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SUMMARY

A description of the absolute emission intensities of
characteristic X-radiations excited in thick metal targets is given
in this thesis, which is divided into two parts. Part A refers to
the study of sof't characteristic radiations excited in metal elements
by electrons of energies up to 60 keV, Part B refers to the pre-
liminary study of the excitation of characteristic radiations by
protons of energies up to about 4O keV,.

Investigations on the absolute emission intensities of the
K radiations of Cu, Cr, Ti, Al, and C, the L radiations of Ag, Cu, Ti,
and Cr and the M radiations of Pt, Au, and W as a function of the
incident electron energy are described in Part A, The quantum yields
are givén for various angles of emission to the target surface in
order to investigate the validity of the theoretical expression for
the target absorption factor,

A review of experimental and theoretical studies on the
electron excitation of characteristic radiations is given, The Tomlin
intensity formula, which is based on the average electron behaviour
in its interaction with matter, is adopted for comparison with the
present experimentsl results, Some aspects of the theory are dis-
cussed. An approximate form of the theory, which does not involve
any complex integration and can be easily computed, is given.

The apparatus used for the absolute intensity measurements

of characteristic radiations is described, Particular attention is



given to the experimental investigations on the characteristics of
the two gas flow proportional counters constructed by the author.

Although the Tomlin intensity formula is applicable for the
computation of L and ¥ radiation intensities, there is a lack of
information on the ionization cross section, the atomic fluorescence
yield and the mass absorption coefficient of the element for its own
characteristic radiations. A simple expression for the total L
ionization cross section for silver is given in a form similar to
the Worthington - Tomlin formila for the K ionization cross sections.
The resultant calculated Agl, radiation intensities are compared with
experimental data.

A method is given for evaluating the total L or M ionization
cross sections from experimental thick target intensity data. This
procedure is tested for the total L. ionization cross section of silver,
Lack of relevant data prevents the extension of this procedure for
finding other L and M jonization cross sections.

The proton source constructed by the suthor is described in
Part Bes No previous experimental study has been made at such low

energies,
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PART A

Absolute Intensities of
Sof't Characteristic Radiations excited

by Electrons



CHAPTER 1.

REVIEW OF LITERATURE,

1.1 Intreduction,

Apart from its intrinsic interest, an understanding of the
sbsolute intensity of emission of characteristic radiations is impor-
tant for several practical applications. It is essential for the
quantitative X-ray micro-analysis of the elements (Castaing, 1960;
Duncumb and Shields, 1963; Archard and Mulvey, 1963), which is a widely
used technique in industries connected with metallurgy, mineralogy,
and petrography. It is required in determining the optimum conditions
for the efficient operation of X-rsy sources.

Indirectly, experimentsl yield values provide a means of
testing the degree of validity of current theories describing the
various physical phenomensa involved in the excitation of characteristic
X-radiations, as any satisfactory theory on the absolute yield must
include expressions describing these phenomena.

For convenience, the theoretical expression for the absolute
yield, in its basic form, is stated at this point in order to clarify
the notations used later in this thesis. Following the procedure of
Metchnik and Tomlin (1963), the expression for the quantum efficiency

of X characteristic photon production may be stated as follows,

Ny () = :K % L & cuposda e (111)
(]
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where N¢ is 4n times the mmber of K photons emitted at the anode
surface per wnit selid angle per incident electron at an angle of
emergency § to the target surface with the electron beam striking the
target at an angle 6 to its surface. To and TK are the initial and
the excitation energy of the electrons respectively. N is the number
of atoms per unit volume of the target element of atomic number Z,

Q is the total K ionization cross-section. dt/ds is the rate of
energy loss suffered by the electron along its path s. The function
g (x,y,r s 8 5f) expresses the target ebsorption of the characteristic
photons produced at a depth x within the anode, which has a mass
absorption coe:f'f‘ic:ientuT for its own K radiations. Consideration has
to be given to the deflections and the energy losses suffered by the

electron along its track as a result of elastic and inelastic collisions

with the target atoms,

The factor k, where k =u (P—;l)Rp, includes correction
terms for:
(2) the fluorescence yield,w ;
(b) the indirect production of X photons by high energy bremm~
strahlung radiations P;' 3
(e) the backscattered electrons which have not made a full

ionizing contribution within the target, R;
(@) the ratio of the number of the particular K radiation component
under investigation to the total number of photons in the K

spectrum, pe
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If N¢ refers to the total K intensity, the correction (d) should be
ocmitted,
Similar considerations apply to the L and M radiations,
Unless otherwise stated, the significance of the above

notations applies throughout this wvolume.

1.1.1 Review of Existing Theories.

Early analytical expressions for X-rsy emission intensities
were derived empirically from experimental data, which were mainly
confined to characteristic K radiations from heavy elements, Formu-
lation of the intensity function from fundamental fheories was not
attempted owing to insufficient knowledge of the physical processes
imvolved, These early formulae were expressed in arbitrary units and
deslt only with their relative variation with the incident electron
energy.

Thick and thin target intensity functions were included in an
article by Webster, Clark, and Hansen (1931). For thick target

emissions, the most commonly used expression has the form
1(0) = K(-1)" vee (1.2)

where I is the characteristic K intensity,

U=T°/fK,

K and n are constants,
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Por a particular radiation, agreement with experimental results holds
only over a limited range of U, as n is dependent on U (Webster,
Hansen and Duveneck, Fig. 6, 1 933b), Separate determinations of the
constants K and n were necessary for each set of conditions defined
by g, £, 2nd Z.

It is interesting to note that the form of the expression
(1.2) for I(U) was later derived by Green and Cosslett (1961) by
theoretical means for conditions where the target sbsorption can be
neglected,

A theoretical study of the thick target emission intensity
problem was first attempted by Kirkpatrick and Baez (1947), who
computed the AgkK o intensities generated at the point of excitation
within the target. The absence of the target absorption problem
greatly simplified their calculations, as no description of the com-
plicated electron trajectories within the target was necessary.
Experimental values of Clark (1935) end Webster et al (1933a) for
the AgK cross-section were used. A modified form of Williams® (1931)
empirical formula was employed to describe the rate of energy loss of
electrons in silver, On recalculating the intensities based on Bethe's
theoretical formula (Livingstone and Bethe, 1937) for the electron
stopping power, no significant chamge in the results was cbserved,
A1l four corrections (a), (b), (¢), and (d) in the k factor were
considered, These were assumed to be independent of the electron

energy ard their values were cbtained from Stephenson (1937), Webster
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(1928), Webster et al (1933b), and Wiliiams (1933), respectively.

Kirkpatrick and Baez's calculated intensities cannot be
directly compared with experimental data which refer to the intensities
emitted at the target surface, Kirkpatrick and Baez adopted Kulen—
kampff's (1922) approximate procedure, as outlined in Webster et al
(1933b), for correcting the target absorption in the relative experi-
mental results of Webster et al (1933b), which were standardized by
their own absolute measurement., The corrected experimental intensities
exhibited good agreement with the theoretical intensities,

A thecry on the K radiation intensities excited in thick
targets was given by Tomlin and his co-workers (Worthington and Tomlin,
1956; Metchnik and Tomlin, 1963; and Tomlin, 1964). Equaticn (1.1)
represents their basic formula, The quantum yield, Nﬂ’ was considered
to be a function of T ,q , P, and Z, Their theory wes restricted to
these values of T° below approximately 6C keV, where the relativistic
effects were not important. The absoclute yield defined in this way
proved to be more expedient than that of Kirkpatrick and Baez, as
the thecretical results can be directly compared with experimental
data. Although the theory did involve an added complexity in the
target absorption problem, it represents a more complete description
of the radiation production mechanism,

Bethe's (1930) non-relativisiic formula for the average

electron stopping power was chosen to represent the depth-energy
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relationship. In an endeavour to test its validity, Worthington
and Tomlin derived from the Bethe function, an expression invelving
an arbitrary end point to represent the total range of electrons in
matters, Direct comparison with experimental ranges was complicated
by the fact that the Bethe range, RB’ referred to the actual path
followed by the electrons.,

Cosslett and Thomas (1964b) classified and defined the
various expelimental electron ranges determined from both electron
transmission and electron energy loss measurements. They considered
that the wmean range was the most appropriate of the experimental
ranges to be compared with RB’ as both referred to the mean energy of
the trensmitted electrons, Within the range of incident electren
energies from 9 keV to 18 keV, their investigations on Al, Cu, Ag,
and Au foils indicate that in all cases, the mean range lies below RB
(sbout 25% on the average) and that the discrepancy increases with an
increase in the atomic number of the absorber element, This was attri-
buted to the fact that the experimental range refers to the depth of
penetration of the electron and that the actual path followed by the
electron must exceed its depth of penetration owing to the various
deflections suffered by it along its track, As the mean angle of
scattering increases with Z, the difference between the two ranges also
increases with Z,

Bethe's (1930) non-relativistic expression for the K ioniza-

tion cross-section was used, Its derivation involved the use of the




-7=

first Born approximation and screened hydrogenic’wave functions, Teo
reduce methematical complexity, the change in mementum of the incident
electron was assumed to be small, A simple function resulted from
these assumptions, which unfortunately, also introduced serious dis-
crepancies at low energies, Worthington and Tomlin (1956) replaced

the constant B in the Bethe formula with an arbitrary function of
energy. The resultant expression for the K cross-section gave a better
agreement with the experimental data (secticn 2.2).

In the preliminary theory of Worthington and Tomlin, the k
factor values used were doubtful, The wvalues for Wy Wwere taken from
Compton and Allison (1935) whose values for light elements were uncer-
tain., The other correction terms in the k factor were taken from the
data supplied by Kirkpatrick and Baez (1947). These referred only to
the AgKa radiations and no account was taken of their depgendence on
the electron energy. Although the studies of Green and Cosslett (1961)
and Tomlin (1964) indicate that the error caused by the latter assump-
tion was not serious, it was found that the indirect excitation temm
in the k factor was strongly dependent on Z (Green and Cosslett, 1961),
The use of the silver data to describe this term would overestimate
the AIK results by half as much again, This accounts for much of the
discrepancy encountered by experimenters (Dysom, 1959, Dolby, 1960,
Campbell, 1963) who compared their data with the theoretical intensities

of Worthington and Tomlin, The comparison between the results of
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Dyson, and Worthington and Tomlin was not strictly valid, as the
conditions were not identical., Dyson's results referred to the
radiations measured in the forward direction of the electron beanm,
whereas the theoreticsl results were based on the radiations emitted
from a massive target in the backward direction. Consequently, there
was a difference in the lengths of the absorption path within the
target.

Green and Cosslett's data for the indirect excitation of
characteristic radistions by high energy bremmstrahling radiations
were later included in the calculations of Metchnik and Tomlin (1963)
and Tomlin (1964).

From a comperison with the experimental studies of Castaing
and Descamp (1955), Archard (1960) pointed out an omission in Worthing-
ton end Tomiin's theory, that is, their neglect of the electron
scattering processes which occur within the target, Worthington and
Tomlin themselves indicated that their straight electron path model
oversimplified the problem, The higher target absorption resulting
from their assumption would underestimate the computed intensities,

To remedy this, Archard introduced a combination of two model electron
paths, However, his analysis was based only on a comparison with the
relative experimental values of Mulvey and Alford (1959).

The electron penetration problem was reconsidered by Metchnik

and Tomlin (1963) who obtained an expression for the mean depth of

electron penetration, {x), adapted from Lewis' (1950) multiple scatter-
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ing theory. Their expression was not completely satisfactoxry. Leve'
theory was derived on the basis of the electron scattering process in
an infinite medium, whereas the actual target could only be considered
as semi-infinite in extent, The use of the Tomlin-Lewis formula for
{(X) had the effect of reducing the esitimated mean depth of penetra=-
tion of the electrons thus leading to an overestimation of the computed
intensities,

Using experimental scattering data, Moute Carlo calculations
of (x> and <x2> s the secornd moment of distribution in x, were made
by Bishep (1965) for 25 keV electrons incident on a copper targets
His results for an infinite medium were found to be consistent with
the corresponding quantities derived from the Tomlin-Lewis formula for
an infinite medium, The latter expression quoted by Bishep is a simpler
form of the approximation stated by Tomlin (1966) to represent (x) .
Tomlin found a simijar agreement in the cases of 10 ksV electrons
incident on copper end aluminium, For a semi-infinite medium, Bishop
found that by modifying a constant term in the simpler version of the
Tomiin-Lewis formula for (x) , there was a satisfactory agreement be-
tween the two resuits,

From the Tomlin-Lewis expression for{x) , Tomlin (1963)
derived an expression ﬁpmsenting the theoretical diffusion depth, x

d
of electrons in an infinite medium, In the case of a semi-infinite

med ium, X; was experimentally determined by Cosslett and Thomas (1964a)

for several metal elements, They found that the wvalues of the diffusien
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depths were dependent on their definition. On averaging the results
from applying the seversl definitions, Cosslett and Thomes arrived at
values for x, in good agreement with Tomlin's (1963) theoretical
values, after these had been modified by Cosslett (1964) for a semi-
infinite target. An empirieal factor of 1.5 was introduced into
Tomlin's expression for X3e

The above recent studies seem to suggest that in instances
where the target absorption is important, such as at low angles of
emergence and for light target elements, the use of the Tomlin-Lewis
formla for (x) would cause a signifieant overestimation of the theoreti-
cal intensities. Metchnik and Tomlin considered that the effect of
this error was reduced by the occurrence of another error which tends
to urderestimate the computed intensities, This was the omission of
the statistical spread in the depth of penetration for the electrons.
The overall error was given as a few per cent,

Experimental data for the NiK jonization cross-section were
used by Metchmik and Tomlin to estimate the CuK and the CiK cross-
sections., Recognizing that this procedure was not entirely satisfac-
tory, as it assumed that QKVKZ was independent of Z, they considered
that the atomic numbers of the three clements were sufficiently close
together as not to introduce too serious an error through this
assumption.

There was a good agreement between their measured and calcu-

lated intensities for the Ka radiations of Ag, Cu, and Cr, The largest
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discrepancies occur in the GrKa results, and at low angles of emergence
for the CruKa and the AgKa radiations, The former discrepancy is the
direct result of their use of the backseatter term in the k factor
which is applicable only to the AgKa radiations, The k factor values
used in the calculations of Metchnik and Tomlin are more accurate than
those used by Worthington and Tomlin, as Green and Cosslett's (1961)
data for indirect excitation were used, The discrepancies at low
angles of emissions could be attributed to the errors associated with
the Tomlin-Lewis expression for {(Xx) , as the correction for the target
absorption increases in importance at low angles of emergence, where
the radiation paths within the target are longer,

Tomlin (1964) recalculated the K, intensities for copper and
chromium on the basis of a more rigorous investigation on the various
terms in the k factor. New data for the correction factor for the less
of ionization due to backscattered electrons were given., The resultant
theoretical intensities were in good agreement with the measured re-
sults of ketchnik and Tomlin,

Calculations of the total K radiation yield from light ele-
ments, namely, beryllium, carbon, boron, and aluminium were also made
for high angles of radiation emission, These were compared with the
measured data of Campbell (1963). In general, larger discrepancies
occurred between the calculated and experimental intensities for the

soft radiations as compared with the characteristic radiations emitted
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from elements of higher atomic number, An excepbtion was the AlK

intensities, for which there was good agreement. However, if Dolby's
(1960) experimental A1K results were used for comparison, then apart
from the BeK results, the measured data would be significantly lower
than the calculated values, The discrepsncies could be caused by the

values used for (J, ard by the expression used to allow for the target

K
absorption in the intensity formmula, The experimental values for W

K
compiled by Fink et al (1966) indicate that there is considerable un-
certainty in these values for elements of low atomic mumber, Tomlin
used Burhop's (1952) formla to evaluate Wye For elements of higher
Z, Burhop's resuits are lower than the existing experimental values,
4 discussion is given in section (2.3)., Comparison of Worthington and
Tomlin's cross-section formula with the experimental data compiled by
Kieffer and Dunn (1966) for the K ionization of the helium atom (Figure
2,3) indicates that the large discrepancy between the theoretical and
measured intensities for soft radiations could not be wholly attributed
to any error in the X ionization cross-section formula., Any error in
the target absorption expression is more significant in the intensity
calculations for soft radiations than for the harder radiastions. This
is due to the increase of /IT as the atomic number of the target element
decreases,

The unique behaviour observed in the comparison of the Bek

results could have been caused by the experimental errors discussed

by Campbell, Their effect was to underestimate the intensities,
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An approximate discussion of the gquantum yield was given by
Cosslett (1961), who, in particular, investigated its variation with
Z, The yield, assumed to be proportional to the product of the total
nuniber of K ionizations per incident electron a.ndwK, was found to
vary as Z;z, as compared to the Zj/ 2 variation predicted by Archard's
(1961) modified version of Worthington and Tomlin's theory, Cosslett's
observations were found to be in qualitative agreement with the experi-
mental data of Dolby (1960) for Copper K and carbon K radiations,

Green and Cosslett (1961) derived a simple formula for the K
characteristic intensity., It was expressed as a function of Z2 and U,
They considered that if the product ZU satisfied the conditions ZU { 100,
then the correction for the target absorption could be negiected. The
problem was then greatly simplied.

The Thomson-Widdington formula,

2
TO-TP = OfX

where 'J!p is the most probable energy of the transmitted electrons at
a depth x in a medium of density f , was used to derive the formula
for the electron stopping power in matter, Their values for ¢ in the
stopping power expression were not entirely satisfactory. Cosslett
and Thomes (1964b) found that the "constant" ¢ is dependent on x for
thin foils, even for a given absorber element and at the same incident

electron energy. In addition, the values of ¢ were experimentally

determined in relation to x and not to s, the actual electron path,
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the quantity used in the electron stopping power formula., This had
the effect of increasing the effective stopping power.

The constant biinBethe's (1930) non-relativistic formula for
Q‘K was modified on the basis of a comparison with the experimental AgK
and NiK data of Kirkpatrick and Baez (1947) and Pockman et al (1947)
respectively., The resultant semi-empirical expression is in satisfac-
tory agreement with the measured results, QK for light elements was
evaluated by Worthington and Tomlin's extrapolation technique,

All the relevant corrections in the k factor were considered.
In particular Green and Cosslett calculated the correction term asso-
ciated with the indirect excitation of characteristic radiationa. They
observed that for light elements this correction term could be neglec-
ted. This conclusion is consistent with that of Brown and Ogilvie
(1964). The semi-empirical formula of Laberrique-Frolow and Radvanyi
(1956) was used to evaluate UK" The use of this expression is not
entirely satisfactory for computing A)K values for light elements as
the values of the empirical constants contained in it vary over differ-
ent ranges of 4.

In view of the uncertainties in the values of QK and wK for
light elements and in the experimental values used for ¢ in the elec-
tron stopping power formula, they arrived at results which were in fair
agreement with the measured data, provided that the experimental con-

ditions satisfied the restriction which they imposed,

Allowing for the different values used in the k factor, Green



and Cosslett's (1961) calculated intensities are generally higher than
Tomlin's (196)) theoretical results. As the expressions used for %
in the two theories are approximately similar, the difference could be
attributed to the neglect of target absorption and to the overestima-
tion of the electron stopping power in Green and Cosslett's theory.

A simple function was derived by Brown and Ogilvie (1964) in
their theoretical treatment of the K characteristic emission problem.
Their basic formula was adopted from Worthington and Tomlin. Mathe-
matical complexity associated with the evaluation of the intensity
formila was much reduced by the averaging technique which they applied
to the expressions for QK and the depth of X-ray production,

On the basis of their theoretical studies, calculations were
made for the correction term to account for the indirect excitation
of characteristic radiations. They found that for target elements of
Z £ 22, the correction amounts to less than 1%.

Their estimation of QK by averaging QK over the electron
energies is not entirely satisfactory at low emergies, as QK varies
rapidly with the energy up to BTK.

To account for target absorption, they first assumed a simple
straight path model for the electron trajectory, Electron scattering
effects were then allowed for by the inclusion of an empirical para-
meter in the target absorption term, This parameter was chosen on
the basis of a comparison with the experimental data with reference

only to the atomic number of the target element, TFor low values of
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@, the take-off angle, where the correction for target sbsorption is
important, their assumption of a correction factor for electron
scattering to be constant over the whole range of electron energies
appears not to be valid at low incident energies and for target ele-
ments other than the lightest elements, For TiK and NiK, although a
satisfactory agreement exists between theoretical and experimental
results in the upper region of the energy range considered (25-35 keV),
in the lower energy region, the theoretical values exceed the measured
data by as much as 50% up to 2.5 Tye (The values of T, implied in
figures 6 and 7 of Brown and Ogilvie (1964) for the NiK and the TiK
results indicate that the captions beneath the diagrams should be
interchanged.)

A disadvantage of Brown and Ogilvie's theory is that a pre-
liminary experiment has to be made to determine the parameter associated
with electron scattering, The theory cannot be used independently to
predict the characteristic intensities,

Brown and Ogilvie's correction method for electron scattering
is somewhat similar to the technique discussed by Duncumb and Shields
(1963) , who used the following relation tu compute the characteristic

intensity, I,
I=6y) I, ese (1.3)

where IS is the calculated intensity based on a straight path model

for the electron penetration, f(2.) is the experimentally determined
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quantity dependent on i = . fcosec f and P is the target density.
Experimentel data for £({) for several target elements and at various
incident election energies were tabulated by Green (1962), This method
of allowing for electron scattering appears to be more satisfactory
than that of Brown and Ogilvie, as all the varisbles affecting the
scattering process were considered in the determination of f(;z il

Evaluation of £(%) by Monte Carlo techniques has been carried
out by Archard and Mulvey (1963) and Bishop (1965). Archard and Mulvey
adopted Archard's (1961) diffusion model to construct hypothetical
electron paths within the medium, Within the limitations of this
model, which is not entirely walid for light elements, the calculated
results were shown to be consistent with the experimental data of
Castaing and Descamp (1955) and with those of Green (1962). The
discrepancies encountered with the results for heavy elements, were
attributed to the large fraction of indirectly excited characteristic
radiations produced within the target.

Bishep based his calculations on the Monte Carlo technigue
develdped by Green (1963), who used experimental scattering data for
thin f1lms, There was good agreement with the measured results of
Castaing and Descamp and Green., Worthington and Tomlin's formula for
QK was used, Bishep reported that his calculated values of the gquantum
yield were approximately 30% lower than the experimental data of
Metchnik and Tomlin, and Green, The magnitude of this disecrepancy was

considered to be satisfactory in view of the uncertainties in QK and wK.
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When individual electron paths were considered, Archard and
lulvey (1963) peinted out that the Bethe (1930) formuila, which was
used in both Monte Carlo calculations, represented only en approxi-
mate description of the energy loss of electrons in matter, as the
Bethe formula was associated with the average electron behaviour.

Suoninen (1964) derived a formula for the characteristic
quantum yield with the basic features of Worthington and Tomlin's
intensity fommula including their expression for Qge Makhov's (1960)
semi-empirical functions were used to describe the electron penetra-
tion characteristics, These functions gave the actual number of elece
trons at a given depth and their energy distribution, hence, no
correction was necessary to account for the effect of those backscat-
tered.

Although Makhov's expression for 7), the relative number of
electrons transmitted, is consistent with Cosslett and Thomas' (1964D)
experimental data, the energy distribuiion of the transmitted electrons
does not follow the general behaviour of Cosslett and Thomas' experi-
mental curves,

As ﬁﬁkhov's formula referred to the depth of electron penetra-
tion, Suoninen allowed for the scattering process by inecluding a mean
angle of scattering, ¢, in his calculationa. The value of G, used,
which was assumed to be independent of Z and T, was based on Dyson's
(1 959) work on the diffusion depth associated with 10 keV electrons

incident on an aluminium target. Hence, the value for G-m refers to
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that at the diffusion depth. The experimental studies of Cosslett
and Thomas (196ka) suggest that at the diffusion depth, Suoninen's
assumption is basically sound. But for the initial scattering process,
Cosslett and Thomas' results (19642) indicate that O, varies rapidly
with T and to a less extent with Z. For these initial conditions,
Supninen considered thaf the error involved was not serious, in view
of the smallness of the integrand in the intensity formula, The actual
value of G—m used by Suoninen was 60° as compared to 38° given by Cossa=
lett and Thomas (196L4a) for the most probable angle of scattering. The
distribution curves of figure 4(b) (Cosslett and Thomas, 1964a) indi-
cate that at the diffusion depth, Ghn, approximates to the most probable
angle of scattering., Assuming the correet value of Gﬁm to be 409,
Suominen's calculations for the characteristic intensities would re-
present an overestimation of 5.

Suoninen defined an "average depth of excitation", { x Vgt
as that depth up to ﬁhich the radiation intensity produced, as detec-
ted at the target surface, is half the total intensity emitted. The
results for (3:}3 are significantly lower than those from the Touline-
Lewis formula for {x) in the form as stated by Bishep (1965) for a
semi-infinite medium, If the plateaux of the {(x) curves are consi-
dered, then /x) exceeds {x) 4 by a factor of two. Owing to the
differences in definition of the two quantities, the comparison has

only a qualitative significance,
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For the CuK intensities, Suoninen's computed intensities are
in good agreement with the measured data of lfetchnik and Tomlin (1963).
For the AlK intensities, Suoninen's results exceed Dolby's (1960)
measurements by about 20% and those of Campbell (1963) by a factor
of two. Absolute calculations of the CK intensities were not attemp=
ted owing to uncertainties in some of the parameters in Makhov's equa-
tions, However, it was shown that the relative CK intensities were
consistent with Dolby's (1960) measurements,

Examination: of the various theories in this topic indicates
that most adopt the basic features of equation (1.1). The main differ-
ence lies in the correction for target absorption. Archard (1960),
Brown and Ogilvie (196L), and Suoninen (1964) used approximate methods.
Green and Cosslett (1961) ignored the target absorption completely.

In recent years, Monte Carlo techniques have come into preminence,
These are used to simulate mathematically the actual electron trajec-
tories in detail, These include Archard and Mulvey's (1963) diffusion
model and the technique based on experimental scattering data (Green,
1963; Bishop, 1965). To the present time, the latter method is prob-
ably the most accurate. The accuracy depends mainly on the detail
with which the measured scattering data ame collected and the number of
electron paths considered. Even with the facility of fast digital
computers, the large number of paths necessary involves very high costs
in computing times, Otherwise, caiculations of characteristic inten-

sities based on equation (1.3) using tabulated values of £(% ) depend



on the availability of these values,

The theory of Tomlin et al (Metchnik and Tomlin, 1963, Tom-
lin, 1964) which is based on the average electron behaviocur, in view
of recent investigations on certain simplifications in the theory, is
proba;bly the most suitable, with regards to accuracy and the computa=-
tion time involved. Cosslett (1964) and Bishop (1965) have success-
fully converted an approximate form of the Tomlin-Lewis exvression
for (x) to that asppropriate for 2 semi-infinite medium in the ocase
of a copper target. Tomlin (1966) has derived an analytical form for
the distribution funetion, f(x,s), in depth for an electron of a given
energy. For an infinij;e medium, there is a satisfactory agreement be-
tween Tomlin's (1966) distribution function and Bishop's Monte Carlo
calculations for 29 keV electrons incident on copper, There is a simi-
lar agreement for a semi-infinite medium in the case where the path
length, s, approaches RB’ the Bethe range. These distribution func-
tions are semi-empirical expressions with restricted applicability.
Until a more general function is found, the approximations in their
intensity formula discussed by Metchnik and Tomlin (1963) cannct be
remedied. Except for low angles of radiation emission, comparisen of
the intensity theory in its less complete form with experimental data
indicates that the approximations in the theory are secondary effects,
For soft characteristic K radiations there is a greater uncertainty

in the wK values,
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1671.2 Past Experimental studies,

Early experimental studies were hampered by the lack of
suitable detection techniques, The photographic-photometric detector
and the ionization chamber were commonly used, As the exact response
of these detectors to the incident radiations was not known, only
relative intensity measurements were attempted., Early work was mainly
concerned with the measurement of moderately hard radiations as the
available detection techniques were not sufficiently sensitive to low
energy radiations, Among the pioneers engaged in characteristic inten-
sity measurements were Duane and Stenstrom (1920), Zacek and Sieghbahn
(1923), Allison and Armstrong (1925), Woo (1926), Jonsbn (1926), Meyer
(1929), Hicks (1930, 1931) and Williems (1931)., Their studies were
mainly concerned with the relative line intensities in the K and L
spectra,

With the increase in use of X-ray sources, it was found useful
to examine the variation of the emission intensity with the accelera-
ting potential, V, of the incident electrons. Relative intensity
measurements of the AgKa doublet emitted from a thick target were made
by Webster et al (1933b) for values of V up to 180 ¥ and with @
varying from 1° to 25° for 2 normal electron beam incidence, These
relative curves were later standardized by the single absolute
measurement of Kirkpatrick and Baez (1947), whose result refers to
the intensity excited within the target. An absolute intensity mea-

surement was also made by Braxton et al (1945) for the CukK, doublet



excited from a thick target.

In an endeavour to ascertain the K ionization probability of
the target atoms, thin target emission intensities were also investi-
gated., These targets were made sufficiently thin to ensure no appre-~
ciable energy loss by electrons as well as to minimize the target
absorption. Relative intensities of the AgKOﬁ doublet (Webster et al,

1933a) and of the NiK  doublet (Pockman, Webster and Kirkpatrick,

1947) were determined, These data were standardized by a comparison with
the sbsolute measurements of Clark (1935) and Smick and Kirkpatrick
(1945) respectively.

The practical techniques used in the above measurements were
similar, For the relative measurements, the incident heteregeneous
radiations were monochromatized with a crystal spectrometer, and for
the sbsolute intensity determinations, a pair of Ross filters was used.
A common detector used was the ionization chamber, Its operation at
that time involved the collection of the total charge produced by the
ionizing radiations, Its calibration for use as an absolute intensity
detector requires sccurate data for the average number of ion pairs
produced in the gas filling per electron volt of the enérgy lost by
the ienizing radiations. According to a review article by Binks(1936),
the results for air, which was a common gas filling, varied considerably.
Electron recombination and attachment processes (Fulbright, 1958) could
reduce the total charge collected. Error introduced by the former

effect was probably not serious, as it could be minimized by a
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sufficient electric field between the electrodes. However, no action
was taken to suppress the electron attachment processes, Another
possible source of experimental error was the use of differential
filters in isolating the characteristic lines of interest. The
absorption functions of the elements are complex and the way in which
they vary with the wavelength of the incident radiations,A , are not
identical for the two absorbers used. A satisfactory balance can only
ba made over a limited range in N ,

A preliminary measurement of the CuKa intensity was made by
Worthington and Tomlin (1956) at a lew angle of emergence., Absolute
intensities of CuK, radiations were measured by Dyson (1959) for low
incident electron energies in the range between 9 and 15 keV, The
anodes he used were sufficiently thick to stop the incident electron
beam but not thick enough to seriously attenuate the characteristic
radiations produced. The measurements were made in the forward direc-
tion of the electron beam, The detection system consisted of a preopor-
tional counter and a single channel pulse height analyzer.

Sof't characteristic radiations were investigated by Dolby
(1960)s Por incident electron energies below 10 keV, absolute inten=—
sities of the total K radiations emitted from massive anodes of alu=~
mini@m and carbon were measured, The detection system was similar to
that employed by Dyson (1959). The window of the proportional counter
consisted of an aluminized 6 « melinex sheet, the measured transmission

of which for CK was given as 10fcs To obtain a satisfactory counting
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rate, a large counter window subtending a solid angle of 0,47 ster-
radians was used. This solid angle was too large to ensure that all
the radiations detected were emitted at a given angle to the target
surface, It involved the angular range from 11? to 559. This causes
some difficulty in the use of Dolby's data for comparison purposes with
theoretical results,

Apart from a retarding petential of 1740 volts on the window,
no attempt was made to deflect electrons backscattered from the target
away from the window., The excitation of CK radistions in the melinex
by these electrons would have caused some spurious eounts in the CK
measurements, In view of the thick window used, there was also the
possibility of indirect excitation of CK radiations by high energy
bremmstrahlung radiations in the melinex. There was some evidence of
the above effects in Dolby's recorder trace for the Alk radiations,
where 2 definite peak appeared in a position corresponding to the CK
radiations .. This was incenclusive, however, Apart from the fact
that the backscattered ratio for carbon is less than that for slumin-
ium, the secondary peak could have originated in the carbonaceous
deposit on the aluminium anode, The value of the vacuum pressure
quoted (10™% mm Hg) indicates that this wes a distinct possibility, as
an insufficient baffle system for the oil diffusion pump would have
caused an undesirably high percentage of oil vapour in the vacuum

chamber, If this were the case, then only Dolby's Alk results would

have been affected as the surface coating would have reduced the



energy of the electrons incident on the anode,

Secondary excitation of Alk radiations in the counter window
was less serious than the corfesponding excitation of CK radiations
owing to the thinness of the alumimium coating (200£), Spurious counts
arising from photo-excitation by bremmstrshlung radiations could be
neglected. As the counter window is nommally placed with the conduc-
ting layer facing the inside of the counter, attenuation of the back=
scattered electrons by the 6 « melinex together with the retarding
potential was sufficient to suppress the exmcitation of the wmwanted Alk
radiations in the coating, in view of the low incident electron ener-
gies considered,

An estimate of the fraction of bremmstrahlung radiations
lying under the characteristic peak was made by Dolby by an experi-
mental determination of the contimuous quantum intensity per energy
interval at a point situated on the high energy side of the peak and
well separated from it. No account was given of the variation of
this value with the continuous quantum energy., For the Ck intensities,
a low value of 1% was given as the correction factor for the bremm-
strahlung radiations. This was attributed to the monochromatizing
effect of the melinex window., It appears that 21l of the continuous
radiations whose energies correspond to the low energy side of the
pulse distribution curve were considered to have been asbsorbed by the
window and the correction came from the high ensrgy tail of the pulse

distribution curve only. This would have accounted for the low value



of the correction factor,

Absclute intensities of total AgK and CuK radiations were
measured by Green and Cosslett (1961) at high angles of emergence,
Only a single measurement was made for each radiation. No account was
given of their experimental procedure.

Up to this time, no extensive absolute intensity measurement
had been made, Of the existing data that were available, only a few
correspond to emission from a massive target. As the limited amount
of experimental information was insufficient to provide an adequate
check for their theoretical studies, Metchnik and Tomlin (1963) made
absolute determinations of the Ka radiations emitted from massive
targets of copper, chromium and silver., These measurements covered a
wide range of V and ¢ and were made with a variety of detectors - the
Geiger tube, the proportionsl counter and the scintillation counter,
Comparison of the measurements from each detector served as mutual
checks for each other. The GUKcz lines were isolated with a pair of
balanced Ni-Fe filters and monochromatization of the other radiations
was schieved with a double crystal monochromaton. Further monochroma-
tization was achieved with a pulse height analyzer, Counting losses in
the detectors were all accounted for. As commercial proportional and
Geiger tubes were used, the accuracy of their results relies to some
extent on the construction details of these detectors supplied to
them by the manufacturer. Apart from the measurements made with the

Geiger tube, there was good sgreement in the results obtained with the




=08=

other two detectors (Metchnik, thesis, 1961). Effects due to back-
scattered electrons were eliminated by a thick piece of aluminium foil
used to seal off the X-rgy tube window. A combination of pulse height
diserimination and the high sbsorption losses suffered by any secondary
AlK radiations produced in the foil was sufficient to suppress any

spurious effects,

1.1.3  Experimental Studies published since the start of the present

project.

Absolute intensities of soft characteristic K radiations
excited in massive targets were measured by Campbell (1963) for inci-
dent electron energies from 0,5 keV to 30 keV, Characteristic
emissions frem several target elements of atomic numbers within the
range 4 (Be) to 13 (Al) were investigated. These measurements refer
to the radiations emitted at right angles to the electron beam, which
was inclined at 45° to the target surface. For CK, additional
measurements were made with an angle of emergence of 100. A small
gas flow proportional counter was used, To increase its detection
efficiency for soft radiations, the counter window was made of a thin
film of nitrocellulose and the detector itself was mounted within the
vacuum chamber, The transmission ratio of the window for the softest
radiation, BeK, was 50% of the incident intensity. The relatively

high detection efficiency enabled Campbell to use a small counter window,
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Spurious radiations due to the excitation of the wirdow material by
backscattered electrons were minimized by means of a small deflecting
magnet, The window absorption was considered to be sufficiently small
to reduce any undesirable photoexcitation effects in the nitreocellulose,
As his target specimens were mounted directly above the throat of the
oil diffusion pump, where the concentration of oil vapour could have
been considerable, Campbell found it necessary to heat the target to
reduce the formation of carbonaceous deposits.

The smount of continuous radiation lying within the charac-
teristic peak was estimated by an analysis of the shape of the pulse
distribution curve, Fuchsand Kulenkampff's/(1954) relationship was
used to compute the intensity variation of the bremmstranlung radiations
near the characteristic peak, The statistical spread in output pulse
heights resulting from the multiplication processes in the detector
gas was determined from Feller's (1957) distribution function. The
effects on the shape of the pulse distribution curve due to statis-
tical fluctuations in the nunmber of primary ionizations produced in
the gas filling and the window absorption were allowed for empirically.
A parameter in the computed distribution function was chosen to fit
the computed function with the observed pen recorder trace of the
output pulse heights, The bremmstrahlung correction for CK was much
higher than Dolby's (1960) value. Dolby attributed his low value to

the monochromatizing effect of the thick counter window, Campbell's

procedure, which included the effects of the variation of the contimuous
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radistion intensity with its energy and the statistical processes in
the gas, had a sounder basis than that of Dolby.,.

Campbell's AIK and CK results were approximately half those
determined by Dolby. Although the geometrical arrangements of the
target with respect to the detector and the electron beam were not
identical, present theoretical and experimental studies show that the
intensities based on these two experimental arrangements should be
comparable in magnitude, For a normal electron-beam incidence, the
variation of the intensity with # is small for a given electron energy
for large values of #. The spread in §#, which extends dewn to 11% in
Dolhy's experiment, could only have reduced the intensities belew those
obtained for high angles of emergence, In fact, Green (196,'2') who
repeated some of Dolhy's AlK results, found that improved collimation
of the emerging radiation beam did not have mich effect on the results,
Hence the difference in the experimental arrangement could not have
caused the large discrepancgy between the two sets of results,

The high absorption of the melinex window used by Dolby could
have been a source of discrepancy, With thick windows, the computed
unattenuated intensity is sensitive to the degree of accuracy with
which the window absorption is determined, Also, the probability of
photoexcitation of the window material increases with thickness, These
effects are only applicable to Delby's CK intensities, As discussed
before, it was unlikely that secondary excitation of the AlK radiations

in the aluminium coating by backscattered electrons could have occurred,
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as these electrons first had to penetrate the 6 4+ melinex to reach
the aluminium, No attempt was made by Dolby to remove the deposition
of extraneous matter on the targets. The deposit could only have
affected the intensity in that the effective electron energy was re-
duced at the target surface, In the:case of the aluminium target,
spurious radiations excited in the carbonaceous deposit could have been
temoved by pulse height discrimination, Green (1962) indicated that
the formation of a thin carbonaceous deposit on aluminium had no
noticeable effect on the A1K results, Indirect excitation of the
aluminium coating was probably nagligible owing to the thickness of
the coating, It is difficult to estimate to what extent Dolby's CK
intensities were affected by indirect excitation, The experimental
studies of Sternglass (1954) and Campbell (1963) indicate that the
mumber of backscattered electrons with sufficient energy to excite the
CK radiations is small, The probasbility of photoexcitation of soft
characteristic radiations is also small (Green and Cosslett, 1961).
However, the counter must have had a high detection efficiency for
radiations excited in its window. The porous nature of carbon and
the high absorption it has for its own characteristic radistions re-
sult in the CK intensities being dependent on the condition of the
target surface, This factor could also contribute to the discrepancy,
Isolated absolute measurements of AlK, TiK, and NiK intensi-
ties were reported by Brown and Ogilvie (1964). These were determined

for angles of emergence of 15.5° and -90° for a normal electron beam
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incidence. The target absorption in these experimental arrangements
was higher than in those of Dolby and Campbell, No apparent effort was
made to prevent the occurrence of secondary excitations in the counter
window,

Absolute K intensity measurements of radiations emitted from
target elements of high and medium atomic numbers were made by Birks
et al (1964, 1965), For all their measurements, the detector was
placed to receive radiations emitted at right angles to the electron
beam for various orientations of the target, They found that the
TiK results of Brown and Ogilvie (1964) were some 3(% to 50% higher
than their own after reversing the captions of figures(6) and (7)
in Brown and Ogilvie's article.

Their definition of the quantum yield differs from that of
the other authors; the number of electrons incident on the target
refers to the "specimen current-to-ground" and not to the total num-
ber, By neglecting the correction for the backscattered fraction,
they considered that their definition was equivalent to that of the
others, However, they failed to account for those electrons, which after
having made some ionizations in the target, rediffused out of it, For
the elements considered, the experimental studies of Sternglass (1954)
indicate that, except for elements of high %, the backscattered
electrons, which have lost more than the K ionization energy, repre-

sent:~ “a: significant fraction of the total, The effect of this
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omission is to overestimate the quantum yield.

1.2 Review of Experimental work on L and M radistion
intensities,

Experimental studies of outer shell characteristic emissions
were mainly restricted to relative line measurements for a particular
shell and to radiations of short wavelengths., Results of previous
work, nearly all of which had been carried out more than thirty years
ago were discussed by Compton and Allison (péL42, 1935), Some of
these data referred to the intensity directly registered by the
detector; wavelength dependent quantities, such as the coefficient
of reflection of the monochromatizing crystal, detection efficiency
of the counter, attenuation by the target and by other absorbers,

were either neglected or only approximately corrected,

Only recently, investigations of L and M shell emissions
were resumed, Using a lead stearate pseudo-grating and a gas flow
proportional counter, Wykoff and Davidson (1965) made relative yield
measurements for soft L - shell rzdiations emitted from elements of
atamic number ranging from 17 to 51, These were all directly observed
quantities; no allowance was made for any of the effects mentioned

above,
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The only reports on the absolute determination of the I and
M radistion intensities were those given by Birks et al (1964, 1965),

who confined their investigations to L-lines of heavy elements.




CHAPTER II

THEORETICAL CALCULATIONS OF K CHARACTERISTIC

RADIATION INTENSITIES

2.1 Introduction,

The theoretical intensities used in this project for compari-
son with experimental data have been calculated from the expreasions
of Metchnik and Tomlin (1963) and Tomlin (1966), In this chapter,
the component functions in the intensity formula describing the physical
processes associated with the production of characteristic radiations
are reviewed and their validity examined, Some of these terms have
been sltered. Calculations of the absolute intensities based on Bishop's
(1965) expression for the mean depth of electron penetration, (x),
for a semi-infinite medium have been carried out. An approximate
intensity formula in a non-integral form has been derived and ita

validity discussed.

262 The Total K ITonization Cross-section.

An approximate, non-relativistic expression for fast incident
electrons was derived by Bethe (1930), It has the form
27ie" iT
QK = T b ln(B) sse (2'1)
K
where e is the electronic charge, The other symbols have been defined

in section (1.1). The values of b, which depend: on Z and the electronic
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shell, were tabulated by Bethe (Table 4, p382, 1930),and B was esti-
mated by Mott and Massey (1949) to be 4T for low incident electron
energies and 1.65 Ty for high energies.

Worthington and Tomlin (1956) constructed an empirical func-
tion for B in an attempt to satisfy the conditions for both high and

low energies, DB was given as

B = (1.65 + 2.35 exp(1~U)) Te vee (2.2)

where U = ’.E/‘IK

Figures (2.1) and (2.2) indicate that there is a fair agreement between
Worthington and Tomlin's modified formmla and the experimental K cross-
sections for silver and nickel with the theoretical curves falling
below the measured data, The resulfant curve derived from eguations
(2.1) and (2.2) is denoted as WI in the figures {2.1) to (2.8)s The
resultant cross-section is to be referred to as the WI cross-section,.

To allow for relativistic effects, Mott and Massey (1949)
arrived at the expression,

Zﬁel"

Q= S b (12 - ln(1-!;) -xi) eee (2.3)
TTY B c c

Y

where v is the electron velocity and &€ is the velocity of light. QK
derived from equation (2.3) is shown in figure (2.1). B is given by
equation (2.2), The resultant curve is denoted as WT (relativistic)
in the figure, The figure shows that the effect of the relativistic

terms is negligible. Similarly, Perlman's (1965) relativistic studies
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indicate that the relativistic effect may be neglected within the
range of electron energies up to 60 keV,

In the a2bsence of suitable experimental data for light ele-
ments, it is difficult to verify the validity of equation (2,1) for
soft radiation caleulations,

A non-relativistic treatment of the K shell ionigzation prob-
lem wes discussed by Mott and Massey (1949, 1965). The solution was
based on several approximations., These include the Born approximation,
the neglect of electron exchange and the use of the hydrogenic wave
functions., The effective nuclear charge was given as (Z - s), where
Z is the actual nuclear charge and s, the screening constant as de-
fined by Slater (1930).

The formula reduced to a form suitable for integration is

set out below,

Kmax K‘max
QK= S S I (K. ’K) dK. dK T X 2 (204)
] X!
N1l
10 1
I(0,0) dw &k = === 6 B(KK) dwa
2 1
R vee(2.5)

1 p
(k24 3 (,,wz + X2))
(t + 202 8% + K02 & (BPx 9%’

f(K' ,K) =

240 21K y

sey (2-6)
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where the incident electron is scattered in the direction ( &,f) into
a solid angle dw with the reference axis of the polar co-ordinate

system along 5’ s the change in mementum of the incident electron,

and Kz»fz
-_E__ = B, the energy of the ejected electron,
e
o i
>m = Es s the energy of the scattered electron,
2,2
% = Eo’ the energy of the incident electron,
o = ;tz/mez, the Behr radius,
m N electron mass
M = Z’K/ao
Z-.Ke N effective miclear charge of the K shell,
;S' = k-Kk
4
{gl = K'= (k2+k'2-2kk' cos &)2
K'daK! = kk' sin6 d & ses  (2.7)
2;ising d¢ = dw ese  (2.8)
from (2.7) and (28)
dw = z_chdeK see (2.9)
from(2.5)and(2.9)
4! e
I(k',K