumed that the element
measured is neither oxygen nor carbon!) has no effect on the results of the
measurements.

4. Experimental Verifications. Many processes can be used for estimat-
ing approximately the diameter of the X-ray source constituted by the
analyzed region. For example, this source can be used to form the image
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of a very fine grid by X-ray shadow microscopy. It is also possible to esti-
mate visually the resolution on the image obtained by X-ray scanning
microscopy (37). For an accurate measurement of the true discrimination
power (i.e., of the minimum diameter of the region where an accurate
quantitative analysis is possible), the best method consists of analyzing
a specimen showing abrupt phase boundaries such as a diffusion couple or
‘better a composite sample obtained by pressing two metals against one
another. As an example, one can verify, by scanning the probe across a
copper-tantalum boundary, that a movement of 1.2 u of the probe is suffi-
cient to raise the Cu Ke, emission from 0 to 1009, (after correction for the
secondary fluorescence emission) when the accelerating voltage is 14 kv,
while the minimum displacement is 3 u for an accelerating voltage of 30 kv.
In the analysis of thin samples, one may mention the discrimination of
0.3 p obtained by Duncumb with an accelerating voltage of 25 kv (41).

It should be noted that, in what has already been said, absolute dis-
crimination is referred to, i.e. the total diameter of the region excited by
the electron beam. Resolution could also be defined in a manner similar to
that used in optics, by means of samples with a periodic structure formed
by stacking alternate layers of element A and element B. A movement of
the probe through the sample then reveals its periodicity, even if the latter
is much smaller than the absolute discrimination. The resolution of an
image obtained in X-ray scanning microscopy can therefore be, provided
the differences of chemical composition are sufficiently marked from one
point to the next one, considerably greater than the absolute discrimination
of the same instrument for precision quantitative analysis.

In regard to the detection of small particles (analogous to ultramicros-
copy in the case of light), the limit is even lower; iron inclusions less than
0.1 g in diameter can be detected in a sample of medium atomic number.

III. THE FUNDAMENTALS OF QUANTITATIVE ANALYSIS
BY X-RAy Ewmission

We have seen in Sec. I that the concentration of an element A in a
complex sample is measured by comparing the intensity 74 emitted by the
sample in a strong characteristic line (A Ka, for example) of element A
with the intensity I(A) emitted in the same line and under the same
bombardment conditions by the pure element A. The intensities I, and
I{A) are the intensities actually emitted by the atoms of the anticathode
directly ionized by the electron beam. In order to obtain them it is impor-
tant to apply various corrections to the raw intensities read in the spectrom-
eter (apart from the correction for dead time of the counter).

A first correction consists in subtracting from each reading the part due
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to the portion of the continuous spectrum recorded simultaneously by the
spectrometer; this correction is readily obtained by taking the mean of the
intensities recorded for two settings of the spectrometer on either side
of the line; it is generally small as long as the concentration of the element
being measured is greater than a few per cent.

It is then necessary to subtract from the intensity obtained the fraction
of that intensity arising from an excitation of the sample by the X-rays
themselves (characteristic radiation and continuous spectrum); it is this
correction for fluorescence which proves to be the most difficult to evaluate
with accuracy.

Finally, the intensity of the line must be corrected for its absorption in
the anticathode itself [the other absorptions in the outlet window, in air,
ete. do not enter since they are eliminated when taking the ratio I,/I1(A)].
This absorption correction may become particularly large in certain extreme
cases, and it is essential to apply it very carefully.

A. Absorption Correction

To take an example, let us consider a plane anticathode consisting
of the pure element A, of density p, receiving normally on its surface an
electron beam with an accelerating voltage V, and let us designate by 6
the angle of emergence of the X-ray beam analyzed. Let I be the intensity
which would be recorded by the spectrometer if there were no X-ray
absorption in the anticathode, and let dI be the fraction of this intensity
which is emitted by an infinitely thin layer with a thickness dz located at
a depth z under the surface of the anticathode. Measuring the thicknesses
in masses per unit area, we shall write

dI = oa(pz)d(pz). (35)

The function ¢a, which we shall reconsider later, represents the distri-
bution in depth of the characteristic emission A Ka; in an anticathode
formed of the element A and subjected to normal electron bombardment
with an accelerating voltage V.

In the absence of X-ray absorption in the anticathode, the spectrometer
would then record an intensity

I= [ ealp2)d(p2). (36)

In actual fact, since the mass absorption coefficient of the radiation
A Ko, in the anticathode is u/p, the spectrometer records an actual inten-
sity I’

I' = /‘; wa(pz) exp (— Epz cosec 0) d(p2); (37)
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from which we shall obtain the intensity corrected for absorption by the
relation

F(0)

N E——
F (E cosec 0)
p

where F is the Laplace transform for the function ¢4

FO = [)7 eatu) exp (—xu)du. (39)

I=Ur (38)

The curve which represents the variation of the function F(x)/F(0)
as a function of the argument x = (u/p) cosec  has been obtained directly
by the author (2) in the case of an iron anticathode, by a method which
consisted of examining the variation of the characteristic emission as a
function of the angle of emergence 6; it was used as a single absorption
correction curve which was supposed to be valid, provided the electron
accelerating voltage remained always the same, for all samples and all
characteristic radiations, at least in a first approximation. This amounts
to assuming that the function ¢ depends broadly only on the beam accel-
erating voltage, and constitutes a somewhat rough approximation. In
actual fact, an exact determination of absorption correction requires a
knowledge of the law of distribution in depth of the X-ray emission in the
anticathode. We shall give a brief description of the experiments which
have enabled Castaing and Descamps (7, 45) to determine direetly the form
of the function ¢ for various types of anticathodes.

B. Distribution in Depth of the Characteristic Emission

1. Ezxperimental Determination of the Distribution. In order to determine
experimentally the variation of the function ¢(pz), it is necessary to isolate
the emission of a thin slice of the anticathode with a constant thickness dz,
located at varying depths below the surface. The intensity read on the
spectrometer represents, of course, the total characteristic emission of the
slice dz multiplied by some coefficient. This coefficient, which depends on
the aperture of the X-ray beam analyzed, on the efficiency of the spectrom-
cter, on the absorption by the windows, etc., is invariable, provided the
spectrometer setting and the characteristics of the electron beam are
unchanged during the whole of the series of measurements and provided
also that the result of the measurement is each time corrected for absorp-
tion in the anticathode itself; this absorption depending on the depth of
the emitting layer,

It is then possible to refer the intensities emitted by the layer dz at the
various depths to a common unit. This unit is the intensity of the charac-
teristic radiation emitted under the same conditions by an identical layer



ELECTRON PROBE MICROANALYSIS 363

dz isolated tn space and subjected to the same normal electron bombardment
conditions. The unit so chosen is directly related to the value of the ioniza-
tion function and to the thickness of the layer dz. Because the layer is
infinitely thin and the beam normal to the surface, the path length for each
electron is exactly equal to dz. The choice of this unit therefore enables the
function ¢(pz) to be obtained in absolute terms.

In order to separate from the total emission of the anticathode that of a
particular layer, Castaing and Descamps use an artifice which consists in
replacing, in the massive anticathode consisting of the element A, the layer
dz by a thin layer of an element B close to element A and whose properties
are substantially the same as regards diffusion and deceleration of the elec-
trons. Layer B then acts as a ‘“‘tracer” whose characteristic B Ka; emission

electrons

copper
‘A | layers

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Fig. 16. Tracer composite sample for determining pcu (Castaing and Descamps).

(say) can be easily separated by the spectrometer from the A Ke; emission
of the anticathode as a whole. The choice of the tracer is limited by the
following considerations: The element of which it is composed must be as
close as possible in the periodie table to element A which makes up the anti-
cathode; its characteristic emission must not be liable to secondary excita-
tion by an intense line of element A, and the line emitted by the tracer
must be only slightly absorbed by element A, so as to reduce the correction
for absorption in the anticathode.

Suppose we have to determine the law of distribution ¢c,(pz) of the
characteristic emission in an anticathode of pure copper. A carefully polished
block of copper is covered, by vacuum deposition, with a zine layer approxi-
mately 0.03 mg/cm? thick. An identical zinc layer is collected on a thin col-
lodion film placed in the evaporator in the immediate neighborhood of the
surface of the copper block. This layer can later be considered as isolated,
the collodion playing an entirely negligible part. Then, on various regions
of the surface of the hlock already coated with zine, copper layers arve
deposited (Fig. 16) with increasing thicknesses, such as for instance 0.05,
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0.1, 0.2, 0.5, 1, and 2 mg/cm? The various layers are deposited simul-
taneously on large plates, which makes it possible to determine their thick-
ness accurately by weighing, at the cost of a few corrections. This procedure
provides the whole of the experimental equipment required, i.e. zinc layers
of rigorously equal thickness, one being isolated and the others more or
less deeply buried in a copper anticathode. Then, by means of the spec-
trometer, a measurement is made of the intensity emitted in the Zn Key
line when the various parts of the surface, which correspond to various
values of depth z, are successively brought under the impact of an electron
probe with constant accelerating voltage and current. For the common
unit, the intensity is taken which is recorded in the spectrometer when
the probe strikes the zinc layer deposited on the collodion. This series of
measurements gives the curve of variation of the function ¢cu(pz). There
is no need to take into account the radiation absorption in the zinc layer
since the correction term is eliminated when taking the ratio of the two
intensities, but, each intensity measurement is corrected for the absorption
suffered by the Zn Ke, radiation in the superficial copper layer. Also, it is
necessary to take into account the fact that the zinc layer has a finite thick-
ness. This is done by sliding the curve in a direction parallel to the pz-axis
by an amount equal to half the superficial mass of this layer.

2. Interpretation of the Resulls. Figure 17 shows the curves of distribu-
tion in depth of the characteristic emission in copper (zinc tracer), alumi-
num (copper tracer), and gold (bismuth tracer) obtained by Castaing and
Descamps for a beam accelerating voltage of 29 kv.1® The abscissas repre-
sent the depth in mg/cm?, while the ordinates show log ¢. It will be noted
that the unit, i.e. ordinate 0, corresponds to the emission of the tracer
isolated in space and subjected to bombardment by the same electron
beam. These curves suggest the following remarks:

(1) The value of ¢ for zero depth is always greater than unity, the
tracer emission being reinforced by the underlying block. This effect is
mainly due to back-scattering of the electrons. A slight increase also arises
from the excitation of the tracer by the continuous spectrum of the anti-
cathode as a whole. But it can be verified that it is important only in the
case of heavy elements (compare Figs. 17 and 18). Back-scattering increases
with the value of the atomic number of the anticathode; after correction
for fluorescence (Fig. 18) we obtain

ea1(0) = 1.16; ¢ca(0) = 1.475; ¢au(0) = 1.613.

(2) The function ¢ starts to increase for small depths; this is due to the
gradual diffusion of the electrons which lengthens their path within the
dz layer (2). The effect of this gradual diffusion is felt down to a depth cor-

16 Purther measurements have slightly lowered the tail of the gold curve,
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responding to a condition of complete diffusion, from which point the mean
angle of incidence of the electrons on the tracer becomes constant.

(3) When the complete diffusion is established, ¢ decreases propor-
tionately to the number of electrons reaching the layer, as shown by Fig.
18 where the to, curve represents the absorption curve of electrons in copper
(7). This proportionality is due to the fact that, in these measurements, the
beam accelerating voltage is much higher than the critical excitation volt-
age of the X-ray levels. This linear behavior would not appear in the case of
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Fia. 17. Distribution in depth of the total emissions (Castaing and Descamps).

low accelerating voltages leading to optimum discrimination. For instance,
in the determination of ¢4, the replacement of the copper tracer by a bis-
muth tracer for which the rate of excitation is much lower (?) leads to a
faster decrease of ¢a; for the deeper layers.

The depth zg where complete electron diffusion is established increases
when the atomic number of the diffusing element decreases. For aluminum,
complete diffusion is reached only at a depth corresponding to pzg = 0.6
mg/cm?, it is already reached in the case of copper for pzg = 0.4 mg/cm?,
and in gold for pzg = 0.25 mg/cm? (Fig. 18).

(4) For the deeper layers, the decrease of ¢ (total characteristic emis-
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sion of the tracer, Fig. 17) is slower, this effect being particularly marked
in the case of gold. This behavior is due to the fluorescence secondary emis-
sion of the tracer, excited by the general continuous spectrum of the anti-
cathode. It will be seen a little further on¥ how this fluorescence emission
can be estimated approximately. By deducting it from the experimental
values shown in Fig. 17, the curves of Fig. 18 are obtained; these represent
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Fic. 18. Distribution in depth of the direct (primary) emissions and absorption curve
of electrons in copper ({c) (Castaing and Descamps).

the distribution in depth of the direct characteristic emission (i.e. directly
excited by the electron beam) of anticathodes of aluminum, copper, and
gold for an accelerating voltage of 29 kv. This deduction is based on the
assumption that the fluorescence emission of the tracer is approximately
the same at all depths till 1.5 mg/cm? It is then found that the constant
contribution of fluoreseence emission is: for aluminum, ¢, = 0.025 (selec-

tive absorption of the continuous spectrum in the copper tracer), for copper,
ecy’ = 0.08, and for gold, ¢sd’ = 0.10.

C. The Physical Basis of the Emission-Concentration Relation

The distribution curves of Fig. 18 enable us to analyze in greater detail
the various factors entering in the relation connecting the characteristic
emission of the various elements of a complex anticathode with their respec-
tive concentrations.

1 See Sec. 1ILE,2.
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Consider an anticathode formed of an alloy AB in which the mass
concentrations of elements A and B are respectively ca and cg. Let ¢a and
¢an be the respective distribution functions of the radiation A Ka, in the
pure element A and in the alloy AB. As before, we shall designate I, and
I(A) as the intensities emitted in the A Ke; line, under the same conditions
of electron bombardment, by the alloy AB and by the pure element A.
As regards the X-ray emission, the anticathode AB behaves as if it con-
sisted of a stack of infinitely thin layers of elements A and B. This gives
immediately

L _. L” ean(pz)d(pz) oy Sae
I(a) " eate2)d(o) Sa

where S is the integral from zero to infinity of the function ¢. Consider
the special case for which ¢, is infinitely small, pa5 is then the same as the
function ¢ which represents the distribution of the characteristic emission
B Ka, obtained by means of an A tracer, and we can write

Ia _ . Se,
I(A) ~ "™ 8,

It therefore appears that the approximate emission-concentration pro-
portionality I,/I(A) = ca is nothing else than an approximate equality of
the integrals S, and Sg and is obtained in this ease with the same relative
error. We shall therefore obtain an idea of its degree of accuracy by com-
paring the S integrals of the various elements.

Referring to the distribution curves of Fig. 18 (direct emissions), we
find the following numerical values

Sa1 = 1.55 X 1073, Sgy = 1.46 X 1073, Sy, = 1.43 X 103,

(40)

(41)

The unit is the intensity which would be emitted under the same conditions
by a layer of the same element of mass per unit area 1 gm/cm? normally
crossed through by the electron beam, if the electrons of this beam were to
retain their energy throughout the path and if there were neither electron
diffusion nor fluorescence emission.

These values are close to one another; the agreement between Sa; and
Sce would even be improved by using the same tracer for the two distribu-
tion curves, as is supposed in deriving Eq. (41). Considering the ¢4 curve
obtained by Castaing and Descamps (7) with a zine tracer and correcting
it for fluorescence, we obtain Sy = 1.45 X 10~%; we may conclude that the
integrals are found to be equal to within the accuracy of determining
o{pz)—about 297,

An exact determination of the ¢ curves would make it possible, by com-
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paring curves obtained with the same tracer, to calculate the «; coefficients
of the second approximation [Fq. (11)]. However, a direct determination
of the a; coefficients by the analysis of alloys of known composition is much
simpler and more precise than the experimental plotting of the distribution
curves. The relation aa/ar = Sp/Ss (same tracer) is really only of theo-
retical interest, but it shows that the variation of the o coefficients from one
element to another is slower than that of the Z/A ratios which appear in
the theoretical second approximation deduced from Webster's law of
deceleration [Eq. (8)]. This discrepancy is due to back-scattering which
acts inversely to the factor Z/A in Webster’s equation.

As a result of back-scattering, many beam electrons leave the anti-
cathode with an energy definitely greater than the critical excitation energy
of the line analyzed. The intensity J(A) emitted by an anticathode of pure
element A is thus less than the intensity Io(A) which the anticathode would
emit if there were no back-scattering and if, in consequence, the whole of
the electron trajectories were located within the anticathode. Let us define
this ‘‘back-scattering loss” by introducing the coefficient Aa = I(A)/I(A);
the back-scattering loss is then (Ax — 1) I(A) and the coefficient A4, always
greater than unity, is greater the heavier the element. Applying then the
theoretical second approximation [Eq. (8)] to the emissions corrected for
back-scattering, we obtain the relation

an _ W(Z/A)
as As(Z/A)s

It thus appears that each «; is the product of two factors, the first one of
which increases with atomic number Z while the second decreases with
increasing Z. This “‘compensation” is the reason why the values of a; vary
but little from one element to another.

It is possible to get a rough estimation of the values of the X coefficients,
(back-scattering correction) by an examination of the curves of distribution
in depth of the characteristic radiation (Fig. 18). It can be taken roughly
that the back-scattered electrons which reach the free surface have on the
average followed the same path in the anticathode as those which reach the
layer at depth 21 = 22; (2; being the depth from which the electron trajec-
tories are completely diffuse). For each anticathode it will be assumed that
the back-scattering loss is approximately equal to the total emission of the
anticathode layers situated below the depth 2, or

Io(A) — I(A) = [* ealpe)d(p2), (43)

(42)

and hence
f’ ea(p2)d(p2)
M=1+2—r (44)
7 erterdaten)
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This gives:
For copper  (Z/A = 0.456): pz;, = 0.8 mg/cm?; Acy = 1.15;
For aluminum (Z/A = 0.482): pz; = 1.2 mg/em?; Aa; = 1.05;
For gold (Z/A = 0.400): pz; = 0.5 mg/cm?; s, = 1.34.

If we arbitrarily make ac, = 1.00, we find from Eq. (42) the a; coefficients
a1 = 0.96, acy = 1.00, sy = 1.02,

in excellent agreement with the values which might be deduced from con-
sideration of the S integrals.

The method which has been followed for the estimation of the back-
seattering loss can be supported by the following remarks:

(1) The curve of electron absorption in copper (Fig. 18) shows a trans-
mission factor of about 209, for 29-kv electrons passing through a copper
layer of 0.8 mg/cm?. This value is not very different from the percentage of
back-scattered electrons, i.e. 29%.

{2) 1t will be noted that in each case the following relation is approxi-
mately verified:

ealpz) = 2[ea(0) — 1]. (45)

But, the bracket in the second term represents the fraction of the emission
of the superficial layer due to the back-scattered electrons as this superficial
layer is crossed (from bottom to top) by the back-scattered electrons. The
number of these electrons is about the same as the number of electrons
which pass downward through the layer at depth z;. The factor 2 can be
interpreted if it is assumed that, because of the completely diffuse distribu-
tion of the trajectories, the layer z; is crossed by an equivalent number of
electrons traveling upward.

(3) If the ¢y curve is compared with the ¢c, curve representing elec-
tron transmission in copper for the same accelerating voltage (Fig. 18),
it will be seen that, at medium depths for which complete diffusion is
attained without too severe a loss of energy by the electrons, the relation

YCu = 4ty (4:6)

is substantially verified, {c, being the electron transmission factor. This
relation means that the mean path length, in the dz layer, of the electrons
which have passed through a thickness large enough for complete diffusion
is of the order of 4 dz. If we assume, as before, that each of these electrons
passes, on the average, twice through the dz layer, we obtain, calling 8 the
angle of incidence of the electron trajectory on the dz layer:

fsec 6] = 2 47)
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which is exactly the value which can be expected from a completely random
distribution of the trajectory directions (cosine distribution).

D. Ezxperimental Absorption Correction Curves

From the experimental curve of distribution in depth of the character-
istic emission of a given element A (for a given accelerating voltage V), it is
easy to plot the Laplace transform F(x) [Eq. (39)]. The curve which repre-
sents the quantity log [F(x)/F(0)] as a function of the argument x = (u/p)
cosec 0 constitutes the absorption correction curve. Figure 19 shows the
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Fia. 19, Absorption correction curves (29 kv) (Castaing and Descamps).

absorption correction curves (direct emission) obtained in this way from the
distribution curves of Fig. 18, for an accelerating voltage of 29 kv and
anticathodes of aluminum, copper, and gold. The curve previously obtained
by the direct method of variation of the X-ray intensity as a function of the
angle of emergence (2) would lie satisfactorily in this family of curves
(86). The various curves are much alike, but it will be noted that, for an
accurate determination of absorption correction, it is necessary to take into
account the average atomic number of the region analyzed.

Absorption correction can become quite large when analyzing light
elements whose characteristic lines are easily absorbed. In this case values
of x of the order of 5,000 to 10,000 are commonly found. The use of an
accelerating voltage of 30 kv for the beam would then involve an enormous
absorption correction, more than 809, of the emitted intensity being ab-
sorbed within the sample. It is then necessary to use the lowest possible
accelerating voltage in order to limit the absorption correction to 30 or
409%,. It is important to ensure that this correction shall remain fairly small
since one can never be sure of its rigorous accuracy. For however carefully
the absorption ‘curves have been prepared, there always remains some
uncertainty in the value of 8 since the angle of emergence may be locally
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modified by an amount of the order of 1°. This is the case when analyzing
a precipitate which is generally protruding or slightly recessed after mechan-
ical polishing. In any case it is necessary to perform this polishing with
care and to avoid electrolytic polishing, especially in the case of light alloys
where it would be, in other respects, particularly convenient.
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Fic. 20. Absorption correction curves for different voltages and average ‘atomic
numbers; (&), V = 9.7kv,Z = 13;(b), V = 156.1kv,Z =13;(e), V = 27.5kv, Z = 20
(Castaing and Descamps).

Figure 20 shows the absorption correction curves corresponding to
various accelerating voltages and various kinds of anticathodes obtained
by the direct method of variation of the X-ray intensity as a function of the
emergence angle.

E. Fluorescence Correction

Secondary emission caused by fluorescence is a particularly troublesome
phenomenon in the exact interpretation of the results obtained from the
electron probe microanalyzer.

First, the emission-concentration proportionality, which is the basis of
this method of analysis, is no longer true, in general, for the secondary
emission. It is clear for instance that an element which strongly absorbs the
exciting radiation suffers a selective excitation within the complex anti-
cathode and that, as a result, there is an intensification of its apparent
concentration. This situation will be clear immediately if we remember
that the emission-concentration proportionality in the case of primary
emission is directly related to the fact that all the elements possess broadly
the same mass absorption coefficient for the beam electrons.

Also, it should be noted that, although the primary emission excited
by an electron probe is strictly restricted to the very small volume swept
through by the electrons, such is not the case for the secondary fluorescence
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radiation, which may have its source in the whole of the region irradiated
by the X-rays issuing from the point of impact of the probe. For example,
spot analysis by X-ray spectroscopy of a very small precipitate in an alloy
necessarily consists in superposing two analyses:

(1) X-ray emission analysis of the precipitate itself,

(2) Fluorescence analysis of the precipitate with its surrounding region.

It is therefore important to determine the value of this secondary fluo-
rescence emission in order to estimate the correction term to be introduced
in the results of the measurements, or at least an order of magnitude of the
resulting uncertainty in the measurement of the various concentrations.

1. Ezxcitation by Characteristic Radiations. An important source of
secondary emission may arise from the excitation of the element analyzed
by the characteristic radiations of a heavier element whose concentration
is large. For example, in the case of an iron-chromium alloy with 109,
chromium, the secondary fluorescence emission of Cr Ka; line excited by
the K lines of iron is equal to 249, of the Cr Ko, intensity due to direct
ionization of the chromium by the beam electrons (direct emission). Very
fortunately, the case of excitation by characteristic lines lends itself rather
well to calculation, and it is possible to estimate the secondary emission
with a sufficient degree of accuracy to remove completely the error which
might result in the determination of concentrations. The calculations have
been made by the author (2) and the correction formula obtained. Although
the expression is a rather complicated one, it is convenient to use and leads
to an accuracy which is quite sufficient for the needs of the analysis. It
should be noted that Wittry (19) has taken up the author’s ealculations in
a more elaborate form, using the curves of distribution in depth of the
characteristic emission plotted by Castaing and Descamps (7) and thus
obtained a more rigorous estimate of the fraction of the fluorescence
radiation excited by the characteristic radiations directed outside the
anticathode.

Matters become a little more complicated when an estimate has to be
made of the importance of the fluorescence emission excited by the general
continuous spectrum of the anticathode, and two methods will be briefly
given which permit the experimental determination of this secondary
emission.

2. Ezxcitation by the Continuous Spectrum. Castaing and Descamps (7)
use two separate methods for determining the secondary fluorescence emis-
sion excited by the continuous spectrum. In the first method, analogous to
that previously used by Webster (46), the surface of the anticathode of
element A is covered, by vacuum deposition, with a layer of aluminum
of a thickness sufficient to stop the electron beam completely. The emission
of the underlying anticathode is then entirely due to the fluorescence excited
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by the continuous spectrum of aluminum. This continuous spectrum has
practically the same distribution in wavelengths as that which would be
produced by the same electron bombardment on an anticathode of element
A (atomic number Z), the intensity of each radiation being modified in
the ratio of 13/Z. After a few minor corrections (in particular absorption
correction for the fluorescence radiation in passing through the aluminum
layer) the experimental value of the ratio I;/I is obtained. This ratio
represents the proportion of secondary emission due to the continuous
spectrum directed inside the anticathode to the total characteristic radia-
tion, at the exit from the anticathode at an emergence angle of 16° (value

electrons

Cu

Zn

7 //////

Fie. 21. Tracer composite sample for determining the true intensity of fluorescence
emission excited by the continuous spectrum (Castaing and Descamps).

used by the authors). For example, the results obtained for an accelerating
voltage of 29 kv are: for zine, I;/I = 0.031 and for bismuth 7,/I = 0.059.
Further measurements have shown that this last value is probably a little
low and that 0.07 would be a better figure.

The second method gives a direct determination of the relative value
of the fluorescence emission, as produced within the anticathode and before
any absorption. It uses the tracer process already used for the determination
of the distribution in depth of the characteristic emission.

For example, suppose we wish to determine the magnitude of the sec-
ondary radiation in a zine anticathode. A carefully polished block of copper
is covered, by vacuum deposition, with a zine layer of thickness e; and the
whole is covered with a copper layer of thickness e, (Fig. 21). If the thick-
ness ¢; of copper is sufficiently great to stop the electrons completely, then
the Zn Ka; emission of the stratified layer is derived only from the excita-
tion of the zinc layer by the continuous spectrum from the top copper
layer. This continuous spectrum contains an infinite number of radiations
occupying the whole of the frequency band between the quantum limit and
the critical excitation frequency of the Zn K level. These various radiations



3714 RAYMOND CASTAING

are very differently absorbed in the top copper layer and in the zine layer,
but it is possible, by a judicious choice of the ¢; and e; thicknesses, to arrange
matters so that the fraction of the total intensity which is absorbed in the
zine layer is about the same for all the components of the exciting continu-
ous spectrum (to within 109)). The experimental conditions are then as
follows: A penetrating component of the continuous spectrum is weakly
absorbed in the top copper layer and reaches the zinc at a high intensity;
but only a small fraction of this intensity is absorbed in the zinc layer; a
soft component is strongly absorbed in the top copper layer, its intensity
is small when it reaches the zinc layer, but a large fraction of this intensity
is absorbed by the latter. For a beam accelerating voltage of 20 kv, it is
necessary to choose a thickness of zinc of the order of 4 mg/cm? (for absorb-
ing a noticeable part of the continuous spectrum in it) and a thickness of
copper of the order of 2 mg/cm?2. Under these conditions, the fraction of
the continuous spectrum which is absorbed in the zinc substantially keeps
the constant value of 0.32 from one end of the spectrum to the other.

After a few minor corrections, the authors obtain in this way the pro-
portion I,°/I of fluorescence emission due to the continuous spectrum,
as produced within the anticathode and before any absorption; the value
obtained for a zinc anticathode and a 20-kv voltage is (I;°/I)z, = 0.068.

If this is compared to the value obtained for the same voltage at the
exit of the anticathode at an emergence angle of 16°, that is (I;/I)g, =
0.036 (7), the large absorption suffered by the fluorescence radiation in the
anticathode itself, because of its great mean depth of emission, is readily
appreciated.

It would be easy to predict theoretically the ratio I,/I,° if the fluo-
rescence emission were excited by a monochromatic radiation issuing
from the surface of the anticathode. In this case we would have, designating
respectively by p and p’ the mass absorption coeflicients in the anticathode
of this exciting radiation and of the fluorescence radiation Zn Ko,

I_;o _ In (14 x), where £ = u’ cosec 3 (48)
I r £ M

Actually the exciting radiations occupy a band of wavelengths within
which the quantity In (1 4 z)/x varies from 0.37 to 0.82. It can be taken
that the experimental ratio I;/I,° = 0.53 represents the mean value of the
quantity In (1 + z)/z, averaged over the exciting spectrum taken as a
whole.

This result enables us to obtain approximately the intensification by
fluorescence due to the continuous spectrum in the case of a complex alloy.
Since we are concerned only with an approximate calculation, we can
replace the exciting spectrum by a single radiation emitted at the surface
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of the anticathode. For example, suppose we have to determine the propor-
tion of secondary emission due to continuous spectrum in the A Ka, line
emitted by an alloy in which the mass concentration of A is ¢x. Calling u’
the mass absorption coefficient, of the A Koy line in the alloy, k. and za
the mass absorption coefficients of the alloy and of the element A, for the
mean exciting radiation, we obtain

1,) (I,°> Zar ia In (1 + 2)
L) (L)l MU 4
(I all I /Jx Zy pan z (49)
where
v = o cosec g
Hall

It may happen that the variations of the last three terms in the right-
hand term of Eq. (49) compensate roughly for one another when vary-
ing ca. Such is the case for aluminum-copper alloys where Cu Keo is rein-
forced in about the same ratio at all concentrations, which in this particular
case makes it unnecessary to apply the fluorescence correction.

The above calculations suppose that the sample is homogeneous over
an extended region around the analyzed point. If we consider the opposite
case where a very small precipitate is analyzed, imbedded in a matrix the
chemical composition of which is quite different, we reach the conclusion
(?7) that:

(1) In the extreme case where the concentration of the analyzed ele-
ment is zero in the matrix, neglecting the fluorescence excited by the con-
tinuous spectrum leads to a relative error in the concentration ¢, in the

precipitate
da—c¢ I

¢’ a being the apparent concentration.

(2) In the extreme case where the matrix consists entirely of the ele-
ment which is being analyzed in the precipitate, neglecting the fluorescence
leads to an absolute error of

’ Z I/
CA—Cr = Z—A—CA TA,

where Z 4 is the atomic number of element A and Z the average atomic num-
ber of the precipitate. In this last case, the relative error can be enormous
for small concentrations and it would be difficult to estimate it correctly.
In such a case, determining ¢4 from measurements of the concentrations of
the other elements present in the precipitate is highly recommended.

(51)
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In conclusion Table I shows the various stages of the analysis of a gold-
copper alloy by means of the Au La; line; the accelerating voltage used is
29 kv and the absorption correction is fairly large.

TapLe I. X-Ray EmissioN AnaLysis oF CoPPER—GoOLD ALLOYS

1 2 3 4
True concentra- Ina/I(Au) Ixo/I(Au) Tae/I(An)
tions cau Rough values (total After fluorescence cor- After absorption cor-
emerging intensi- rection (direct emis-  rection (direct
ties) sion emerging in- emission true in-
tensities) tensities)
0.4035 0.356* 0:364 0.402
0.5393 0.484% 0.491 0.534

* Average value from 11 scanning analyses.
t Average value from 4 scanning analyses.

The true concentrations (chemical analysis) are shown in column 1.
Column 2 gives the rough experimental values of the ratio I../I(Au),
corrected for counter dead time and continuous spectrum background (the
specimen surface was scanned under the probe to average out segregation
effects). Column 3 shows the values corrected for fluorescence excited by
the general continuous spectrum [Eq. (49)], and column 4 shows the final
values after correction for absorption (Fig. 19). The emission-concentra-
tion proportionality is perfectly verified here, the agreement between
column 1 and column 4 being as good as could be hoped for from the
accuracy of measurements (about 0.5%).

F. Fized-Time versus Fized-Charge Measurements

It will be interesting to consider here the modification proposed by
Wittry (19) which consists in referring the measurements of X-ray inten-
sities not to a constant value of the number of electrons received by the
sample (fixed-time measurement with constant beam intensity) but to a
constant value of the number of electrons absorbed by the sample (fixed-
charge measurement).

The fact that the proportion of back-scattered electrons is 299, for
copper and 499, for gold (as was checked by the author under the same
instrumental conditions) means that a value of the ratio aan/ac, of 51/71 =
0.72 has to be introduced in order to interpret correctly the results of a
fixed-charge analysis. Thus, the emission-concentration proportionality law,
which is extremely practical for a first approximation so long as repeated
measurements shall not have definitely established the values of the empiri-
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cal a; coefficients which should be applied to all elements, is deliberately
dropped. This complication could be justifiable if it were proved that the
hyperbolic law corresponding to the second approximation is better followed
in the case of a fixed-charge measurement than in that of a fixed-time meas-
urement ; but such is not the case.

Wittry’s argument is mainly based on the results obtained in the
author’s thesis (2) concerning the analysis of aluminum-copper alloys with
various concentrations. Table II gives the true concentrations of these
alloys (column 1) and the experimental values (column 2) of the ratio
Icy/I(Cu) obtained for these alloys in fixed-time measurements (2). Col-
umn 3 shows the respective errors involved by the assumption that strict
emission-concentration proportionality is valid in fixed-time measurements.
From the values given in Column 2, it is possible to calculate the ratios
I'cu/I’(Cu) which would have been obtained in fixed-charge measurements.
Designating by 7.1 and rcy the respective back-scattering coefficients of the
alloy and of the pure element copper, one obtains immediately

I'cu 1 —rcu Icu
TCw = 1= ren I(CW) (52)

The best estimate for r.;; should be
Tall = CoulCu + CaiTal (53)

Designating by « the ratio acy/aa; which has to be introduced for interpret-
ing the fixed-charge measurements [« = (1 — rcu)/(1 — ra1) = 0.815], one
obtains from Eq. (53)

’
I Cu 2] ICu

I'(Cu) ~ 1— (1 — a)ecu I(Cu)

(54)

Column 4 gives the values so obtained. Applying to these values the
hyperbolic emission-concentration relation of the fixed-charge measurement
(acu/aay = 0.815) leads to the concentrations given in Column 5, which
are practically identical to the concentrations obtained directly by assum-
ing strict emission-concentration proportionality in the fixed-time measure-
ment (Column 2). Since the percentage errors are practically the same
(compare column 6 to column 3), it should be concluded that no improve-
ment is brought about by fixed-charge measurements.

But, Wittry’s calculations are based on the implicit assumption that the
back-scattering coefficient r.1; of the alloy is given by the relation

1 Ccy CAl
= +
l1—7an 1—7ca 1—ra1

(55)



TasLe II. Fxep-TiME VERSUS FIXED-CHARGE MEASUREMENTS (ALUMINUM~COPPER ALLOYS)

1 2 3 4 5 6 7 8 9
Ceu Ice/I(Cu) Error (%) I'cy/I’'(Cu) ccu Error (%) Ico/I"(Cu)  ccu Error (%)
Fixed-time First approxi- Fixed-charge From column acy/aa1 = Fixed-charge From column ace/aar =
mation, fixed- estimated 4 0.815 estimated 7 0.815
time from Eq. (54) ace/aa1 = from Eq. (56) ace/aai =
acu/aal = 1 0.815 0.815
0.01 0.0099 1 0.00808 0.0099 1 0.00808 0.0099 1
0.04 0.0373 6.75 0.0306 0.0373 6.75 0.0307* 0.0374 6.5
0.53 0.504 4.9 0.4555 0.506 4.5 0.460 0.5115 3.5
0.88 0.867 1.48 0.844 0.869 1.25 0.848 0.8725 0.85

* Wittry [Thesis, California Institute of Technology (1957)] obtains here the wrong figure 0.0317, leading to only 3.6%, error in the
concentration.

8LE
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leading to the fixed-charge result

I"Cu

1" (Cu)

= la+ (1 — a)cod] 7%?) (56)

Equation (55) seems to be less reliable than Eq. (53); but, even if one
assumes its validity, consideration of Columns 7, 8, and 9 (Table I1I) makes
it evident that the improvement brought about by the fixed-charge meas-
urement is weak and vanishes at low concentrations.

Subtracting the fluorescence emission excited by the continuous spec-
trum would leave the results practically unaltered (the correction factor
oscillates between 0.997 and 1.002).18

Moreover, recent measurements have shown that the large dispersion
of the values acu/aa1 (fixed-time measurements) which appears to result
from the author’s experiments (2, 19) (Column 2 of Table II) is probably
related to the extensive segregation which appears in these alloys and
makes the results of the chemical analyses rather uncertain. New measure-
ments will be necessary to clear up this last point.

As a conclusion, the complication involved in fixed-charge measure-
ments is hardly justified by better results. Moreover, fixed-charge measure-
ments depend directly on the electron current re-emitted by the sample,
but, a not negligible fraction of this intensity is supplied by secondary
electrons. This secondary emission is highly sensitive to the surface state
of the sample and may suffer variations independent of the chemical com-
position of the underlying metal.

The author feels that until more data are available, it is more prudent
to keep fixed-time measurement, in which the X-ray emissions of the sam-
ple and of the pure element are compared under identical conditions of
electron bombardment.

IV. THE CONTRIBUTION OF MICROANALYSIS
To SCIENTIFIC RESEARCH

Electron probe microanalysis has been successfully applied to a lot of
problems covering an extensive range of research fields; the most important
of them is no doubt metallurgy. But stress must be laid on the fact that
microanalysis can be carried out even on insulating materials, after coating
them with a thin metal or carbon film by vacuum deposition for ensuring
good electrical and thermal conductivities. This last possibility opens to the
electron probe microanalyzer new fields of application such as mineralogy
or even biology.

18 See Sec. ITLE,2.
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A. Metallurgy

In the field of metallurgy, electron probe microanalysis has been used
extensively for theoretical as well as technological studies. We will limit
ourselves to a few examples picked up from the numerous papers which
have already been published on this subject.

1. Identification of Phases. One of the important possibilities of this
method is the identification of complex phases which appear as small pre-
cipitates, whose size lies generally between 0.1 and 10 x. An example is
given by the grey ternary phase appearing in the Al-Cu 69,-Fe 29, alloy.
Various formulas had been proposed by different authors; spot analysis has
shown (25, 47) that copper and iron concentrations (respectively 34.8 =+
0.89, and 14.2 =+ 0.69,) were consistent with the eomposition Al;Cu,Fe.

More difficult was an extensive study of zinc-rich complex brasses
where the aluminum content was to be determined in very small two-
phased starlike precipitates (48).

Nonmetallic inclusions, such as silicates, sulfides, phosphides, etec.,
which are generally present in steel are subject to identification only by
quantitative determination of their medium atomic number components
8i, P, S, . . .) (49). An accurate quantitative analysis of the metallic
elements makes it possible to distinguish between various types of carbides
(M,C, MyCq, M;C,, for instance) (50).

New methods of extracting replicas have enabled some workers to iden-
tify with the microanalyzer very small precipitates (size <1 u) which were
present in fracture surfaces of steel (51). Some siderurgical processes of
steel production were not fully understood. By picking up the globular
particles with diffuse boundaries which appear at the beginning of the
temperature-steady state (1490°C) during the Thomas conversion of steel
and analyzing the phosphorus content of these particles, it was possible to
show that the particles were solid in the molten bath (62) (Fig. 22).

2. Segregation. Spot analysis has provided a most valuable tool in the
study of various types of segregation which are not revealed by conven-
tional metallographic methods. Researches in this field are quite numerous,
mainly concerning technical problems (53-65). As an example, a map
showing the segregation of manganese in Hadfield steel (C: 1.88%, Mn:
12.5%,) has been obtained (Fig. 23) by plotting numerous point-by-point
determinations (56). Curves of equal manganese concentration, different
from one another by 0.5%, Mn are drawn. This ir a good example of what
can be done automatically (57) by means of a scanning technique; although
it should be noted that obtaining the same accuracy would require approxi-
mately the same bombardment time as point by point determination.

3. Superficial Layers. The best way of studying superficial layers con-
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F1q. 22. Distribution of phosphorus across a globular particle (Thomas conversion of
steel) (by courtesy of J. Philibert and Mrs. H. Bizouard) (52).
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Fra. 23. Map showing segregation of manganese in Hadfield steel (by courtesy of
J. Philibert and Mrs. H. Bizouard) (62).

sists in operating on a polished section of the sample previously imbedded
in copper or any convenient metal by plating. If waxes or plastics are used,
care must be taken to eliminate charging up effects and coating with a
conducting layer is highly recommended. In any case, a polishing tech-
nique must be used which results in a flat surface, for level differences
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at interfaces may introduce serious errors (absorption correction needs
an exact knowledge of surface orientation).

Many kinds of layers have been investigated already, including corro-
sion layers as well as plating or chemical deposits. As an example, it was
possible to show that in the new process of “sulfinization,” used to improve
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Fig. 24. Copper-uranium diffusion. Lower curve, under external pressure; upper
curve, without external pressure (by courtesy of Y. Adda, M. Beyeler, and A. Kirianenko).

by a large amount the friction properties of mild steel, sulfur remains in
the top thick superficial layer where it is located quite heterogeneously (58).

4. Diffusion. Drawing intermetallic diffusion curves was previously
quite tedious work involving the preparation of a lot of samples; electron
probe microanalysis needs only one sample and gives quickly and accurately
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the whole diffusion curve without any preliminary calibration. An advan-
tage of using this technique is that a special curve is obtained for each
component (2). The method has been widely applied for determining diffu-
sion constants, for studying the effect of ordering processes on the magni-
tude of mutual diffusion, for studying peculiarities in diffusion processes
during the formation of substructure in single crystals and transfer processes
between solid and liquid media (59).

Recently, a lot of work has been done on the diffusion of refractory
metals such as titanium, molybdenum, and zirconium in uranium; the laws
of diffusion have to be known quite well for the purpose of building nuclear
reactors (60); variations of the diffusion coefficient and of the heat of activa-
tion have been determined, in the v body-centered solution, directly from
the diffusion curves obtained by spot analysis.

More precise equilibrium diagrams can be drawn from accurate measure-
ments of the concentrations close to the interfaces of neighboring phases
(55, 61).

Quite recently, accurate spot analyses have made evident an important
phenomenon: the influénce of external pressure on stoichiometric devia-
tions in the intermetallic compounds prepared by diffusion. Heating a
copper—uranium diffusion couple to 700°C for 48 hr gives rise to the upper
diffusion curve shown in Fig. 24; the atomic concentration of copper is
changed by 3%, when going through the diffusion zone, which corresponds
to a continuous change from UCu, 7 (uranium side) to UCu; .25 (copper side).
The concentration gradient disappears when the diffusion couple is pre-
pared under an external pressure of 500 kg/cm?; the concentration is then
perfectly constant throughout the diffusion zone and corresponds to the
UCu; stoichiometric composition (Fig. 24, lower curve) (62).

B. Mineralogy

In two main branches of mineralogy and petrography, electron probe
microanalysis has already enabled workers to elucidate special questions
concerning origin, development, and evolution of ore deposits. The first of
these is the analysis in situ of ores and minerals in polished samples of stones
coming directly from the pit or the sounding. We may cite here the extensive
study of a complex copper—iron sulfide containing arsenic and tin; limits of
concentration for the rather rare “orange bornite” have been given (25).
Spot analysis has been applied to samples of polyphased ores containing
elements whose determination by conventional methods would have been
very difficult or even impossible. Maps of germanium and gadolinium con-
centrations have been drawn on polished sections of Tsumeb (Rhodesia)
copper ore. It was also possible to determine the scandium and ytterbium
content in Thortveitite (complex silicate), and to distinguish between
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microinclusions (1020 ) of Xerotime (yttrium phosphate) and Zircon
(zirconium and hafnium silicate) by measuring separately Y, Zr, and Hf
(63).

A study of the French oolitic iron ore known as minette lorraine was
taken into account in the planning of a new process of enriching the ore
before melting in the high furnace (64).

The second area covers the analysis of dusts of various origins (voleanic,
cosmic, precipitation, sedimentation, or built by microorganisms as in the
sea plankton). Magnetic spherules, about 50 u in diameter, collected in the
Pacific red clays showed two types of structure; some of them had a metallic
core (30 u) surrounded by & layer looking like oxides; the others were mono-
phased (oxides). The analysis of many particles of both types supported
the theory of their cosmic origin and permitted a study of their further
transformation among the deep sea sediments (65).

Scanning analysis has been used for determining the composition of
fine exsolution intergrowths in natural minerals (66).

C. Technical Studies

A great help has been given to radio and TV tube builders by electron
probe microanalysis of cathodes, filaments, grids, etc. The size of the
analyzed region and the accuracy of the analysis are the main factors in the
success of such studies of very small technical parts.
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