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ABSTRACT
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MEASUREMENT IN MICRO-FOCUS CONE-BEAM INDUSTRIAL
X-RAY COMPUTED TOMOGRAPHY SYSTEMS

Nadia Flay

In recent years, X-ray computed tomography (XCT) has successfully entered the field of
dimensional metrology. XCT offers advantages over traditional tactile and optical
coordinate measuring machines because of its ability to detect both the outer and inner
geometries of an object. Due to the complex nature of XCT, there are a large number of
factors which can influence dimensional measurement; many of these factors are still poorly
understood.

The novel study of a number of influence factors associated with the X-ray tube and their
influence on dimensional measurement in micro-focus cone-beam XCT systems is presented
in this thesis. The influence factors investigated in this study are the positional stability of the
focal spot, the off-focal radiation, the focal spot size and the focal spot shape. The necessary
background information to X-ray physics, XCT technology and dimensional metrology is
discussed. The analysis of these influence factors was conducted at the National Physical
Laboratory using experimental and computer simulation techniques. The experimental part
of this research was carried out on Nikon Metrology XT H 225 M, with simulations
performed using bespoke computer codes.

The results of the study show that the positional stability of the focal spot, the off-focal
radiation, the focal spot size and shape can all affect dimensional measurement. It is,
therefore, proposed to include these parameters as part of the future standardised X-ray tube
qualification and performance verification procedures of XCT systems. The evaluation
techniques developed during the study can be employed as part of these standardised
procedures. In addition, based on the findings of the study a number of future areas of
research are proposed.
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Chapter 1

Chapter 1: Introduction

1.1 Motivation and aim

X-ray computed tomography (XCT) is a non-destructive X-ray imaging technique which
allows the visualisation of external and internal structures of a solid object, as well as the
acquisition of qualitative and quantitative information about an object’s properties and 3-D
geometries. Since its invention in the early 1970s, XCT has been extensively used in medical
imaging [1], [2]. A decade later, in the 1980s, XCT was applied to material analysis and
non-destructive testing. More recently, due to increasing technical sophistication, XCT has
entered the field of industrial dimensional metrology [3]. In modern manufacturing, some of
the most widely used systems for performing dimensional measurement are tactile and
optical coordinate measuring machines (CMMs). XCT can offer advantages over traditional
tactile and optical CMMs because of its ability to detect both the outer and inner geometries
of an object. However, measurements obtained using XCT are often less reliable than those
obtained using traditional CMMs, since they lack traceability due to difficulties in evaluating
measurement uncertainty and in determining metrological performance of XCT systems [4].
This difficulty 1s twofold: firstly, XCT systems are complex instruments comprising many
parts, which must interact correctly to produce good quality, stable and reproducible results.
At present, many influence factors affecting dimensional measurement in XCT are still
poorly understood. Secondly, unlike with tactile and optical CMMs, there are currently no

internationally accepted standards for performance verification and calibration of XCT [5].

Current research in the area of metrological application of XCT systems is focused on
developing reference objects, which can be used for the purposes of verifying metrological
performance of XCT systems. Given the complexity of XCT systems, it is essential to
develop reference objects, techniques and procedures which allow the qualification of
individual components of XCT systems, such as the X-ray tube, mechanical system,
detector, etc. To achieve this, the exact parameters of individual components which can
influence the dimensional measurement need to be well understood. For example, a number
of methods developed to measure certain errors associated with geometrical aspects of the

detector and the rotation stage are reviewed in [6]. The aim of this thesis is two-fold:

“to identify and evaluate the parameters associated with the X-ray tube, which influence the
dimensional measurement in micro-focus cone-beam XCT systems; and to propose techniques which

can contribute to the development of standardised procedures for X-ray tube qualification”.
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This is a first of a kind study where the influence of a number of X-ray tube parameters on

dimensional measurement is directly assessed and discussed.
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1.2  Thesis objectives

There are a number of specific thesis objectives associated with the thesis aim:

) Thesis objective 1 — to examine the fundamentals of dimensional metrology and their

implications for XCT technology.

o Thesis objective 2 — to identify the parameters associated with the X-ray tubes
described in current XCT standards and literature which can influence dimensional

measurement.

o Thesis objective 3 — to verify experimentally and through computer simulations how
the identified parameters associated with the X-ray tube affect XCT dimensional

measurements.

o Thesis objective 4 — based on experimental evidence and computer simulation results
to recommend novel techniques, which can contribute to the development of

standardised procedures for X-ray tube qualification.

These objectives are further refined in the following chapters.
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Chapter 1

1.3  Approach and thesis structure

Chapter 1 described the main motivation for this work, including a definition of the overall

aim of the thesis and thesis objectives.

In Chapter 2, background information necessary to give context to this work is introduced.
As part of this background information, a number of concepts associated with dimensional
metrology and metrological application of XCT are discussed, the relevant X-ray physics
and background to XCT technology are presented. Current performance verification trends
and procedures for industrial XCT systems are reviewed. The parameters of the X-ray tube
in micro-focus cone-beam XCT systems, which can affect the metrological performance of

XCT systems, are identified. This chapter directly addresses objectives 1 and 2 of the thesis.

In Chapter 3, the experimental work investigating the positional stability of the focal spot in
micro-focus cone-beam XCT system using novel test objects and strategies is presented. The
results from computer simulations associated with the positional stability of the focal spot
are discussed. The techniques for evaluating the positional stability of the focal spot as part
of X-ray tube qualification procedure are proposed. This chapter addresses objectives 2, 3

and 4 of the thesis.

In Chapter 4, the results from the experimental investigations and computer simulation of
the effects of off-focal radiation are discussed. The development of a novel test procedure for
the identification and qualification of the effects of off-focal radiation, including the use of a

novel test object, is presented. This chapter addresses objectives 2, 3 and 4 of the thesis.

In Chapter 5, the simulation study of the effects of the focal spot size and shape is presented
and discussed. The techniques for evaluating the effects of the focal spot size and shape as
part of X-ray tube qualification procedure are proposed. This chapter addresses objectives 2,
3 and 4 of the thesis.

The work is concluded in Chapter 6. The successful attainment of the thesis objectives and
the overall aim of the thesis are discussed. Future work proposed in this chapter contributes

to the requirements of the thesis aim and beyond.
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Chapter 2
Chapter 2: Context and review

2.1 Introduction to context and review

An introduction to the relevant background information is given in this chapter. This
information relates to the areas of dimensional metrology, X-ray physics and XCT
technology and will provide context for the rest of the thesis. In addition to the theoretical
background, current trends in metrological application of XCT are reviewed. Based on the
review, a number of factors associated with the X-ray tube in micro-focus cone-beam XCT
systems, which can influence dimensional measurement, will be identified and studied. The
experimental and computer simulation study of these influence factors will be discussed in

the subsequent chapters of this thesis.
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2.2  Background to metrology

2.2.1 Dimensional metrology

Metrology is the science (and some would say the art) of measurement [6]. A measurement
tells us about a property of something and assigns a number to that property [7]. The
quantity intended to be measured is referred to as measurand [8]. Engineering metrology
relates to the measurement and standardisation requirements for manufacturing. It
encompasses dimensional metrology, as well as mass and related quantity metrology [9].
Dimensional metrology is the field of engineering metrology which is concerned with the
science and technology of measurement of the geometric features of an object, such as size,

distance, angle, form or coordinate of a feature on an object, etc. [6].

Throughout human history measurement techniques and standards have changed
dramatically. The foundation of the now internationally accepted metric measurement
system was introduced in France in 1799, and is known as the Systeme International
d'Unités (SI). Over the years, due to advances in science and technology, the SI system
continued to expand to include additional units. In 1960, the 11™ Conférence Générale des
Poids et Mesures (CGPM) launched a modernised metric system [10], which now comprises
seven base units, derived units and accepted units. For example, the unit of length is called a
metre, and is defined as the distance travelled by light in a vacuum, in a time of
1/299 792 458 of a second [11]. At the National Physical Laboratory the metre is currently
realised through the wavelength of 633 nm radiation from an iodine-stabilised He-Ne laser,

with an uncertainty of about 3 parts in 10" [6].

The importance of precision measurement initially became apparent with the onset of the
industrial revolution in the late 18" century. Throughout the years, with the development of
global manufacturing, where different parts of a system can be manufactured in different

countries, the importance of dimensional metrology is even more evident [6].

2.2.2  Measurement uncertainty

There are a number of concepts and terms used in metrology, formal definitions of which
are outlined in the International Vocabulary of Metrology (VIM) [8]. One such term is the
notion of a ‘true value’. The true value of a measurement is the hypothetical result that

would be returned by an ideal measuring instrument if there were no errors in the
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measurement [9]. Since there is no such thing as a perfect measurement, each measurement

needs to be accompanied by measurement uncertainty.

Measurement uncertainty is defined as a non-negative parameter characterising the
dispersion of the values being attributed to a measurand [8]. In other words, the uncertainty
of measurement is the doubt that exists about the result of any measurement [7]. The
uncertainty should not be confused with measurement error, which is the difference between
a measured value and the corresponding presumed true value (measurement error is not
precisely quantifiable since the true value is unknown within the range of uncertainty) [12].
Measurement errors can be of two types: systematic and random. Systematic error is the
component of the measurement error that in replicate measurements remains constant or
varies in a predictable manner. Random error is the component of measurement error that in
replicate measurements varies in an unpredictable manner [8]. Whenever errors and their
sources are known and understood, they usually can be corrected for. The error values that

are not known become a source of uncertainty [7].

Estimation of measurement uncertainty is an important process in engineering metrology as
a) it allows comparison of measurement results with reference values given by appropriate
specifications and standards, and b) it allows a meaningful comparison of measurement
results obtained by different laboratories or manufacturing establishments [12]. Additionally,
in accordance with ISO 17025 there is a general requirement for the estimation and

reporting of uncertainty of measurement by all accredited laboratories [13].

2.2.3  Evaluation of measurement uncertainty

The primary international document, which establishes general rules for evaluating and
expressing uncertainty in measurement, both in industry and research, is known as the
Guide to the Expression of Uncertainty in Measurement (GUM) [14]. There are three main
stages of uncertainty evaluation: formulation, propagation and summarising. The
formulation or metrological stage consists of two steps: a) development of the measurement
model which relates the input quantities to the output quantities and b) characterization of
the input quantities by probability distributions', such as rectangular, Gaussian,

t-distribution, etc., defined in terms of parameters of the probability density functions

! Probability distribution is a function giving the probability that the random variable takes any given
value or belongs to a given set of values [14].

10



Chapter 2

(PDFs)? [15]. In order for a measurement model to be a valid model, it has to encompass all
possible input quantities with their probability distributions that can affect the measurement
result; therefore the formulation stage is often the most challenging part of the uncertainty

evaluation process.

In a measurement model all input quantities X; are random variables® with possible values
;. The output quantity Y is also a random variable with possible values 7. Instances x; of the
X; are estimates of the input quantities, and the value f(x;, x5, ..., Xxy) provides an estimate
y for the output quantity Y. Information about the input quantities can come from a series of
experimental indications, calibration certificates, expert priori knowledge, etc. A
measurement model, which relates inputs to the outputs, can be a mathematical formula, a
step-by-step calculation method, computer procedure or other instruction which generates a
unique value of y. Multi-stage measurement models where the output quantities from
previous stages serve as input quantities for subsequent stages are common in metrological

applications, especially in calibration [15].

Once the measurement model is identified, the propagation and summarising stages, which
involve the derivation of the estimate of the output quantity and its associated uncertainty
given the information provided by the formulation stage, can be carried out. The
propagation stage of uncertainty evaluation is based on the concept of the propagation of
probability distributions. Given the measurement function Y = f(Xj, ..., Xy) with mutually
independent input quantities X;, for i = 1, ..., N, and their associated PDFs g, (¢;), the PDF
gy (n) for the output quantity Y can be determined, where §; and 7 are possible values of X;
and Y. When the input quantities are mutually dependent, instead of N individual PDFs
Jx; (&), there is a joint PDF gx(§), where § = (&, ...¢y). Figure 2.1 shows a schematic

representation of the concept of the propagation of probability distributions.

2 Probability density function is the derivative of the probability distribution, providing the random
variable is continuous [14].

* Random variable is defined as a variable that can take any of the values of a specified set of possible
values each with an associated probability [14].
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Figure 2.1 Schematic representation of the propagation of distributions. The measurement
function has three input quantities X,;, X, and X;. X; and X, are characterized by two different
Gaussian PDFs g, (§;) and g,,($), respectively, and X5 is characterized by a triangular PDF
9x;(§3). The result is a single output quantity Y, characterized by an asymmetric PDF g, (1)
(adapted from [15]).

Three approaches can be used for the evaluation of measurement uncertainty during the
propagation or computations stage: a) analytical, b) the GUM uncertainty framework and c)
numerical methods. Although analytical methods for obtaining the PDF of the output
quantity Y are preferable, as they do not introduce any approximations, they can only be

used in very simple cases. For example, suppose there is a measurement function

Y=X1+X2, (1)

where X; and X, are input quantities with expectations ¢, and u, and standard deviations
a/\/3 each (both are characterised by rectangular probability distributions with semi-width
a). Then Y has expectation y = p; + pu, , standard deviation a,/2/3, and is described by a
symmetric triangular PDF with semi-width 2a [15]. For more complicated cases of the
evaluation of measurement uncertainty, where the number of input variables is large and
their associated PDFs are not simply all Gaussian or all rectangular, the GUM uncertainty

framework or numerical methods are used.

The GUM uncertainty framework

According to the GUM uncertainty framework, uncertainty components are grouped into
two categories: Type A and Type B based on the evaluation method. Type A evaluation of
uncertainty refers to the statistical analysis of measured values, it is used to determine the
repeatability or randomness of a measurement process. In Type A evaluation, the

information about input quantity X; is taken from N repeated independent indications
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Xix, where k=1,..,N. An estimate x; of X; is given by the arithmetic mean of the

indications, calculated from

=2

X; = X =

N
D e @
k=1

Their associated standard uncertainties u(x;) are given by

1N 3)
u(x;) = NN =1 ;(xi,k - x)?,

with degrees of freedom v; = N — 1 [9].

The uncertainties associated with input estimates x; that have not been obtained from
repeated observations x;, must be evaluated by scientific judgement, using all possible
sources of information and the metrologist’s experience [6]; this is Type B uncertainty
evaluation. It is important to recognise that the Type A and Type B classifications are
introduced purely to indicate the difference in the uncertainty evaluation procedures. There
is no difference in the nature of the uncertainty components, as both types of evaluation are
based on probability distributions. When combining standard uncertainties no distinction is

made between the methods that are used to evaluate them [14].

The GUM uncertainty framework is based on the concept of the propagation of standard
deviations, termed as the law of propagation of uncertainty, and the central limit theorem.

Given a measurement model

Y = f(Xl: X2, s XN): (4)

where X; are the input quantities and Y is the output quantity. The estimate y of Y, is

determined from N input estimates (x;, Xo,..., Xy ) of (X1, X5, ..., Xy) and is given by

y = f(x1, X2, ., Xn). ()
The combined standard uncertainty u(y) associated with y is determined by propagating the

standard uncertainties u(x;) associated with x; and is calculated as the positive square root

of the combined variance u?(y) through a linearized measurement model using
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N
0
CO) = Y e, a= |, ©)

P = = X
i=1 t

where f is the measurement function; c; is the first order partial derivative of f with respect
to X; evaluated at x;, and is often referred to as sensitivity coefficient, representing the
‘weight’ of each uncertainty contribution. Standard uncertainties u(x;) are determined either
using Type A or Type B evaluations. The above formula is based on a first-order Taylor
series approximation of Y = f(X;, X5, ..., Xy) and is known as the law of propagation of
uncertainty. This formula assumes uncorrelated input quantities, when the input quantities

are correlated the appropriate expression for the combined variance u?(y) is

N

u*(y) = Zi o 9 u(xl,x]) = Z(_f) u?(x) +22 Z g—)};%u(xi,xj),

i=1j=1 i=1 j=i+1

where x; and x; are estimates of correlated input quantities X; and X;, and u(xl-,xj) =
u(xj,xi) is the estimated covariance* associated with x; and xj. The degree of correlation

between x; and x; is characterized by the estimated correlation coefficient

U,(Xi,x]')

r(x, %)) = wGous)’ (8)

where r(x;,x;) = r(x;,x;) and —1 < r(x;,x;) < 1. Since correlation coefficients are more

readily interpreted than covariances, the covariance term of equation (7) can be written as
N-1 N of 9
Z Z a——u(xl-)u(xj) r(x %), ©)
i=1 j

And equation (7) becomes

N

N-1 N
u?(y) = Z c?u?(x;) + 2 Z 2 C; cju(xl-)u(xj) r(xi,xj). (10)

i=1 =1 j=i+1

As expected, if the estimated input quantities are completely independent then r(xi,xj) =0

and equation (6) should be used in the uncertainty evaluation [14].

* Covariance is a measure of mutual dependence of two variables [14].
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Once the combined standard uncertainty u(y) is estimated, the next step is to calculate the

degrees of freedom v,¢f attached to u(y), from individual degrees of freedom v; attached to

u(x;) using the Welch-Satterthwaite formula [14]

ST €))
YN W) /v

11
The summarizing stage of the evaluation of uncertainty involves the computation of the
expanded uncertainty Uy, and hence a coverage interval for the output quantity Y. Using the
estimate y of Y and the standard uncertainty u(y), the expanded uncertainty is calculated as
Up = kyu(y), where k, is a coverage factor. This value U, defines a coverage interval
[y - U, y+ Up] associated with a particular coverage probability p, i.e. an interval that is
expected to contain a certain percentage, say 95 %, of the values that can be reasonably
attributed to the output quantity. Often this interval is expressed as Y =y £ U,. It is
important to recognise that the provision of the coverage interval (and the coverage factor) is
dependent on the knowledge of the PDF of the output quantity. The expectation value and
the standard deviation in themselves do not convey information about the manner in which
the values are distributed [15]. This is why the GUM uncertainty framework utilises the
central limit theorem® which allows the characterization of the random variable
(Y —y)/u(y) by the standard Gaussian distribution for v.ss = oo or the t-distribution for

To summarise, the correct implementation of the GUM uncertainty framework requires
several assumptions: a) a linear measurement model, b) a suitability of the central limit
theorem, i.e. a PDF of the output quantity can be described by either a Gaussian or a
t-distribution and c) the adequacy of the Welch-Satterthwaite formula for estimating the
degrees of freedom. When a measurement model identified during a formulation stage
cannot meet these requirements, a different approach for the uncertainty evaluation is

needed.

Central limit theorem states, that given a random sample X;, X,,.., Xy of size N from any
distribution with mean u and variance o2, the sample mean X = %Z?’lei , will have an

2
approximate normal distribution with mean y and variance % . The larger the sample size, the better
the normal approximation [149].
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A Monte Carlo method

Another method for uncertainty evaluation is known as a Monte Carlo method. It is
described as a practical alternative to the GUM uncertainty framework and is undertaken
numerically rather than analytically [16]. A Monte Carlo method provides much richer
information in the uncertainty evaluation since it allows the propagation through a
measurement model of the PDFs associated with each input quantity X; in order to estimate
the PDF of the quantity Y, rather than just the estimates of the input quantities and their
standard uncertainties as in the GUM uncertainty framework. Unlike the GUM uncertainty
framework a Monte Carlo method imposes no restrictions on the types of PDF's for input or

output quantities.

A Monte Carlo method has a small number of steps that are repeated many times; hence the
computer implementation is essential. First, the number of trials M is chosen. In order to
achieve 95 % coverage interval, such that the interval length is correct to one or two decimal
digits often approximately 10° trials are needed [15]. With the use of the random number
generator, input values x; ,, Xz 1, ..., Xy, for Xy, X,, ..., Xy are generated by making random
draws from their PDFs (where r = 1, ..., M). The next step is to obtain the values y, for Y by

applying a measurement model

Yr = f(xl,r: X2y eees xN,r)- (12)

The average y of the values y, of the output quantity is taken as the estimate y of Y,

M
__ 1 13
y_MZYT- (13)

The standard deviation u(y) of the values is taken as the standard uncertainty u(y)

associated with y calculated from
1 M
)= —— - =2 14
() M_lZ(yr 7 (14)
r=

The values y, are then sorted into an increasing order y(), r =1, .., M, to give a discrete
representation of the distribution function for Y, given by G = {y(1), ..., ¥} This discrete

representation is used to obtain an approximation of the distribution function of the output
quantity, as well as the basis for calculating the coverage interval for the output quantity
[15].
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A Monte Carlo method has a number of beneficial attributes that often make it a preferred

method for uncertainty evaluation. Some of these benefits are:

- a Monte Carlo method can be used for a wide variety of measurement models
irrespective of whether they are linear or non-linear;

- no assumption is made regarding the type of the PDF of the output quantity Y. This
is especially important for a multi-stage measurement model, where the output
quantity from a previous stage can serve as the input quantity for subsequent stages;

- the method avoids the use of the concept of effective degrees of freedom,;

- the calculation of the sensitivity coefficients is not required (although it can be useful
for identifying the main contributions to the uncertainty associated with the
estimate);

- the method is valuable for validating the results acquired through using the GUM
uncertainty framework. For a fuller list of the properties of a Monte Carlo method

and its benefits see [15].

2.2.4 Introduction to CMM

In order to better understand the steps that need to be implemented for XCT systems to
become reliable metrological instruments, a brief introduction to traditional measurement
instruments such as CMMs and their performance verification procedures is given in this

section.

Throughout the years dimensional measurements were carried out by skilled personnel with
the help of specially designed metrological instruments. In the mid twentieth century the first
CMMs were introduced. A CMM is a measuring system with the means to move a probing
system and capability to determine spatial coordinates on the surface of the part being
measured [17]. The use of CMM became widely accepted in manufacturing as it offered
advantages over manual measurement. The advantages include a) the automation of
measurement, thus increasing the speed of measurement and decreasing the reliance on
operator’s skill, b) the ability to perform multiple measurements on multiple parts and c) the

ability to incorporate many metrological instruments into one machine [18].
CMM can have three types of probing systems:

- an analogue or scanning probe,
- atouch trigger probe,

- an optical probe.
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An analogue probe either collects points from a number of surface contacts or by
continuously scanning the surface of an object. The touch-trigger probe records the machine
coordinates when the stylus tip contacts the surface of an object. Optical probes use a variety
of working principles. Optical CMM acquires data much faster than the tactile CMM,

although its measurements tend to be less accurate [9].

2.2.5 Verification and calibration of CMM measurements

To ensure that goods worldwide are specified and measured in a common way using defined
techniques, the International Organization for Standardization (ISO) publishes standards for
worldwide use [6]. A standard is a document that provides requirements, specifications,
guidelines or characteristics that can be used consistently to ensure that materials, products,
processes and services are fit for their purpose [19]. A number of standards and guidelines
have been developed in order to harmonise the performance specifications of CMM, to
enable a user to make performance comparisons when acquiring a CMM and to provide a
well-defined framework in which the manufacturer’s specification for the system can be
verified [20]. Verification is defined as a task or a series of tasks carried out at periodic
intervals to ensure the CMM meets manufacturer’s specification [20]. It returns a pass/fail

result.

A concept that is closely related to verification is calibration. Calibration is an operation
which establishes a relation between quantity values with measurement uncertainties
provided by measurement standards and corresponding indications with associated
measurement uncertainties. The act of calibration then uses this information to establish a
relation for obtaining a measurement result from an indication [8]. Calibration procedures
are specific to an instrument, range in complexity and can often vary from manufacturer to
manufacturer. At the end of each calibration procedure, the uncertainty of the calibration is
defined, stated on the calibration certificate and included in the uncertainty budget when the
instrument is used in normal service [21]. The unbroken chain of calibrations ensures that
dimensional measurements are traceable. Traceability in measurement is defined as a
property of the results of a measurement whereby it can be related to stated references,
usually national or international standards, through an unbroken chain of comparisons all

having stated uncertainties [6].

There are a number of sources of error associated with CMM measurements, which can be
categorised as spatial errors and computational errors. Spatial errors are errors in the
measured position of a point on the surface of the workpiece and are determined by a) the

accuracy of the CMM components, b) the probing strategy used, c) the characteristics of the
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workpiece and d) the environment in which the CMM operates. Computational errors are
errors in the estimated dimensions and form deviations of the workpiece and are associated
with a) the software used by the CMM to estimate the geometry of the workpiece, b) the
precision of the CMM computer, ¢) the number and relative position of points used for
workpiece estimation and d) the departure of the workpiece geometry from the ideal
geometry. Although modern CMMs are produced to very tight tolerances, there are still
errors in the machine components due to imperfect manufacturing or alignment during
assembly [22]. There are twenty-one sources of such errors, called kinematic errors of the
CMM [20]. The magnitude of each kinematic error can be measured using reference
standards such as interferometers, straight edges, squareness standards, etc.; this is known as
CMM ‘error mapping’ [23]. Once kinematic errors are identified, they are corrected for in
the CMM software which is known as volumetric error compensation. The error mapping
and volumetric error compensation are carried out by the manufacturer on installation and,

subsequently as required, since the geometry of the CMM can undergo changes over time.

The series of international standards ISO 10360 were developed to guide the acceptance and
reverification tests as well as interim checks for different types of CMMs, in order to
demonstrate that a CMM performs in accordance with the manufacturer’s specification. For
example, standards ISO 10360-2 and ISO 10360-5 are applicable to Cartesian CMMs with
contacting probing systems. ISO 10360-2 describes a length measurement verification
method where a calibrated test length is used, traceable to the meter, in order to establish
whether the CMM is capable of measuring length within the stated maximum permissible
error of length measurement for a CMM with a specified ram axis stylus tip offset (both 0
and 150), Eqmpg and Ejsompg, and within the stated maximum permissible limit for the
repeatability range, Rompg [24]. A calibrated test length can be a step gauge or a series of
gauge blocks that conform to ISO 3650 [25], ball bars or ball plates, as well as a laser
interferometer. ISO 10360-2 requires the measurement of five calibrated test lengths in seven
orientations/positions; at each position each length is measured three times, making the
total number of measurements 105. The length measurement error is calculated for all 105
measurements as the difference between the measured length value and the calibrated length
value. The uncertainties associated with the measurements are calculated as described in
ISO 23165 standard [26]. The overall decision on whether the CMM passed or failed the
verification test is based on ISO 14253-1, which provides rules for proving conformity and

nonconformity with specifications, taking into account the measurement uncertainty [27].

ISO 10360-5 describes another verification procedure, which tests the CMM probing system.
The purpose of the test is to establish whether the CMM is capable of measuring within the
manufacturers stated value of the maximum permissible error of form, Pgprympg. The test

procedure is to measure a calibrated test sphere using 25 probing points. These points are
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used to produce a least-squares sphere fit. The radial distances between the centre coordinate
of the fitted sphere to each of the 25 probing points are then calculated. The apparent sphere
form is determined as the difference between the largest and the smallest radial distance,
Rmax — Rmin. If this value is less than Pprympg When taking into account measurement

uncertainty, the performance of the probing system is verified.

Despite the fact that the length measurement test is traceable, it is not enough to make a
statement about the overall length measurement capability of the CMM due to the
complicated way in which the uncertainties associated with the CMM combine [20]. In
other words, the limited tests of ISO 10360 do not guarantee the measurement traceability
for all possible measurement tasks. It is then up to the user to develop appropriate task-
related measuring strategies that will deliver confidence in measurement results. An
international standard ISO 15530-3 provides a method for the task-specific uncertainty
evaluation of CMM measurements [28]. This method relies on repeated measurements of a
calibrated master workpiece, similar to the unknown workpieces in their dimensions and
geometry, to evaluate most of the sources of uncertainty. The ISO 15530-3 method is
considered to be useful as it captures the appropriate uncertainty sources associated with the
CMM system, the workpiece, measurement plan, as well as many of the extrinsic
uncertainty sources and their interactions. Unfortunately, the use of a calibrated master
workpiece can be both expensive and restrictive, hence, task-specific uncertainty evaluation
is mostly applied to simple geometric features where calibrated workpieces of a similar
geometry are readily available [29]. The ISO 15530-3 framework is compliant with both the
GUM uncertainty framework and ISO 14253-2, a standard developed in order to assist the
industry in the practical application of the GUM uncertainty framework. ISO 14253-2
establishes a simplified, iterative procedure of the GUM methods and is intended for
geometric product specification measurement [30]. This practical procedure is known as
Procedure for Uncertainty Management (PUMA) and is based on the knowledge of the
dominant uncertainty components. In most cases this procedure uses very limited resources
for estimating uncertainty of measurement; hence, it can often lead to a slight overestimation

of uncertainty.

Before undertaking the verification procedures described in ISO 10360 and the task-specific
uncertainty evaluation described in ISO 15530-3, it is required that the CMM probing
qualification is performed. The probing system qualification is a procedure which establishes
the parameters of a probing system necessary for measurement [17]. It must be carried out
using a calibrated reference sphere supplied by the manufacturer. The qualification process
involves determining the diameters of the stylus tips and the distances between them, which
effectively creates an imaginary probing sphere of zero dimensions that can access any point

[31]. It is essential to understand that incorrect probing system qualification will result in
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incorrect future measurements, making this stage of verification process of vital importance.
Those CMM systems that have additional parts, such as a rotary table, will require a further
rotary table qualification prior to length measurement verification and probing system

verification procedures [20].

Another approach for evaluating measurement uncertainty of the CMM measurement is by
means of a virtual CMM (VCMM), such as Calypso (Zeiss) or Quindos (Hexagon
Metrology), using a Monte Carlo method. VCMM attempts to simulate all the main
components of a CMM’s behaviour, including the geometrical and probing errors, etc.
Using the VCMM in numerical simulations, it is possible in principle to analyse its
behaviour for a particular measurement task and from this determine the estimates of
associated uncertainties. One such method which evaluates the uncertainty by numerical
simulation is described in ISO 15530-4 [32].

2.2.6  Metrological application of XCT

XCT in dimensional measurement

With continuous advances in science and technology, where components and their
manufacturing techniques increase in numbers and complexity, the demand for geometrical
and tolerance quality controls is particularly evident. Many industrial components, which
have complex internal structures, e.g. components produced by additive manufacturing,
multi-material injection moulding, etc. require techniques that can measure their internal
structures without causing damage to the components. One such technology that allows the
examination of external and internal parts of an object is XCT. XCT uses X-rays to obtain
multiple two-dimensional images of an object of interest from different orientations. These
images are then processed with the help of computers to construct a three dimensional (3D)
model of the object. Using 3D volume visualisation software, e.g. VG Studio (Volume
Graphics), a surface of a 3D model of the object is identified. The subsequent fitting of the
appropriate geometrical features to this surface allows it to determine coordinates of various
parts of the object, thus making it possible to use XCT technology in dimensional

measurement.

Initial attempts to perform dimensional measurements using XCT were made in the
1990s [3], and in 2005 the first dedicated dimensional XCT system was presented to the
industry [33]. At present, there is a variety of XCT systems on the market that are used for
metrological purposes. XCT offers a number of advantages over traditional tactile and

optical CMMs: a) it has the ability to simultaneously detect external and internal geometries
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of an object, b) the ability to scan parts of complex shapes and structures, c) objects are
scanned in a free-standing state, minimising risk of damage or clamping deformation and d)
a complete 3D model of an object can be produced by XCT in a relatively short time
compared to data processing required for CMMSs. Despite the advantages, measurements
obtained using XCT are often less reliable than those obtained using traditional CMMs,
since they lack traceability due to difficulties in evaluating measurement uncertainty and in
determining metrological performance of XCT systems [4]. This difficulty is partly due to
the fact that XCT has a large number of complex, not yet well understood influence factors
that affect dimensional measurement. In addition, unlike with tactile and optical CMMs,
there are currently no internationally standardised guidelines and procedures for
performance verification and calibration of XCT. This lack of international standards limits
the ability to compare measurement results between different XCT systems, as well as XCT
and other measuring systems, and is one of the main reasons why XCT is not yet accepted

as a valid measuring technique by the industry [4].

Standards and guidelines in XCT

Although XCT is a fairly new technology in its application for dimensional measurement, it
has been used extensively in the medical field [1], as well as in material analysis and non-
destructive testing (NDT) for observing internal structures of materials and detecting
material defects. Therefore, there are a number of existing international standards related to
XCT technology for medical and NDT applications which cover terminology, theory and
procedures for performance examination of XCT systems [34]-[45]. As stated previously,
XCT systems are complex instruments, consisting of many components that must correctly
interact in order to yield images that repeatedly reproduce satisfactory test results [38].
Therefore, in addition to the above mentioned standards, there are a number of standards
that describe guidelines for performance verification of individual parts of XCT systems and
their parameters. For example, there are standards which specify performance verification
procedures of X-ray tubes for XCT and radiography in medical and NDT fields [46]-[55].
The parameters associated with the X-ray tube in XCT systems used in medical and NDT
fields which are included in the standards are the stability of voltage and current, focal spot
dimensions (length and width), intensity distribution across the focal spot area, dose
calculation and specific safety guidelines (for medical XCT). The choice of parameters is
driven by the need for good image quality for the purposes of accurate material analysis and
medical diagnosis. Likewise, the parameters associated with the X-ray tube in XCT systems
used for metrological application must include those parameters which influence the

dimensional measurement.
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VDI/VDE 2360 guidelines

The current approach to the development of standardised guidelines and procedures for
XCT is based on the idea of using knowledge from traditional CMMs and applying it to
XCT [56]. This approach is reinforced by the need to achieve comparability of XCT
measurements with those of CMMs with tactile and optical probes [57]. At the time of
writing, there is a working document prepared by a technical committee ISO/TC 213
"Dimensional and geometrical product specifications and verification", to produce
guidelines for the acceptance test for verifying the performance of CMMs with X-ray sensors
[57]. This working document will be a part of 10360 series; it parallels ISO 10360-2 and in
part ISO 10360-5, which is for CMMs equipped with contact probing systems and ISO
10360-8, for CMMs with optical probing systems. The testing methodology between these
three parts of ISO 10360 is intentionally similar [57]. The XCT part of the 10360 series is
largely based on the VDI/VDE 2360 guidelines produced by the German VDI/VDE Society
for Metrology and Automation Engineering (GMA), which describe the aspects of industrial
application of XCT, with the purpose of specifying the procedures that insure the
reproducibility and traceability of XCT measurement. The following VDI/VDE 2360 series
have been published:

- Part 1.1: Basics and definitions [58]

- Part 1.2: Influencing variables on measurement results and recommendations for
computed tomography dimensional measurements [59]

- Part 1.3: Guideline for the application of DIN EN ISO 10360 for coordinate
measuring machines with CT-sensors [56]

- Part 1.4: Measurement procedure and comparability [60]

- Part 2.1: Determination of measurement uncertainties in measurements using CT

systems (in preparation)

VDI/VDE 2360 Part 1.3 includes such performance characteristics as the length measuring
error E; and the probing error P, in accordance with ISO 10360-2. For XCT application a
distinction is made between the form probing error Pr and the size probing error Ps. The
form probing error Pr is the span of the radial deviations of the measurement points from the
calculated regression sphere. This corresponds to the difference between the maximum
distance R,,;, and minimum distance R,,;, from the probing points to the centre of the

regression sphere:

Pr = Riypax — Rmin - (15)
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The regression sphere is determined using the least-squares method. The size probing error
Ps is the difference between the measured diameter D, of the sphere and the calibrated

diameter D,. of the sphere,

Ps =D, — D, . (16)

The length measurement error is determined using calibrated ball bars or calibrated ball
plates. The centres of the two probed spheres are calculated for each test length from the
probing points through regression analysis. The distance between the two sphere centres is
the displayed value Ly, of the test length; the difference between the displayed value Ly,

and the calibrated sphere distance Ly, is the sphere distance error S, [56],

Sp = Lia = Lier. 17

In addition to the length measuring error and the probing errors, VDI/VDE 2360 Part 1.3
includes the determination of the structural resolution of an XCT system. The structural
resolution in coordinate metrology describes the size of the smallest structures separately
measurable. It is important to remember that since XCT measurement data in dimensional
measurements always undergo a threshold value process to obtain the relevant geometrical
information, the structural resolution for dimensional measurements must, in principle, be
distinguished from the structural resolution in the grey scale range of the voxels (described in
ISO 15708), since the structural resolution in the grey scale range of the voxels does not
encompass the complete dimensional measurement chain [70]. The structural resolution for
dimensional measurements D, is specified as the diameter of the smallest sphere for which
the measurement system is able to determine a diameter. The error relative to the calibrated
value is stated by the manufacturer. It is recommended that the length measurement error,
the form and size probing errors and the structural resolution are measured and stated for at
least two different magnifications [56]. In the absence of any international or national
standards for metrological application of XCT, a number of manufacturers and research
organisations have adopted the VDI/VDE 2360 guidelines for performance verification of
their XCT systems [3], [61], [62]. It is important to mention, however, that there is an
ongoing discussion on whether the development of standards and procedures for XCT
systems should be based on methods and parameters used in performance verification of
traditional CMMs, since CMM and XCT are fundamentally different metrological

instruments.
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Verification procedures and evaluation of measurement uncertainty in XCT

As stated previously, there are currently no internationally accepted standards and

procedures for performance verification and calibration of XCT; however, a number of

research groups are developing reference objects which can be used for the purposes of

verifying metrological performance of XCT systems. Some of these reference objects are

described below.

Reference objects comprising of calibrated spheres (figures 2.2a-e), which are used to
verify length measurement capabilities of XCT systems, including scale error
correction. The benefit of these objects is that only the centre-to-centre distances of
spheres are used, allowing these measurements to be unaffected by the errors
associated with the threshold value evaluation.

Reference objects similar to the object comprising of spheres are calotte plate (figure
2.2f) and calotte cube (figure 2.2g). These objects are used for scale error correction
and for mapping 2D and 3D anisotropies within the measurement volume [61].
Reference objects such as a step cylinder without a bore hole (figure 2.2h) and a step
wedge (figure 2.2i) can be used to investigate material-specific absorption and
maximum penetration thickness parameters and to evaluate the beam-hardening
effect.

Reference objects such as a step cylinder with a bore hole in the centre (figure 2.2j),
hollow cylinders (figure 2.2k) and a pan flute gauge (figure 2.21) are used for
optimising the threshold value evaluation. A ‘cactus’ gauge (figure 2.2m) allows both
the scale and threshold optimisation procedures to be performed using just one
object with the same properties as real workpieces.

Reference objects such as a dismountable real workpiece-like reference object (figure
2.2n), a QFM cylinder (figure 2.20) and CT porosity reference object (figure 2.2p)
are developed to closely resemble real workpieces, and are particularly rich in a
variety of geometrical features that allow testing various characteristics of CT
systems.

To verify the performance of an XCT system with regard to spatial resolution in 2D
images, reference objects, such as JIMA chart (figure 2.2q), line-pair structures
(figure 2.2r), sharp edges [63] are used. In addition, cylinders such as in figure 2.2k,
microstructures in QFM cylinder (figure 2.20), ‘Hourglass’ standard (figure 2.2s) and
GE performance phantom (figure 2.2t) can be used for the evaluation of spatial and

structural resolutions of 3D reconstructed models.
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a) CT ball plate, DTU [64] b) CT tree, DTU [64] ¢) CT tetrahedron, University
of Padova [4]

e) CT tube, DTU [66] f) Calotte plate, PTB [67]

g) Calotte cube, PTB [67] h) Step cylinder without bore i) Step wedge [69]
hole, PTB [68]

J) Step cylinder with bore hole k) Hollow cylinders, PTB [68] 1) Pan flute gauge, University
[70] of Padova [4]

m) ‘Cactus’ gauge, KU Leuven n) Dismountable real 0) QFM cylinder, [4]
[71] workpiece-like reference
object, PTB, BAM [72]

Figure 2.2(a-0) Reference objects for verifying metrological performance of XCT systems.
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p) CT porosity reference object, q) JIMA chart [74] r) Line-pair structure [75]
University of Padova, [73]

s) ‘Hourglass’ standard, t) GE performance phantom
University of Padova [76] [77]

Figure 2.2(p-t) Reference objects for verifying metrological performance of XCT systems.

In addition to the design of reference objects for verifying metrological performance of XCT
systems, a number of software techniques were developed which allow the evaluation of
different error sources and their influence on final dimensional measurement of 3D models

[78]-[84].

As mentioned previously, in traditional CMM systems verification or task-specific
uncertainty evaluation procedures must be preceded by qualification procedures of
individual CMM parts, e.g. the probe, the rotary table, etc. Given the fact that XCT systems
are complex instruments, it is essential to develop guidelines and standards, which allow the
qualification of individual components of the XCT system. To achieve this, it is necessary to
understand the exact parameters of individual components that influence dimensional
measurement. This study is concerned with identifying the parameters of the X-ray tube in
micro-focus cone-beam XCT necessary for dimensional measurement. In order to appreciate
the complexity of this task the background to X-ray physics and to XCT are presented in the
following parts of the thesis.
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2.3  Background to X-ray physics

A brief introduction to the background of X-ray physics is presented in this section.

2.3.1  Electromagnetic radiation

X-rays belong to a group of radiations known as electromagnetic radiation (EM radiation),
the radiant energy which propagates through space or a medium at a constant speed. EM
radiation can be described equally either classically as a wave or quantum-mechanically, as
discrete particle-like packets of energy called quanta or photons [1]. According to a wave
model, EM radiation is a wave comprising mutually reinforcing electric and magnetic fields,
which oscillate perpendicular to each other and perpendicular to the direction of the wave
propagation. In a vacuum, EM radiation travels at its maximum speed, the speed of light c°.

Any wave can be characterised by its wavelength A and frequency v, which are related by
c= Av. (18)

Since the speed of EM radiation is constant in any given medium, its frequency is inversely
proportional to its wavelength. The wavelength of X-rays is typically between 10 m to
10® m [85]. When EM radiation is described as photons, it is characterised by the energy per

photon. The mathematical expression for this is

E=hy=— (19)

where E is photon energy, h is Plank’s constant, equal to 6.62 x 10** Js and v is photon
frequency. The unit that is used to measure the energy of photons is the electron volt, eV’; if

E is expressed in keV and A in nm, then

E=—"" (20)

¢ The speed of light ¢ = 2.998 x 108 ms™ [1].
7 An electron volt is the amount of energy that an electron gains as it is accelerated through a potential
difference of 1 V. X-ray energies are usually measured in kilo-electron volts, keV [91].
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2.3.2 Atomic structure model

An atom is the smallest structure of ordinary matter in which the chemical identity of an
element is maintained. In the Bohr model®, the atom consists of negatively charged electrons
orbiting a positively charged nucleus, comprising protons and neutrons. Each electron
occupies a discrete energy state in a given electron shell. The electron shells are assigned
letters K,L, M, N ..., with K-shell being closest to the nucleus. The shells are also given a
principal quantum number 1,2, 3,4 ..., with the principal quantum number 1 representing
the K-shell. Each shell is composed of one or more subshells, denoted by an orbital quantum
number [. For any shell with the principal quantum number n, [ can take values from 0 to
n —1. The subshells are also given letters s,p, g f..., corresponding to 1 =0,1,2,4..,
respectively. Each subshell consists of orbitals where electrons can exist, and only two
electrons are allowed per orbital. The maximum number of electrons that each shell can
contain is 2n?, where n is the principal quantum number of that shell [86]. For example, the
first shell K contains one subshell 1s with one orbital and can accommodate 2 electrons; the
second shell L contains 2 subsells 2s and 2p, where s has one orbital and p has three orbitals
and can therefore accommodate up to 8 electrons, etc. Within the main energy shell, each
subshell has a slightly different energy value and different shapes of orbitals. The energy
required to remove an electron from its shell is known as the orbital binding energy or
ionisation energy. The electrons in the K-shell are closest to the nucleus, and therefore are
most tightly bound. The binding energy of the electron shells varies from one element to the
other. For example, tungsten atom has atomic number Z = 74, i.e. the number of protons in
the nucleus and six electron shells with approximate values of different binding energies
(figure 2.3).

~ -0.02 keV

~ -0.08 keV
~ -0.30 keV

~ -2.50 keV

Binding energies

~ -11.00 keV

A 2 20 O

~ -69.50 keV

Figure 2.3 Diagram of approximate binding energies of electron shells in tungsten, atomic number
Z = 74. Larger energies are required to free electrons from the shells that are closest to the
nucleus.

8 The Bohr model was introduced by a physicist Niels Bohr in 1913.
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X-rays are generated as a consequence of two processes: the deceleration of charged particles
such as electrons caused by electromagnetic fields within atoms and the transition of

electrons between the electron shells of an atom (see sections 2.3.4 and 2.3.5).

2.3.3 The electron beam

The part of the XCT system where X-rays are produced is known as the X-ray tube.
Although size and appearance of the X-ray tubes might vary, the fundamental principles of
X-ray generation are similar in all tubes [77]. The X-ray tube is a vacuum tube with three
main components: a negatively charged cathode acting as the source of electrons, a magnetic
lens for focusing the beam of electrons and a positively charged anode containing a metal
target. As an example, figure 2.4 shows a typical X-ray tube in an industrial metrology XCT
system [87]; figure 2.5 demonstrates a path of an electron beam through an X-ray tube from

its emission to the production of X-rays [88].

FILAMENT HOLDER

TARGET

FOCUS COIL

ULTRA FOCUS VACUUM
TARGET ! CHAMBER

=
_______ —F= - - HIGH VOLTAGE
= F H -} POWER SUPPLY

—  le—)

\

BEAM ANODE FILAMENT CUP ASSEMBLY
TUBE

Figure 2.4 Schematic representation of an X-ray tube manufactured by Nikon Metrology [87].

Cathode Anode Magnetic Lens

assembly

flament @@_._._._._._._._._._.__.-.._..._.
\

Vacuum
Envelope

X-rays

Figure 2.5. Schematic representation of beam path through an X-ray tube, Nikon Metrology [88].
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The cathode includes a filament commonly made of thin tungsten wire and a focusing cup,
known as the Wehnelt cylinder (figure 2.6). Tungsten is used because it has a high melting

temperature of 3695 K and can conveniently be shaped into a strong thin wire.

a) b)

Figure 2.6 Tungsten filament (a); and the focusing cup (Wehnelt cylinder) (b).

Production of the electron beam

As the current passes through the filament, it causes it to heat up. When this thermal energy
is absorbed by tungsten atoms, electrons are released from the metallic surface via a process
known as thermionic emission, where they are effectively ‘boiled off’ the filament. The
number of emitted electrons depends mainly on the temperature of the wire, as well as on its
geometrical dimensions and material constants [89]. The physics of thermionic emission is
summarised by Richardson’s law, which relates the density of the emitted electron current

Je, to the operating temperature T':

w
Je=AgT?e ¥, 1)

where k is Boltzmann constant’, T is the temperature in Kelvin, W is the work function'

and A, is material constant. For tungsten W = 4.5 eV and 4, = 60 Acm?K*?[90].

The emitted electrons form a cloud around the filament, known as the space charge. This
cloud is negatively charged and prevents more electrons from leaving the filament. At the
same time, the filament acquires a positive charge due to the loss of the electrons, thus
attracting some of these electrons back. For a given filament temperature, the state of
equilibrium is quickly reached where the number of the emitted electrons is equal to the
number of the returning electrons, allowing the overall number of the electrons in the space

charge to remain constant [91]. When the accelerating voltage V,, is applied between the

° Boltzmann constant relates kinetic energy at the individual particle level with temperature, and is
equal to 8.6 x 107 eVK™.
10 Work function is the minimum energy needed to remove an electron from a solid.
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cathode and anode, the electrons travel towards the anode producing current. For low

voltages, this relationship is described by the Child-Langmuir law:

3/
. Amgy [2Ze

= 22
]C 9 m dz ( )

Here, j. is the current density at the emitter surface, &, is the vacuum dielectric constant, e
and m are the charge and the mass of an electron, respectively, d is the distance between the
anode and the cathode and V} is the accelerating voltage [89]. The low accelerating voltage
region is known as the space-charge limited region, where the current is dependent on the
voltage. As the accelerating voltage increases, greater numbers of electrons from the space
charge are attracted to the anode, until the current reaches its maximum, known as
saturation current. Beyond this point, increasing the accelerating voltage will not increase

the magnitude of the current (figure 2.7).

Richardson
region
Is2 _____________________________ T2
T,>T,
L T
Space-charge
- limited region
=
£
=1
|

Voltage

Figure 2.7 Schematic representation of space-charge limited region. As the temperature of the
filament is increased from T, to T,, the rate of electron emission from the filament is also
increased, hence the saturation current increases from I ; to I;. The saturation characteristic is
due to the limited number of electrons that can be emitted from the filament for a given filament
temperature.

At high accelerating voltages only a small portion of the emitted electrons returns back to the
filament, practically eliminating the space-charge; therefore, the current density is mainly
determined by the temperature of the filament as described by Richardson law. As the
electrons are accelerated through the potential difference, they acquire kinetic energy
reaching velocity greater than half the speed of light. This stream of electrons is often
referred to as the electron beam. The velocity of the electrons can be determined through the

following energy conservation formula [92]:
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%mv2 =el,, (23)

where m is the mass of the electron'', e is the charge of the electron'?, v is the electron
velocity and Vj, is the potential difference between the cathode and the anode. Due to the
mutual repulsion of the electrons, the electron beam would tend to spread out, hitting a wide
area of the anode. In order to achieve a focused, controllable and stable electron beam that
can pass through the centre of the anode ring, a small negative bias of up to a few hundred
volts with respect to the filament is applied to the focusing cup [89]. This bias produces
repulsive electrostatic field, which condenses the cloud of electrons by localising the
emission from the filament to its tip above the aperture of the focusing cup and forming a

focused electron beam.

Steering and focusing of the electron beam

As the electron beam enters through the anode ring, its needs to be steered so that its path is
as close as possible along the central axis of the beam tube. Failure to align the beam may
result in electrons being lost from the beam, thus affecting the radiation output and
potentially damaging the tube. For this purpose two pairs of coils are mounted between the
anode ring and the magnetic lens (figure 2.4). Passing a current through these coils steers the
electron beam facilitating source alignment [87]. Fluctuations in the current through the

coils can affect the quality of the beam alignment.

Since electrons are negatively charged, they have a tendency to repel each other as they are
accelerated through the beam tube, making the electron beam diverge. In order to focus the
electron beam onto a small part of the target, the beam goes through the magnetic lens
located just above the target. A simple magnetic lens consists of a soft iron core surrounded
by a helically wound conducting coil carrying a direct current [93]. Such a magnetic lens
produces inhomogeneous rotationally symmetric magnetic field (figure 2.8a). When an
electron travelling at velocity v enters the magnetic field B, it experiences a force which
varies continuously both in magnitude and direction and is represented by the Lorentz force

law:

F= —e(vxB). (24)

' The mass of the electron, mis 9.11 x 10”3 kg
12 The charge of the electron, e is -1.60 x 107 C
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The term v X B is a vector cross-product, where the resulting force F is perpendicular to both
the velocity of the electron v and the magnetic field B, which are at angle 9 to each other.
The relative directions of v, B and F are given by Fleming right-hand rule [90]. Since F has
no force component in the direction of motion, the speed of the electron remains unchanged;
however, as the electron passes through the magnetic lens, the direction of the magnetic field
B and of electron velocity v changes continuously, thus changing the magnitude and the
direction of the magnetic force. The magnitude of the magnetic force at any given point in a

plane can be calculated using

F = evBsin(9). (25)

It is clear from equation (25) that if the initial motion of an electron in the magnetic lens is
along the lens axis (optical axis), the electron will experience no magnetic force, and its path
will remain unchanged. Now, the magnetic field B can be resolved into its constituent
components: the radial component B, and the axial component B, (figure 2.8a). The
electron beam is directed through the lens in such a way that most electrons enter the
magnetic lens off optical axis and parallel to the z-axis. Initially, the electron has only a
velocity component v,, which is parallel to the z-axis; the electron is affected by the radial
component B, and experiences the magnetic force in the azimuthal direction F, (figure
2.8b). This force causes the electron to travel in helical path along the lens, giving rise to the
azimuthal component of velocity v,,. In turn, v, interacts with the axial component of the
magnetic field B,, giving rise to the magnetic force in the radial direction toward the optical
axis F, (figure 2.8c). As a result, the electron spirals around the lens closer and closer to the

optical axis, causing a parallel electron beam to converge.
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Figure 2.8 a) Schematic representation of a typical magnetic lens with cylindrical coordinates
T, @, z, magnetic field components B, and B, and a helical path of an electron with its initial
velocity v,; b) the interaction of the electron with its initial velocity v, with the radial component
of the magnetic field B, produces a magnetic force in the azimuthal direction F,, which gives rise
to the velocity component v, in the azimuthal direction; c¢) As v, interacts with B, it produces the

magnetic force F, in the radial direction sending the electron towards the optical axis (adapted
from [94]).

The distance between the centre of the lens to the point of convergence of the beam is known
as the focal length of the lens [95]. For most lenses, the focal length of the magnetic lens f

can be estimated using

KV
f=7 (26)
where V is the accelerating voltage and K is a constant, based on the number of turns in the
coil and the geometry of the coil and I is a current put through the coil [95]. Changing the
magnitude of the accelerating voltage will alter the focal lengh of the lens; therefore, for each
kV setting, the strength of the current is adjusted automatically in order to achieve the
required diameter of the electron beam. Irregularities in the internal geometries of the
magnetic lens, fluctuations in coil current, as well as fluctuation in the voltage supply can all
influence the consistency of the performace of the lens, thus affecting the size and stability of

the electron beam and, ultimately, the imaging quality of the X-ray system.
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2.3.4 Interactions of the electron beam with target material

As the high speed electron beam passes through the magnetic lens, it strikes the target
material, where the electrons undergo a number of possible elastic and inelastic interactions
or scattering events [89]. Elastic scattering occurs when the kinetic energy of the incident
electron is preserved whilst its direction of travel is modified; in elastic scattering no energy
from the beam is transferred to the material. The result of elastic scattering is the generation
of backscattered electrons. Inelastic scattering occurs when the incident electron loses its
energy through the interactions with the electrons in the atoms of the material. Inelastic

scattering can take several forms:

- Secondary electrons

- Auger electrons

- Continuous X-ray spectrum, bremsstrahlung
- Characteristic X-rays

- Heat

- Cathodoluminescence'?

The area where the electron beam hits the surface of the target is called the focal spot [91].
Interactions of the electron beam with the target, however, happen within a certain volume
of the target material, known as the interaction volume. The size and shape of the
interaction volume depends on the following parameters: the atomic number or density of
the material, the accelerating voltage, the magnitude of the beam current and the angle of
incidence. The shape of the interaction volume resembles a teardrop for materials with lower
atomic number Z (such as molybdenum with Z = 42) and a hemisphere for materials with
higher Z (such as tungsten with Z = 74) (figure 2.9) [96]. Some scattering events can
originate only within certain depths of the interaction volume; this depth depends on the
energy that is required to produce a given effect. Other scattering events originate
throughout the volume but can escape the target and be detected only if produced near the
surface. Figure 2.10 shows a schematic depth profile for different scattering events within

tungsten target for an incident electron beam with energy of around 100 keV [89].

13 Cathodoluminescence is the emission of visible light by the target material when it is bombarded by
fast moving electrons. This effect occurs in semiconductor materials and is not applicable to a
tungsten target [90].
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Figure 2.9 Schematic representation of the shape of the interaction volume, and its dependence on
the electron beam energy E, and the atomic number Z of the target material.
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Figure 2.10 Schematic representation of the depth profile for different scattering events within
tungsten target for an incident electron beam with energy of around 100 keV [89].

As the electron beam traverses the target material, it loses its energy through various

interactions until it comes to a stop. For an electron that is incident perpendicular to the

target, the depth of electron penetration x is approximated by an empirical expression
0.1V3>

x , 27)
p

where x is in pm, V, is the accelerating voltage in kV, and p is the material density in gcm®
[97]. For example, if an electron is accelerated through V; = 100 kV and strikes tungsten
material of p = 18.82 gcm?, then its penetration depth will be around x = 5.31 um. A single

electron can undergo a number of scattering events before coming to rest. A theoretical
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expression for the range r of the electron, i.e. the straight line distance between the point of
incidence and the final destination is
2.76 x 10724V}-67

r= pZO.89 ' (28)

Here, r is in um, A is average atomic weight in gmole”, V, is the accelerating voltage in kV,
and p is the material density in gcm™ and Z is the atomic number [98]. For example, if an
electron is accelerated through V, = 100 kV and strikes tungsten material of p = 18.82 gcm?,

A =183.84 gmole! and Z = 74 then its range is around r = 12.80 pm.

Backscattered electrons

Backscattered electrons are those electrons in the beam which are scattered at angles above
90° with respect to the direction of motion due to their interactions with the atomic nuclei of
the target material. The energy of the backscattered electron depends on its original energy
and the number of scattering interactions it undergoes before escaping the material. The
majority of backscattered electrons will have energies only slightly lower than those of
primary electrons; however, since some primary electrons can undergo initial inelastic
scattering before being finally backscattered, their energies can be as low as 50eV. The
fraction of the backscattered electrons strongly depends on the atomic number Z of the target

material, and can be approximated by the backscattering coefficient n,, where

Ry = Mipzo [1 + aln (f—g)] . (29)

Here,

a=-0.11128 +3.0289 x 1073Z — 1.5498 x 107522, (30)

Npro = —5.23791 x 1073 + 1.5048371 x 1072Z — 1.67373 x 107*Z? + 7.16

x 107773 (1)

and

Z = W]_Zl + WzZz + W3Z3 ey (32)

where, w; and Z; are the weight fraction and the atomic number of element i of the target

material, respectively and E, is the electron impact energy in keV [99]. Increasing the tilt
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angle ¢'* between the incoming electron beam and the target material increases the
backscattering coefficient, with a larger portion of the electrons ‘backscattered’ in the
forward direction [100]. The relationship of the backscatter and the tilt angle can be

approximated using an empirical formula
_9
ny(Z,¢) = (1 + cos(¢)) V%, (33)

where Z is the atomic number of the target material and ¢ is the tilt angle [89], [100]. This

phenomenon is demonstrated in figure 2.11.

No tilt, ¢, Small tilt, ¢, Large tilt, ¢

Figure 2.11 Schematic representation of the electron beam striking the target material at different
tilt angles, ¢;. Increasing the tilt angle changes the radial distribution of the backscattered
electrons (marked with dotted lines), where a larger number of these electrons are ‘backscattered’
in the forward direction.

Formulae (29) to (33) were used to evaluate the backscattering coefficient for tungsten target
with different incident electron energies and different tilt angles. Figure 2.12 demonstrates
that for the electron beam with energies ranging from 75keV to 225keV at normal
incidence, the increase in backscattering coefficient amounts to only around 3 %. On the
other hand, due to the cosine relationship in formula (33), as the tilt angle deviates from the
normal by more than about 20°, the backscattering coefficient increases significantly from
around 0.5 to unity (figure 2.13). This increase in backscatter reduces the overall number of
electrons useful for generating X-rays; therefore, the magnitude of the tilt angle is one of the
main factors that needs to be considered in the design of X-ray tubes [89]. In addition, due to
their high energy, backscattered electrons can serve as the source of unwanted ‘secondary

focal spot’ phenomenon (discussed in more detail in section 4).

4 The tilt angle ¢ is defined as the angle between the incident electron beam and the normal to the
surface of the target.
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Figure 2.12 Backscattering coefficient at Figure 2.13 Backscattering coefficient for
different electron beam energies for tungsten tungsten target at different angles of
target. incidence of the electron beam.

Secondary electrons

Secondary electrons are produced when a primary electron from the beam excites a weakly
bound electron from the outer-shell in the target material and loses some of its energy in the
process. The excited electron moves towards the surface of the target, whilst undergoing
elastic and inelastic scattering. It can then escape the target material, providing its energy is
higher that the surface work function energy. The mean free path of a secondary electron in
many metals is about 1 nm. Therefore, even though these electrons are produced throughout
the interaction volume, only those that originate within 1 nm from the target surface can
escape the target. Secondary electrons can have energy of up to 50 eV, although 90 % of
them are below 10 eV [101].

Auger electrons

When a fast moving electron from the electron beam removes an inner shell electron in an
atom of the target material, a vacancy is created. This vacancy is quickly filled with an
electron from a higher shell, releasing energy. The released energy can either produce a
characteristic X-ray photon or be transferred to another electron in the same shell or one of
the outer shells of the atom, emitting an Auger electron. The kinetic energy of the Auger

electron Ey;p, 1S

Exin = E4 — Ep — E¢, (34)
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where E,, Eg and E. are the inner level, first outer shell and second outer shell electron
energies, respectively. For example, if an incoming electron removes an electron from the
K-shell, then the vacancy is filled with the L-shell electron and the released energy is
transferred to another L-shell electron, the notation for this process is called a KLL
transition. Relative probabilities of X-ray and Auger electron emissions depend on the
atomic number Z of the target material, as illustrated in figure 2.14. For materials with low
atomic number, when energy is released by filling in the electron vacancies in the K and L
shells of an atom, only a few characteristic X-rays are emitted; in the vast majority of
interactions this energy is transferred to produce Auger electrons. On the other hand, for
materials with a high atomic number, the probability of characteristic X-ray emission due to
the K-shell electron vacancy is close to unity. In high Z number materials, Auger electrons

are mainly produced due to electron vacancies in higher electron shells.

Auger yield
PPRIA ABa-Y

Atomic number, Z

Figure 2.14 Relative probabilities of X-ray and Auger effects. K,, L,, M, are the characteristic
X-rays produced when an electron vacancy is filled in the K, L and M shells, respectively. KLL,
LMM and MNN are possible transitions for Auger electrons (adapted from [102]).

Continuous X-ray spectrum — bremsstrahlung

As the high energy electron beam enters the target material, some electrons are decelerated
or stopped completely by the strong electromagnetic field of atomic nuclei of the material.
The decelerating electrons lose their kinetic energy, thus producing X-ray photons. All
degrees of electron deceleration are possible; therefore, the resulting X-rays have a
continuous range of energies making the X-ray beam to be polychromatic in nature. When
the entire energy of the incident electron is transformed into a single X-ray photon, this
photon has maximum possible energy E,,,, equivalent to the accelerating tube voltage V.
The minimum wave length of an X-ray A,,;, can then be calculated by rearranging equation

(20) to give
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1.24
Amin = . (35)

Emax

Here, A,,ip 1s in nm and E,,,,, in keV; this is known as the Duane—Hunt law. The continuous
energy spectrum is called bremsstrahlung (a German term meaning “breaking radiation”).
The bremsstrahlung intensity' I at photon energy E can be approximated by Kramers’

equation,

Here, I is in JMeV™, C is a constant in JMeV?mA's’, i}, is the electron beam current in
mA, t is the exposure time in s, Z is the atomic number of the target material and Ej is the
electron beam energy in MeV [103], [104]. This equation gives a straight line and represents
theoretical unfiltered bremsstrahlung spectrum. In reality, the unfiltered spectrum is
modified/filtered through the absorption of some of the photons by the target, the walls and
aluminium or beryllium aperture of the X-ray tube. The modification of the spectrum is
predominantly in the low energy region, high energy X-ray photons distribution remains

largely unaffected (figure 2.15).

Bremsstrahlung with
.. no filtration

Characteristic radiation

4

Filtered bremsstrahlung

Relative intensity per unit energy, JMeV-!

0.05 0.1 0.125 0.15

[=]

Photon energy, MeV

Figure 2.15 Schematic representation of unfiltered and filtered bremsstrahlung spectra as a
function of photon energy, with superimposed characteristic emission lines. When the values of
the i;, and t are kept constant, the change in V shifts the spectrum in parallels along the axis,
without changing its slope.

15 The intensity of an X-ray beam is defined as the number of X-ray photons in the beam multiplied by
the energy of each photon [91].
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The total bremsstrahlung intensity I;,+,; can be approximated by integrating equation (36)

over E, giving

Liotas = C'iptZEZ = C'iytZV?2. 37

This equation demonstrates that for a given atomic number Z, a fixed tube current and
exposure time, the amount of radiation produced is proportional to the square of the
accelerating tube voltage V. This relationship is valid for unfiltered bremsstrahlung X-ray
spectrum; the inherent and added filtration can introduce a different power exponent for V
[103]; on the other hand, when the accelerating voltage is fixed, the I;,+4; increases
proportionally to the tube current and the exposure time. The conversion efficiency from

kinetic electron energy to bremsstrahlung energy can be described by

n=kZVv. (38)

where k is a material constant found by Kramers theoretically to be equal to 9.7x107 kV*,
and the acceleration voltage I/ is given in kV [92]. It is clear that the process of generating
bremsstrahlung is extremely inefficient, for example, if an incident electron beam accelerated
through the voltage of 225 kV hits tungsten target, only 1.5 % of all electron energy is

converted into bremsstrahlung.

Characteristic X-rays

Another mechanism for generating X-rays is known as characteristic radiation. When a fast
moving electron from the electron beam removes an inner shell electron in an atom of the
target material, a vacancy is created. This vacancy is quickly filled with an electron from a
higher shell, emitting a characteristic X-ray photon. The energy of the characteristic X-ray is

the difference between the electron binding energy of the respective shells:

Echaracteristic X-ray = Evacant shell — Etransition shell - (39)

It is clear that in order to generate a characteristic X-ray, the incident electron needs to have
enough energy to overcome the binding energy of the inner shell electron. Since different
elements have their own unique electron binding energies, the wavelength of characteristic
X-rays is representative of the atoms that are being ionised. If the X-ray photon is the result
of the vacancy in the K-shell, it is called K, or Kg characteristic X-rays, depending on
whether the vacancy was filled by an electron from the adjacent L-shell (for K, ) or by an

electron from the M-shell (for Kg). (Similar description is applied to characteristic X-rays
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from other shells; for example, if a vacancy in the L-shell is filled by an electron from the
M-shell, the X-ray photon is called L, ). Figure 2.16 demonstrates the production of K, and

Kpg characteristic X-rays in tungsten.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, co
0.24
0.59 N
1.81
2.82 M
10.21
11.54
12.10 L
Kex = 59.32 keV
Koo = 57.98 keV
Kg, = 67.24 keV
Kg, = 69.09 keV
Kﬁl KBZ
Kal Kﬂz
69.53 LA K
(keV)

Figure 2.16 Schematic representation of the production of a number of K, and Ky characteristic
X-rays in tungsten (adapted from [105]).

The total X-ray spectrum produced by an incident electron beam is the combination of the
bremsstrahlung radiation with superimposed lines from characteristic radiation (figure 2.15).
In addition to the bremsstrahlung and characteristic radiation produced by the primary
electrons, some of the X-rays are re-absorbed by the target material, producing secondary

bremsstrahlung and characteristic radiation of lower energies.

Heat

When an incident electron beam hits the target material, the primary electrons undergo a
cascade of elastic and inelastic collisions generating heat, thus significantly increasing the
target temperature. The maximum increase in temperature for a material can be

approximated by

_ 4.8Eyi,

=y 40

Here, E, is the energy of the electron beam in keV, i}, is the beam current in pA, C; is the

thermal conductivity of the target material in Wem K™ and d,, is the diameter of the electron
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beam in um [106]. This equation demonstrates that for a given target material, electron beam
energy and beam current, there is a limit to how small the beam diameter can be without
damaging the target. For example, if an electron beam with E, = 100 keV, i,= 100 pA and
dy = 10 um, hits tungsten target with C; = 1.74 Wcem'K', the target will experience
temperature increase of around 2760 K; increasing i;, to 140 uA will bring the target to the
temperature just below its melting point of 3695 K. To avoid burning the target, many X-ray
tubes automatically increase the diameter of the electron beam (‘defocus the beam’) in
response to operator’s requested voltage and current settings. In addition, most modern

X-ray tubes are equipped with target cooling systems to dissipate the heat more effectively.

2.3.5 Interaction of X-rays with matter

There are four basic ways the way X-rays interact with matter: photoelectric effect, Compton

scattering, Rayleigh scattering and pair production.

Photoelectric effect

Photoelectric effect describes a mechanism by which an incident X-ray photon with energy
greater than the binding energy of an inner-shell electron interacts with such electron,
ejecting it from its orbit. The ejected electron is called a photoelectron. As the photoelectron
is ejected from its shell, a cascade of electron transitions occur, resulting in the production of
characteristic X-rays, as described in section 2.3.4. During this process the incident X-ray

photon gives off its entire energy. The photoelectron acquires kinetic energy E,., equal to

the difference between its binding energy E}, and the energy of the incident X-ray E,:

Epe = Eo — Ej. 1)

It has been demonstrated experimentally that the probability p of the photoelectric effect

follows the following rule of thumb,

po = 42)

where Z is the atomic number of the target material [1]. According to equation (42), the
probability of the photoelectric effect decreases with increasing energy; however, for all
elements, this decreasing trend is interrupted by a sharp rise, called the absorption edge. The

absorption edge occurs when the energy of the incident X-ray photon E|, is only just above
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the binding energy E;, of a particular subshell for a given element. This effect is

demonstrated in figure 2.17.
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Figure 2.17 Mass attenuation coefficient for tungsten (W) with Z = 74 and iron (Fe) with Z = 26
as a function of X-ray photon energy. For tungsten its K-absorption edge is at 69.53 keV,
L-absorption edge is at 12.11 keV and M-absorption edge is at 2.27 keV; for iron its K-absorption
edge is at 7.11 keV. The appearance of absorption edges is due to the increased probability of
photoelectric effect, when the energy of the incident X-ray just exceeds the binding energy of the
inner shell electrons. Graphs produced using data from NIST website [107]. (Mass attenuation
coefficient is explained in section 2.3.6)

In addition, according to equation (42) the probability of the photoelectric effect increases

for elements with higher Z. The product of the photoelectric effect is a photoelectron,

characteristic X-ray photon and a positive ion.

Compton scattering

Another form of X-ray interaction with matter is known as Compton scattering. Here, a high
energy X-ray photon of energy E,, strikes an outer shell free'® electron, ejecting it from its
orbit. The photon is deflected in a new direction, losing some of its energy, and continuing
its travel with energy E'. The energy of the incident X-ray photon E, is equal to the sum of
the energy of the scattered X-ray photon E’ and the kinetic energy of the ejected electron E,_
(figure 2.18). The relationship between the fractional energy loss and the scattering angle 8 is

given by Klein-Nishina equation

16 A free electron, is an electron with binding energy significantly less than the energy of the incident
X-ray photon. For X-ray photons with energies in the range from 50 keV to 450 keV only the outer
shell electrons are considered free for elements with high atomic number Z [91].
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E’' _ 1 4
E, 1+ a(l—cos(8)’ (43)

where a = E,/(m, c?), and m, c? is the rest mass of the electron equal to 511 keV [108].

This formula shows that the final energy E’ of the scattered X-ray photon depends on its

initial energy E, and the scattering angle 6.

Atom

Compton electron, E,_

AP
\

Incident photon, E, %\ | 8
/

Scattered photon, E’

Figure 2.18 Schematic representation of Compton scattering.

The amount of energy retained by an X-ray photon after it undergoes Compton scattering is

presented in table 2.1.

Table 2.1 The dependence of Compton scattered X-ray photons energy on their initial energy and
different scattering angles. Energies calculated using formula Klein-Nishina equation.

E, (keV) E' (keV)
0 =30° 0 = 60° 0 = 90° 0 = 180°
50 49.4 47.7 455 41.8
75 73.6 69.9 65.4 58.0
100 97.5 91.1 83.6 71.9
150 144.3 130.8 116.0 94.5
200 190.0 167.3 143.7 112.2
225 212.5 184.4 156.2 119.6
450 402.5 312.4 239.3 163.0

Table 2.1 demonstrates that for X-ray photon energies of up to 450 keV (a typical range of

energies for industrial XCT systems), X-ray photons which are scattered at small angles
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retain most of their original energy. These scattered photons represent a problem for XCT
imaging, as they can easily reach the detector, contributing to image noise and degrading the

image quality.

Compton scattering depends on the probability of an incident X-ray photon interacting with
a free electron, which can be estimated by the number of electrons per cm?, the product of
material density and the number of electrons per gram. Since the number of electrons per
gram decreases only slightly with increasing atomic number Z, it can be said that the
probability of Compton scattering per unit volume is approximately proportional to the
material density, and the probability per unit mass is practically independent of material
atomic number Z [1], [109]. In the commercial energy range, Compton scatter is practically

independent of the incident X-ray photon energy.

Rayleigh scattering

Rayleigh scattering occurs when an incident X-ray photon of a given frequency 4, causes all
of the electrons in the scattering atom to oscillate in phase. The electron cloud, in turn,
immediately radiates this energy, emitting a photon of the same frequency A but in a slightly
different direction. Unlike with photoelectric effect and Compton scattering, no electrons are
ejected during Rayleigh scattering; therefore no ionisation takes place. In the commercial
energy range photoelectric effect and Compton scatter are two dominant mechanisms by
which X-rays interact with matter. Rayleigh scattering is typically small but not negligible
[36].

Pair production

During pair production, the incident X-ray photon interacts with the atomic nucleus
producing an electron-positron pair. This process can only take place for energies above

1.02 MeV, and therefore is not applicable for most commercial XCT systems.

2.3.6  Attenuation of X-rays

Attenuation is defined as the removal of X-rays from the X-ray beam either by absorption or

scattering events described in the previous section, as the beam traverses matter [1].
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Linear attenuation coefficient

Say, a monoenergetic X-ray beam of N;, number of photons is incident upon a piece of
material of incremental thickness dx, with a probability of interaction y, then the reduction

of photons from the beam dN is given by
dN = —uNdx. (44)
where dN = N,,;; — N;,, and N,,; is the expected number of photons that pass through the

material; u is also called a linear attenuation coefficient with units cm’. Rearranging

equation (44) and integrating across the entire thickness of the piece of material t gives,

th t
—=ujdx. (45)
o N 0

Then

In(N(t)) — In(N(0)) = —pux. (46)

Since N(t) = N,y and N(0) = N;,, equation (46) becomes

In(Noye) = In(Nin) = —px. (47)

Applying the exponential function to each side and rearranging gives

Nout = Nine_ux- (48)

Equation (48) is known as the Beer-Lambert law; it shows that if a monoenergetic X-ray
beam passes through a uniform material of thickness x with linear attenuation coefficient u,
there is an exponential relationship between the number of incident photons N;, and the

number of transmitted photons N,,; [110].

Attenuation of X-rays is the result of different types of interactions, therefore, the linear
attenuation coefficient u is the sum of individual linear attenuation coefficients for each type

of interaction, i.e.

u=t+o+o,+vy, 49)

where T, 0, g, and y are linear attenuation coefficients for photoelectric effect, Compton

scattering, Ryleigh scattering and pair production, respectively.
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Mass attenuation coefficient

The linear attenuation coefficient u depends linearly on the density of material p. In order to
define the attenuation of materials independently of their physical state, the linear

attenuation coefficient is normalised by the material density. This is known as the mass
attenuation coefficient ¥ / p Wwith units of cm’g’. Just as with the linear attenuation

coefficient, the total mass attenuation coefficient is the sum of individual mass attenuation
coefficients:
T

F_T,
p P

Or

+ 2. L (50)
p P

o
p
The contributions of the four attenuation processes to the total attenuation of X-ray in
matter depends on the incident X-ray photon energy E,, material atomic number Z and
material density p and is summarised below in table 2.2. As an example, figure 2.19

demonstrates how different attenuation processes contribute to the overall attenuation in

lead (PDb).

Table 2.2 Attenuation coefficients dependencies [108].

Attenuation  Energy, E, Atomic Density, p
coefficient number, Z
T/ P 1/ E3 z* -
T 1 /E 3 VA p
o independent* independent*® o)
Ir 1/ E12 ) p

*independent in the region of the X-ray energies used in commercial XCT
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Figure 2.19 Distribution of different types of attenuation effects for lead (Pb), as a function
incident X-ray photon energy. Here, pair production dominated for energies above 10 MeV,
Compton scattering is dominant at around 1 MeV and photoelectric effect at energies used in
commercial XCT systems. Adapted from [92].

Beam-hardening

In commercial XCT systems the X-ray beam is polychromatic in nature, i.e. it contains a
spectrum of energies up to the maximum energy, determined by the accelerating tube
voltage. For most materials, as the polychromatic X-ray beam passes through material, low
energy X-rays are preferentially removed, resulting in the shift of the spectrum to higher
effective energies. This increase in the effective energy of the beam as it traverses matter is
called beam-hardening. The effective energy of a polychromatic X-ray beam is defined as the
energy of the monochromatic beam that is attenuated at the same rate as the polychromatic
beam in question [104]. The Beer-Lambert law for a polychromatic X-ray beam with

inhomogeneous material becomes

Noye = JENin(E)eftu(x'E)dxdE ’ (51)

where N,,; is the total number of transmitted X-ray photons, N;,(F) is the number of
incident X-ray photons of different energies and u(x, E) is the linear attenuation coefficient
of the material at different energies. The effects of beam-hardening on the reconstructed

images are discussed in section 2.4.8)
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2.4  Background to X-ray computed tomography

A brief introduction to the basic principles of XCT and XCT system’s main constituent parts

are presented in this section.

2.4.1 Basic principles of XCT

X-ray computed tomography is a non-destructive X-ray imaging technique, which allows the
visualisation of the external and internal structures of a solid object, as well as to obtain
qualitative and quantitative information about an object’s properties and 3-D geometries. A
commercial XCT system comprises several main parts: the X-ray tube (often called the X-ray
gun), the mechanical system with a rotary table, the detector and data processing computer.
XCT systems are frequently called CT scanners; in this thesis these terms are used
interchangeably. Basic principles of XCT are as follows: the X-rays leave the X-ray tube and
impinge on an object, as it is rotated on the rotation stage'’. The X-rays propagate through
the object and are attenuated due to the absorption and scattering events. X-rays that are
transmitted through the object, interact with the detector and form 2-D grey images of the
object from multiple orientations. A 2-D grey image is a quantitative map of the linear
attenuation coefficient, u, at each point in the plane [36]. The collection of images of the
object from different orientations is called an ‘image stack’. The process of acquiring a
complete image stack is known as a CT scan of the object. A subsequent mathematical
reconstruction of the image stack allows the construction of a 3-D model of the object,
which can undergo further measurement tasks. A schematic representation of the XCT

process in an industrial cone-beam XCT system is shown in figure 2.20.

Detector Image stack Reconstructed 3-D mode

» ©

X-ray source

Figure 2.20 Schematic representation of the XCT process in an industrial cone-beam XCT system.

'7 In medical XCT systems, the object, i.e. the patient, remains stationary and the X-ray tube and the
detector rotate around the patient (see section 2.4.2).
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2.4.2  Scanning configurations

Since their introduction to the medical field in 1971, XCT systems have undergone a

number of design changes and are often divided into ‘generations’ [2]:

- First generation XCT systems employed a pencil-like X-ray beam with a single detector,

where the beam and the detector had a ‘translate-rotate’ motion,;

- Second generation systems employed a narrow fan-like X-ray beam (‘fan-beam’) with a
detector array of up to 30 detectors. The motion of the X-ray beam and the detector was the

same as with the first generation but in larger steps.

- In third generation systems the span of the X-ray fan-beam was increased to cover the
entire object to be imaged. The detector array was arranged in an arc with up to 288
detectors, with detector centre aligned with the centre of the X-ray beam. With such system
design, the X-ray tube and the detector were continuously rotating around the object during

the scan, eliminating the need for translatory motion.

- Fourth generation scanners also employed the X-ray fan-beam but the detector array was
arranged in a ring-like manner, completely surrounding the object to be imaged, with only

the X-ray tube rotating during the scan.

In the 1990s, third generation CT scanners with multi-row detector systems were introduced
to the market. These systems became the most popular in the medical field to date, and are
known as ‘standard scanner configuration’ systems. A number of new XCT technologies
adapted to third and fourth generation scanners have subsequently been developed, e.g.
cone-beam CT scanners with flat-panel detectors, dual-source CT scanner, dual-energy CT
scanner and spiral CT [2]. Fan-beam XCT systems were the first to be used in material
analysis and non-destructive testing (NDT). At present, most industrial XCT systems

employ a cone-beam'® X-ray source configuration (figure 2.20) [5].

2.4.3 X-ray tube

Types of cathodes and anodes

The basic principles of X-ray production inside the X-ray tubes are discussed in the previous
chapter. The exact design of an X-ray tube and its constituent parts may vary, depending on

their application. For example, in most X-ray tubes for medical diagnostic imaging, the

18 A cone-beam X-ray source, as its name suggests, is a cone-shaped X-ray beam, which allows to
obtain 2-D images of an object (figure 2.19).
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filament is a tungsten wire tightly wound in a helix of several mm in length. Some cathodes
hold two filaments of different length: the short filament is 0.1 mm to 1 mm long, for
generating tube current of below 300 mA and the long filament is 0.3 mm to 2 mm long, for
generating tube current of up to 7 000 mA [1]. Such tubes can generate focal spots of up to
several mm in size. On the other hand, micro-focus XCT systems use a v-shape tungsten
wire filament, generating focal spots from 3 um to 1 mm in size. Most XCT systems, which

are used in the field of dimensional metrology, are micro-focus XCT systems.

There are a number of different targets that are used in modern X-ray tubes. Targets can be
stationary or rotating. A rotating target has a shape of a disk, which can be rotated at a speed
of up to 10 000 revolutions per minute; it is the most widely used target in diagnostic XCT
systems, due to its greater heat capacity and higher X-ray intensity output [1]. Stationary
targets can be solid-metal or liquid-metal jet. Depending on their application, solid metal
targets are made of tungsten (Z = 74), tungsten—rhenium (Z = 75) alloy, rhodium (Z = 45),
molybdenum (Z = 42), etc. In order to avoid solid-metal target damage, the temperature of
the surface of the target must be kept below its melting point; therefore, X-ray tubes with
solid-metal targets operate at comparatively low powers. In liquid-metal jet targets, solid
metal is replaced by a liquid metal anode, increasing the maximum operating tube power,
since the need for operating the tube at temperatures below the melting point is removed
[89].

Solid-metal targets can be of transmission and reflection type. In transmission targets, the
incident electron beam impinges on a thin layer of metal (mainly tungsten) of 1 um to 10 um
thickness, emitting X-rays through the target in the same direction as the electron beam. The
main advantages of the transmission target are that it allows 1) generation of a small round
focal spot of below 1 um and 2) production of images at very high magnifications, since the
object to be imaged can be placed within 0.5 mm from the X-ray source. However, due to
the target being only a thin sheet of metal, transmission X-ray tubes are limited in their
operating power. In reflection targets, the electron beam is incident on a thick metal target,
generating the X-ray beam, which is reflected ‘away’ from the target. The angle of reflection
depends on the target geometry and the angle between the electron beam and the target.
Reflection targets are more widely used, since they can withstand higher power electron
beams before the target overheats and is damaged. Unfortunately, due to the reflection target
design, it is not possible to place the object to be imaged closer than approximately 5.5 mm
from the X-ray source, thus minimising the magnifying capabilities of the XCT system. Most
modern XCT systems with stationary targets employ a variety of cooling mechanisms to

dissipate the heat generated during production of X-rays.

55



Chapter 2

Filtration

As mentioned previously, filtration is the removal of X-rays as the beam passes through
material. Filtration includes the inherent filtration of the X-ray tube and added filtration.
The inherent filtration is due to the geometry of the target, the internal tube design and the
type of the aperture window where X-ray emerge. For many X-ray tubes this aperture
window is made of a thin sheet of beryllium (Z = 4), to allow the transmission of low energy
X-rays. Another material often used as an aperture window is aluminium (Z = 13), which
attenuates practically all X-ray below about 15 keV [1]. Added filtration refers to sheets of
metal such as aluminium, copper, lead, etc., placed in the path of the X-ray beam near the
aperture window. The purpose of these filters is to absorb lower energy X-ray photons, thus
increasing the penetrability of the X-ray beam by shifting its effective energy to higher values
(figure 2.21). Thin sheets of metal can also be placed between the object and the detector,
with the purpose of filtering out soft scattered radiation, thus improving the image quality.

Lead, copper and steel are some of the suitable filtering materials.
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Figure 2.21 A computer simulation of the spectra for tungsten anode with maximum X-ray
photon energy set to 100 keV when using different filter thickness. Spectra were simulated 1)
using inherent 0.5 mm Al filtration (blue), 2) with the additional 1 mm Al filter (green) and 3)
additional 5 mm Al filter (red). The effective energies of the X-ray beam simulated with 0.5 mm,
1.5mm and 5.5mm Al filters were calculated to be around 34 keV, 41keV and 51 keV,
respectively.'’

Y X.ray spectra were simulated using a Matlab code developed by Rong Su (University of
Nottingham). The effective energies were calculated using SpekCalc software [150].
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Line focus principle

The need for a larger focal spot to allow greater heat loading on one hand, and a smaller
focal spot to produce sharper images on the other, is addressed by the line focus principle.
The line focus principle is the ‘conversion’ of the actual focal spot into the effective focal
spot (figure 2.22). The actual focal spot is the area on the target that is struck by the electron
beam, the size of which is determined by the geometry of the filament, the X-ray tube
voltage and current settings, the Wehnelt cylinder and the magnetic lens. The projected focal
spot is referred to as the effective focal spot. Geometrically, the size of the actual focal spot

and the effective focal spot are related by

Effective focal spot length = Actual focal spot length X sin(8), (52)

where sin(6) is the anode angle, which differs for different X-ray tube designs.

Target Actual focal spot size

]
]
: T—;* Effective focal spot size
]

Figure 2.22 Schematic representation of the line focus principle.

Heel effect

As the electron beam strikes the target and X-rays are produced, some X-rays have to travel
further through the target before escaping to the surface. The result is that the intensity of the
X-ray beam is not uniform throughout the beam diameter: it has higher intensity on the
‘cathode side’ and lower intensity on the ‘target side’ of the beam (figure 2.23) [1]. This is
known as the heel effect. The exact characteristics of the heel effect are the property of a
particular X-ray tube design, i.e. the angle between the incident electron beam and the target

and the geometry of the target.
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Figure 2.23 Schematic representation of the heel effect. The intensity of the X-ray beam is higher
on the ‘cathode side’ and lower on the ‘target side’ of the beam.

Off-focal radiation

Off-focal radiation is produced inside the X-ray tube, when high energy electrons interact
with metal surfaces other than the focal track of the target, e.g. other areas of the target, the
tube housing and aluminium or beryllium aperture [91]. Most of these interactions are due
to backscattered electrons introduced in section 2.3.4. Off-focal radiation causes geometric
blurring in the image, reduces image contrast and increases random noise [1]. The exact
distribution of off-focal radiation depends on the number and the direction of motion of
backscattered electrons, distance from target to the tube housing, the exact geometry and
material of the housing, as well as the overall tube design. In some X-ray tubes the off-focal
radiation that reaches the detector constitutes more than 10 % of the total signal, which is
not insignificant for an XCT system’s performance [89], [111]. There are a number of
methods to minimise the effects of off-focal radiation which depend on the design and
application of the X-ray tube. For example, some tubes have housing made of low Z metals,
therefore when backscattered electrons strike the housing, only low energy X-rays are
produced [91]. These X-rays do not have enough energy to reach the detector and do not
interfere with the process of image acquisition. In other X-ray tube designs, a small lead
collimator aperture® is placed near the tube aperture window; this helps to intercept X-rays
which produced away from the focal spot [1]. Some have applied software methods for
correcting the off-focal radiation effects [89], [111]. The subject of off-focal radiation is

discussed further in chapter 4.

2 Collimator is a device which helps to adjust the shape and size of the X-ray beam emerging from
the X-ray tube [1].
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2.4.4  Detector types

The purpose of the detector is to measure the transmission of X-rays through the object
along different ray paths by transforming the incident X-ray intensity into an electrical
signal, which is amplified and converted into a digital form [40]. Most modern industrial
XCT systems employ the use of either flat panel digital X-ray detectors, consisting of 2D
arrays of individual detector elements (pixels), or straight or curved line digital X-ray
detectors, consisting of a 1D array of pixels [61]. The flat panel digital detectors can be of
two types: direct-conversion detectors and indirect-conversion detectors for converting
X-rays into an electric charge (figure 2.24). In both detector types thin-film transistor (TFT)
arrays are used as active electronic elements. TFT arrays are typically deposited onto a glass
substrate, starting with the readout electronics at the lowest level, followed by electric charge
collector arrays, then X-ray absorption materials (depending on detector type) are deposited
to form the top layer of the TFT arrays. The whole assembly is fitted with protective
enclosure and connected to the computer [112]. TFT arrays are divided into individual
pixels, each having a charge collection electrode, capacitor for storing electric charges and a

switching transistor for readout process.

Indirect Direct

| e

CslI scintillator

Conversion process

a-Se X-ray

Visible light photons

vvy

photoconductor

Conversion to a-Si photodiode

electric charge Electric charge Electric charge
Readout layer TFT array TFT array
Analog-digital ¢ l
conversion Digital signal

Figure 2.24 Schematic representation of direct-conversion and indirect-conversion digital flat
panel detectors. The operation of both detector types is discussed in the text.

Direct-conversion detectors use amorphous selenium-coated TFT array to capture and
convert X-rays directly into electric charge. Incident X-rays generate electron-hole pairs in
the selenium layer proportional to the X-ray intensity. The electrons or holes in each pixel
drift towards an electrode, under a bias voltage applied across the detector structure, and are

temporarily stored in a capacitor. During the readout process, the charge in each pixel is
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amplified, converted to a proportional voltage, the voltage level is then digitised, resulting in
a grey value for each pixel in a TFT matrix [1]. Indirect-conversion detectors use a two-step
process for X-ray detection. During the first step, the incident X-rays are captured by a
scintillator such as cesium iodide (Csl), often doped with thallium (TI), or gadolinium
oxysulfide (GOS), converting them into visible light photons. (The visible light is
proportional to the X-ray intensity). CsI is often a preferred scintillator material for two
reasons. Firstly, CsI has a needle-like crystal structure, compared to GOS with a grain-like
crystal structure. The needle-like structure allows light photons to be channelled directly to
the photodiode layer, thus reducing the spread of light in the phosphor layer and improving
spatial resolution. Secondly, a large proportion of a grain-like scintillator comprises binding
material, which reduces phosphor packing density, making it less efficient in absorbing
X-rays [113]. During the second step, the light photons are detected and converted into
electric charge by an array of amorphous silicon (a-Si) thin-film diodes (TFDs), often called
photodiodes. As with the direct-conversion detector, within each pixel the electric charge is
captured and stored in a capacitor, then amplified, digitised and transferred to the computer
during the readout process using the TFT arrays. (Some systems use charge-coupled devices

(CCDs) as an alternative light collection array and readout method [112]).

Direct-conversion digital detectors have superior spatial resolution capability compared to
indirect-conversion digital detectors, due to the absence of the scintillator layer and the
spreading of light within it. However, because of the relatively low atomic number of a-Se
(Z = 34), its absorption efficiency at higher X-ray energies is low; therefore, most industrial
XCT systems employ indirect-conversion digital detectors [114]. At present, standard
commercial 2D detectors are available for energy ranges from 20 kV to 15 MV. Typical pixel
sizes are 150 um, 200 um, 250 um or 400 um, with detector matrix comprising 1024 x 1024
pixels, 2048 x 2048 pixels, 2880 x 2880 pixels or 4096 x 4096 pixels [115]. For inspection of
objects made from high density materials, such as metal alloy turbine blades and casted
parts, 2D flat panel detectors are often replaced by 1D line detectors with indirect-conversion

technology. (X-ray fan-beam geometry is used with 1D line detectors).

2.4.5 Mechanical system

As mentioned previously, in industrial XCT systems the X-ray tube and the detector usually
have a fixed position, whilst the object is rotated on the rotation stage between the X-ray
tube and the detector (with or without vertical translational motion for a 1D detector or a
2D detector, respectively). The mechanical part of the XCT system usually consists of the
following (figure 2.25):
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- the rotation stage, for a stepwise or continuous rotation of the object during image
acquisition;

- a horizontal translation axis for moving the rotation stage between the X-ray source and
the detector for adjusting the object’s magnification (often referred to as z-axis or
magnification-axis);

- horizontal and vertical translation axes (referred to as x-axis and y-axis), for flexible

positioning of the object on the rotation stage within the system’s scanning volume.

X-RAY SOURCE

Figure 2.25 Schematic representation of a typical mechanical system in industrial XCT system.

Precision, repeatability and stability of magnification, horizontal, vertical and rotational
axes are essential in achieving accurate reconstruction and, subsequently, performing

accurate measurements of scanned object [3], [40].

2.4.6 Reconstruction

Radon transform

Once a scan of an object is completed and the image stack is acquired, the process of
reconstruction takes place. The reconstruction algorithms can be divided into two classes:
analytical, based on the Fourier slice theorem and iterative?', based on solving systems of
linear equations [77], [110]. The mathematical foundation for the XCT image reconstruction
was laid by Radon in 1917, who showed that if the set of line integrals of a function, which
is finite over some region of interest and zero everywhere else, is known for all ray paths
through the region, then the value of the function over that region can be uniquely
determined [34], [116]. A line integral represents the integral of some parameter of the object

along a line. In XCT this parameter is the total attenuation of the X-ray beam as it

2 Tterative algorithms are discussed elsewhere [110], [151].
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propagates in a straight line through the object. For example, the object is represented by a
2D function f(x,y) and each line integral by the (t, ) parameters [110]. In figure 2.26 the

equation for any line parallel to line L in its normal form is given by

xcos(6) + ysin(0) =t . (53)
The line integral P(t, 0) is
PO = [ f@yds. 54)
line (t,0)

Using Dirac delta function®, this can be rewritten as

+ oo

P(t,9) = J f(x,¥)8(xcos(0) + ysin(6) — t)dxdy . (55)

— 0o

The function P(t,?9) is known as the Radon transform of the function f(x,y) [110].

Figure 2.26 Schematic representation of the object f(x,y) and a line integral P(t;,9). A
projection is formed by combining a set of such line integrals [110].

22 In mathematics, the Dirac delta function §, is a generalised function defined by the properties [92]:

0 forx+#0

8(x) = {oo for x — o 2nd . 8(x)dx = 1.
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Projection at angle 9,

Projection at angle 9,

f(x)

Figure 2.27 Schematic representation of parallel projections taken at angles 9,, 9, and 9;.

A projection is formed by combining a set of such line integrals (figure 2.27). Projection
must be collected at all angles 9. The objective of the process, therefore, is to reconstruct the

function f(x, y) from the set of acquired projections.

Fourier slice theorem

The theory that governs XCT reconstruction is known as the Fourier slice theorem or the
central slice theorem [77]. The Fourier slice theorem states that the one-dimensional Fourier
transform of a parallel projection of an object f(x,y) obtained at angle 8, is equal to a slice
of the two-dimensional Fourier transform of f(x,y) taken at the same angle (figure 2.28)

[110].
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Fourier transform

'
1
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1
'
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Space domain Frequency domain

Figure 2.28 Schematic representation of the Fourier slice theorem.

The two-dimensional Fourier transform of a function f (x, y) is defined as

F(u,v) = -U f(x,y) e J2m@x+vy) gy, (56)

In the same way, the Fourier transform of a projection at angle 8, P(t,8) over variable t is

denoted as S(w, 6):

S(w,0) = f P(t,0) e J2™iqt, (57)
Evaluated at v = 0,
F(u,0) = j j £(x,y) e~ 2mix dxdy. (58)

Since there is no longer dependence on y, the above equation can be re-written as

F(u,0) = foo Uoof(x,y)dy] e ~J2mux gy, (59)

For a parallel projection along the lines of constant x and 8 = 0,
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Pe0) = [ fawdy (60)
Substituting equation (60) into equation (59) gives

F(u,0) = f P(x, 0) e~12mixy, 61)

where the right-hand side of the equation represents a one-dimensional Fourier transform of

the projection at 8 = 0; hence,

F(u,0) = S(u,0). (62)

In other words, it has been shown that the Fourier transform of the parallel projection of the
object f(x,y) acquired at angle 8, is equal to a slice of the two-dimensional Fourier

transform of the object at the same angle.

The Fourier slice theorem can be derived by considering the coordinate system (t,s) as the

rotated version of the coordinate system (x, y) (figure 2.26),

[t] _ [cos(@) sin(@)] [;] .

sl |—=sin(8) cos(6) (63)
In the (t, s) coordinate system, a projection along lines of constant t becomes
P(t,0) = f f(t,s)ds. (64)

The Fourier transform for the above projection is given by equation (57). Substituting

equation (64) into equation (57) gives

S(w,8) = foo [f(t,s)ds] e /?2™dt . (65)

This result can be transformed into the (x, y) coordinate system by using equation (63)

S(w,0) = ff f(x,y) e—j27rw(xcos(9)+ysin(9)dxdy ) (66)

It is evident that the he right-hand side of equation (66) represents the two-dimensional

Fourier transform at a spatial frequency of (u = wcos(0), v = wsin(8)). In other words,
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S(w,0) = F(u,v) = F(Wcos(H),Wsin(H)) . (67)

Taking a sufficient number of projections at angles between 0 and = and using their Fourier
transforms, the Fourier space of the object can be filled. Now, by taking the inverse two-

dimensional Fourier transform, the object can be recovered in the space domain.

Although the Fourier slice theorem is theoretically straightforward, it has challenges in the
actual implementation. Figure 2.29 demonstrates that the sampling pattern in Fourier space

is in polar coordinates.

. . - . sampling grid
X " of the Fourier
. « 17 # . transform of a
. N * o projection
. . v .
- -
. . . . . . . ——
.
A o /| e ] u
L . e -
. » ” .
L] L]

Figure 2.29 Sampling pattern in Fourier space based on the Fourier slice theorem [77].

In order to perform a 2D inverse Fourier transform, these samples must be interpolated to a
Cartesian coordinate system. Interpolation in the frequency domain is not as straightforward
as interpolation in real space. Error produced on a single sample in Fourier space affects the
appearance of the entire image. Secondly, if there is a need to examine a small region within
an object, it is difficult to use direct Fourier space reconstruction of that region, since the size
of the inverse Fourier transform is inversely proportional to the size of the targeted region of
interest. For a very small region of interest, the matrix size becomes very large, thus

presenting problems with the application of the method.

Filtered backprojection

An alternative approach in implementing the Fourier slice theorem is known as filtered
backprojection algorithm (FBP). Based on the Fourier slice theorem, the 2D Fourier
transform of an object is obtained by putting together multiple 1D Fourier transforms
(slices). Ideally, these slices would be shaped as a pie (figure 2.30a), but in reality they are

more like strips (figure 2.30b). When such strips are summed, the centre region becomes
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enhanced and the outer region is underrepresented. To approximate the desired pie-shape,
each slice is multiplied by the weighting function (the weighting function has a lower
intensity near the centre and a higher intensity near the edge) (figure 2.30c). If N projections
are spaced evenly over 180° at a given frequency w, each wedge has a width of 2w|w|/N. As
a result, the summation of the weighted slices has the same ‘mass’ as the summation of the

pie-shaped slices.

< ,)‘\ weighting function
Ay

(a) (b)

Figure 2.30 Illustration of the FBP: a) Ideal frequency data from one projection; b) actual
frequency data from one projection; c) weighting function in the frequency domain to approximate
ideal conditions [77].

The derivation of the FBP presented here follows [110] and is rather straightforward . An

object f(x,y) can be presented using its inverse Fourier transform as

flx,y) = 'U F (u, v)e/2mwx+vy) qudy, (68)

Since the Fourier transform of each parallel projection falls on a polar coordinate system

(w, 6), the Cartesian coordinate system (u, v) needs to be replaced by making substitutions

u = wcos(0) (69)
v = wsin(0) (70)
dudv = wdwd6 (71)

The inverse Fourier transform of an object can now be written as

2T
f(x, y) = J J F(w, g)ejZHW(xcos(0)+ysin(9))dedg_ (72)
0 —oo
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The above integral can be split by considering two intervals from 0 to © and from = to 2,

T 0]
f(x,y) = f fF(W’9)ej2nw(xcos(9)+ysin(9))Wde9+
0 —o©
2w oo
+f fF(W’g+1800)ej271:w(xcos(9+180°)+ysin(9+180°))wdwd9. (73)
T -0

Using the property F(w, 8 + 180°) = F(—w, 6°), equation (73) becomes

flx,y) = f f F(w, 0)|w|e/2™tdw| de, (74)
0 —00
where
t = xcos(0) + ysin(0) . (75)

Substituting the Fourier transform of the projection at angle 6, S(w,0), for the

two-dimensional Fourier transform F(w, 8), gives

flx,y) = f[fS(w,@)lwlejZ”WtdW] de. (76)
0 —00

Using equation (75), this integral can then be re-written as

flx,y) = fQ(t, 6)do = J Q(xcos(0) + ysin(0),6)d6, (77)
0 0
where
Q(t,0) = JS(W, 0)|w|el2™tqw. (78)

Equation (78) represents a filtering operation, where the frequency response of the filter is
given by |w| (often referred to as the Ramp filter); therefore, Q(t,8) is called ‘filtered
projection’. These filtered projections for different angles 6 are then added together to form

the estimate of f(x,y).

Equation (76) can be re-written in terms of convolution for projections generated over 360

degrees:

68



Chapter 2

2T

f(x,y) = % J J P(t,0)h(xcos(0) + ysin(8) — t)dt de, (79)
0 —oo

where h(e) is the impulse response of the ramp filter [116].

When using a cone-beam source, the reconstruction takes into account the fact that voxels
do not stay in the same horizontal projection plane while the part is rotated, hence the
Feldkamp FBP algorithm (FDK) is applied [117]. The FDK algorithm is an extension of 2D
fan-beam reconstruction algorithm for a circular scan in 3D space. Schematic representation

of fan-beam and cone-beam circular geometries is shown in figure 2.31.

@) (xy)

X-ray source

Figure 2.31 Schematic representation of a) fan-beam and b) cone-beam circular scan geometries
(adapted from [116]).

For an equal-spaced fan-beam reconstruction algorithm it can be shown that

B 1 2w RZ [e9) R , , e
FGry) = Eof e j 9 (€ ~ Ot df,  (80)

where g(t,f) denotes the equal-spaced fan-beam projection, R is the distance between the

X-ray source and the iso-centre, t is the virtual detector and t' = R M [116]. On
R+xsinf—ycosf
closer examination of equation (80) it becomes apparent that the fan-beam algorithm

requires the scaling of the projection prior to filtering and a weighted backprojection. The

R
VR?+t2

scaling factor is equal to cos(y), where y is the fan angle.
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The cone-beam reconstruction algorithm can be written as

21 o'
1 R? , R ,
fo,2) = 5 f T g oo | PO G — i 81

where p(B,u,v") denotes the cone-beam projection, R is the distance between the X-ray

source and the iso-centre, (u,v) is a virtual detector, placed on the axis of rotation,

v=—-R ___anduw =R M [116]. For cone-beam reconstruction algorithm
R+xsinf3—ycosf R+xsinf—ycosf
the scaling factor is
R VR? + u? R

= . = cos(x) cos(y),
VRZ + u2+v'2  VRZ +u?2+v'2 VRZ +u? Y (82)

where v is the fan angle and « is the cone angle as shown in figure 2.31.

It is important to note that the FDK reconstruction algorithm is an approximate
reconstruction algorithm with the exact reconstruction preserved a) on circular trajectory
plane, b) for objects homogeneous along the z-axis, ¢) the longitudinal integral of the
reconstruction is exact and d) the integral of the reconstruction is exact along a set of oblique
lines [116]. The FDK algorithm performs reasonably well for cone angles below 10° [118].
The FDK algorithm is widely accepted by the industry as a standard reconstruction method
for cone-beam XCT systems. However, this algorithm is sensitive to the misalignments of
the source, rotation axis and the detector, requiring regular adjustment and adequate error

correction [82].

2.4.7 Surface determination and dimensional measurement

Once the reconstruction process is completed and a 3D voxel model of a scanned object is
obtained, the surface determination procedure is performed. The surface determination, also
known as thresholding, converts 3D voxel data into 3D surface data [61]. The most common
method is to determine the surface by setting a global thresholding value, where any voxel
with a grey value less than the threshold is considered to be a background. This threshold
value is calculated by using a histogram of the number of voxels vs voxel grey value. For
example, for a single material object the histogram would depict two peaks, one for
background and another for material; the mid-value between the two peaks is then taken as
the threshold value (figure 2.32). This method is often called ISO-50 % [3]. Alternatively

surface determination can be performed using local thresholding. Here, starting from the
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global threshold value, the surface is identified by the local highest grey value gradient

within a designated number of voxels.

b) <)

-0.0483398 182,491 36503
Backaround Isosurface Material

Figure 2.32 Surface determination procedure. Here a) is a reconstructed 3D model of a metal
object, b) is the histogram of the number of voxels vs voxel grey value and c) is a 2D slice through
the 3D model with identified surface voxels shown in yellow.

The edge detection generally results in a point cloud (i.e. a collection of points located at the
interface between various materials). This point cloud is then generally turned into a
geometrical surface model by topological association of neighbouring points [61]. The
association is mainly achieved by generating a mesh model representative of the scanned
object and different material regions within it. In order to perform dimensional analysis of
the acquired data, an additional processing step is required: a surface model of an object (or
regions within the object) is fitted with geometrical features, such as planes, spheres,
cylinders, etc. This allows further calculation of the geometrical data, such as position,

orientation, dimension, angle, form error, etc.

2.4.8 Artefacts

All XCT data and subsequently, its dimensional analysis are affected by the presence of
artefacts. Artefacts are defined as the discrepancy between the reconstructed values in an
image and the true attenuation coefficients of the object [77]. Given the complex nature of

XCT systems, it is not surprising that artefacts have a number of different causes:

- Beam-hardening artefacts are the result of the discrepancy between the polychromatic
nature of the X-ray beam used in XCT systems (see section 2.3.6) and the monochromatic
nature of the X-ray beam assumed by the reconstruction algorithm. This results in errors
estimating the attenuation coefficient of the material, leading to subsequent errors in surface
determination and dimensional analysis. Beam-hardening artefacts (combined with scatter,

see below) often manifest themselves as ‘cupping’, where flat surfaces appear barrel-shaped
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and sharp edges appear rounded and ‘streaking’, where dark streaks between high density
objects appear in images. A number of beam-hardening correction methods, such as the
filtration of the X-ray beam using physical metal filters, the linearisation of the beam path,

the dual-energy technique are used to improve image quality [77].

- Scatter artefacts. Due to the physical process of Compton scattering (described in section
2.3.5) many of the X-ray photons that reach the detector are not primary photons but
scattered radiation. These scattered photons make the detected signals deviate from the true
measurement of the X-ray intensities, contributing to cupping and steaking artefacts [77]. In
addition, scattered radiation is characterised as low frequency background noise in
projections, causing the decrease in signal-to-noise radio and loss of sharpness in images [3].
Scatter correction methods such as beam-stop arrays, beam-hole arrays, anti-scatter grids or
scatter-deconvolution techniques are often used to reduce the effects of Compton scatter
[119]-[122].

- Other artefacts may include ring artefacts, caused by uncorrected faulty pixels, manifesting
themselves as concentric rings centred around the axis of rotation ; noise artefacts, caused by
quantum and electronic noise; sampling artefacts, caused by the discrete sampling of
projections; Feldkamp errors due to increasing cone angles resulting in distortions of the

geometric forms of scanned objects, etc. [2], [3], [77], [123].

A number of the artefacts described above are shown in figure 2.33.
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Figure 2.33 Examples of XCT artefacts: a) an aluminium sphere reconstructed without (left) and
with (right) beam-hardening correction; b) Ball calotte plate reconstructed with dark streaks due
to beam-hardening [124]; c) a metal part reconstructed without (left) and with (right) scatter
correction [121]; d) three-rod phantom showing partial volume effect. The rods were intruded
halfway into the X-ray beam with 7 mm collimator, with the original image (left) and corrected
image (right) [77].
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2.4.9 Summary of the overview

The overview of dimensional metrology, the X-ray physics and XCT technology presented
in this thesis clearly demonstrate that XCT is a complex measuring technique with
numerous factors which can potentially influence the measurement result. The influence
factors (also known as ‘sources of error’) are often grouped according to the components of
the XCT system they originate from, i.e. influence factors associated with the X-ray tube, the

mechanical system, the detector, data processing, etc. [59], [61], [62], [125], [126].

As stated previously, the study described in this thesis focuses on sources of error associated
with the X-ray tube. In the absence of any international or national standards for
metrological application of XCT, a number of manufacturers and research organisations
have adopted the VDI/VDE 2360 guidelines for performance verification of their XCT
systems. VDI/VDE 2360 guidelines suggest a number of potential influence factors
associated with the X-ray tube: voltage and current stability, location, size, shape and drift of
the focal spot, inherent source filtration and beam divergence; however, no procedures for
evaluating these influence factors are provided. No literature related to dimensional
metrology which discusses the influence of off-focal radiation on measurement was
identified. Based on the review of background, current standards for medical and non-
destructive testing applications of XCT and additional metrology literature, the study of the
X-ray tube parameters such as the positional stability of the focal spot, the focal spot size, the
focal spot shape and off-focal radiation and their influence on dimensional measurement is

presented in the following chapters.
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Chapter 3: An investigation of the positional
stability of the focal spot and its influence on
dimensional measurement in cone-beam
micro-focus XCT systems

3.1 Background to the experiments

The first property of the focal spot investigated in this work is its positional stability. Based
on the background information given in chapter 2, the positional instability of the focal spot
during an XCT scan can be attributed primarily to two factors. Firstly, the positional
instability of the focal spot can be due to the electrical instabilities in steering coils and the
focusing magnetic lens, as the electron beam propagates inside the tube, which can cause the
focal spot to ‘wander’ on the surface of the target. Secondly, the great amount of heat
produced during regular operation of the X-ray tube can significantly increase the tube
temperature. This temperature increase causes a change in the geometry of the tube, e.g.
elongation of the tube, expansion of the target, etc., thus modifying the position of the focal
spot (figures 3.1 and 3.2). The positional instability of the focal spot leads to instability in the
imaging geometry, thereby introducing errors in the image reconstruction process and

affecting the accuracy of dimensional measurements [91].

Figure 3.1 Schematic representation of the focal spot positional shift due to the elongation of the
X-ray tube. Here, B, and B, are the central X-ray beams for the cold and hot tube, respectively;
h. and h;, are the height values for the cold and hot tube, respectively; and dh is the magnitude
of the tube elongation due to heat.
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Figure 3.2 Schematic representation of the shift in the position of the focal spot due to thermal
expansion of the target. Here, e” is the incoming electron beam, interacting with the target at
angle a; 1 is the positions of the focal spot when the tube is cold and 2 is the position of the focal
spot when the tube is hot; B; and B, are the central X-ray beams for the cold and hot tube,
respectively; r. and r}, are the radii of the cold and hot tube, respectively; dl is the change in the
position of the focal spot, with dz and dy as dl components along the z-axis and the y-axis,
respectively.

The influence of focal spot drift on the positional stability of 2D images has been studied
previously experimentally, as well as using computer simulation techniques [62], [127]-
[132]. Most experimental methods consist of observing the drift of a stationary reference
object in 2D images over a period of time. Reference objects used in experiments include a
small metal sphere [62], calibrated ruby spheres [131], a calibrated hole plate [127] and a
cross wire [132]. Specific features of such reference objects are determined in each projection
and the change in position of the feature between images is calculated. The observed
positional changes of the feature are attributed to the instability of the focal spot. In
literature, the instability of the focal spot is often referred to as the drift of the focal spot.
Assigning the instabilities of 2D images solely to the drift of the focal spot can be misleading,
since other factors, such as the mechanical rigidity of the X-ray tube-object-detector
assembly, variations in the X-ray flux and electronic properties of the detector can all
influence the overall stability of 2D images. Understanding how much each factor
contributes to the drift in 2D images can be problematic. During experimental investigations
it has been observed that even with the same X-ray system, different experimental
arrangements can produce different values of the overall drift (see sections 3.3.3 and 3.3.4).
Another technique for measuring the focal spot drift is described in [133]. Here, the focal
spot drift was attributed to and derived from the length extension of the X-ray tube due to its

thermal expansion, which was measured using a micrometer gauge.
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Although the aforementioned investigations provided estimates for the magnitude of the
drift attributed to the focal spot, it was difficult to perform a comparison of the results. The
difficulty was in part due to the fact that the studies were carried out using a number of XCT
systems with a variety of experimental set-ups. The comparison was complicated further by
the differences in the way the focal spot was defined and the drift data was presented and
interpreted. For example, one study reported a repeatable nature of the focal spot drift,
where the focal spot drift was identified as the main contributor to the positional instability
of 2D images [127]. Another study found the drift to be linear with superimposed sinusoidal
oscillations [62]. Such differences in experimental set-ups and data reporting stem from the
fact that there are currently no internationally accepted standards and procedures for
characterising focal spot drift in industrial XCT systems. Despite the difficulties in
comparing the results from previous investigations, a few conclusions about focal spot drift
can be drawn: a) a shift in the position of a reference object in 2D images was evident in all
reported experiments; b) the largest shift in 2D images was observed in the first few minutes
of the experiment, corresponding to the largest focal spot drift due to rising temperatures
inside the X-ray tube; and c) increasing the power of the X-ray tube increases the magnitude
of the focal spot drift [131].

The purpose of the present study was to

- conduct an investigation of the focal spot drift and its correlation with thermal
behaviour in an industrial microfocus cone-beam XCT system built for metrological
applications;

- to evaluate the effect of the focal spot drift on dimensional measurement using
computer simulations;

- based on the experimental results, to propose techniques which allow the evaluation
of the focal spot drift as part of the acceptance test, re-verification test, interim checks

or probe verification procedure in XCT systems.
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3.2  Methodology

3.2.1 XCT system

The present study of focal spot drift was the first to be conducted on an industrial XCT
system built specifically for metrological applications. The system used in this study was a
Nikon Metrology XT H 225 M located at the National Physical Laboratory (NPL). One
distinct feature of this XCT system is that the target part of the X-ray gun is mounted into a
metal bracket which is firmly attached to the metal frame inside the chamber. Such design
mitigates the effect of the elongation of the X-ray tube due to thermal expansion during
scanning on the positional stability of the focal spot. The manufacturer’s specification of the

system is shown in table 3.1.

Table 3.1 XT H 225 M system manufacturer’s specification

Dimensions:

Source-to-detector distance 1180.071 mm (nominal)

Enclosure temperature 19°Cto21°C

X-ray source:

Type Nikon Metrology 225 kV open tube

Operating voltage 25kV to 225 kV

Beam current 0 mA to 2 mA

Target material tungsten, molybdenum, silver,
copper

Target type reflection

Detector:

Type PerkinElmer XRD 1620 AN3 CS

Active pixels 2 000 x 2 000, with 200 pm pitch

The tungsten part of the multi-target was used during these experiments.

3.2.2  Materials and experimental setup

Environmental conditions and temperature recordings

The XCT system was located in an air-conditioned laboratory with the temperature
controlled to 20.0 °C £ 0.1 °C and relative humidity of 45 % * 5 %. The system is fitted with
an internal cooling system which is specified to maintain the temperature inside the chamber
at 20.0 °C £ 1.0 °C. In order to record temperature fluctuations during the experiments, an
Edale CD1.1 thermometer with three disc thermistors for measuring surface temperature
was used. The resolution of the thermometer is + 0.01 °C. Sensor 1 was placed on the metal

part of the X-ray tube just above the target. Sensor 2 was attached to the water pipe below
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the target and sensor 3 was attached to the filter mount adjacent to the reference object

(figure 3.3). Temperature readings from each sensor were taken every 8 s.

5
@

®

J

Figure 3.3 Positions of three thermal sensors on the X-ray tube: Sensor 1 is attached to the lower
part of the tube, sensor 2 is attached to the water pipe underneath the target, and sensor 3 is
attached to the filter holder next to the reference object.

The design of the reference object

In this study of the focal spot drift, a novel reference object was designed with the aim of
minimising the number of factors that can contribute to the overall instability in 2D images.
The reference object was a steel sphere of 0.79 mm diameter attached to a borosilicate glass
plate of 10 mm thickness (figure 3.4). The nominal thermal expansion coefficient of steel is
12 x 10° K™ [134] and that of borosilicate is 3.3 x 10° K™ [135]. Both materials can be
easily purchased off the shelf. Such design of the reference object offered several advantages
in observing the drift of the focal spot. Firstly, the ability to place the reference object directly
into the filter holder, attached to the opening of the X-ray tube, allowed the elimination of
the structure containing the rotation stage as an additional source of mechanical instability.
Secondly, such close proximity to the opening of the X-ray tube maximised the
magnification, thus improving the sensitivity in the observed focal spot drift. The
magnification factor m was approximately 130. Thirdly, since steel has a relatively high
attenuation coefficient compared to borosilicate, 2D images of a sphere have good signal-to-
noise ratio, allowing for a more accurate edge detection during image processing. In
addition, due to borosilicate acting as an extra filter for filtering soft X-rays, the uniformity

of the background in 2D images over the scan duration was also improved.
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Figure 3.4 The reference object fitted into the filter holder at the opening of the X-ray tube (not
to scale).

Image acquisition

To analyse the focal spot drift in the Nikon Metrology XT H 225 M, thirty-eight scans were
acquired over a three month period. During this time the filament was changed twice. The
X-ray tube was operated at power below 6 W, so as to avoid the auto-defocusing of the focal
spot. Image acquisition settings were at one frame per second, with one frame per
projection. In all experiments the reference object was placed in the holder for at least two
hours before being scanned, to minimise motion due to settling of the object. In accordance
with the manufacturer’s instructions, the XCT system remained switched on even when no
X-rays were produced. To assess the influence of the X-ray tube temperature, experiments

were performed in two modes: cold and hot.

Cold mode:
- no X-rays were generated before the start of the scan,

- each scan comprised 3 142 images (the optimal number of images for these settings),

- eighteen cold scans were acquired.

Hot mode:
- the X-rays were switched on for at least twenty minutes prior to the scan,
- each scan comprised 10 000 images (the maximum number of images),

- eighteen hot scans were acquired.

To evaluate the behaviour of the focal spot over a much longer period of time, two
additional scans lasting over eleven hours were performed. Such scan duration was achieved
by setting the maximum number of images to 10 000 and adjusting the image acquisition

settings to four frames per projection (at one frame per second).
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Image analysis

After completing each scan, a stack of 2D images was analysed in Matlab (MathWorks)
using a procedure described in [62]. Images of the reference sphere were first cropped and
the edge of the sphere was detected using the Canny edge detection algorithm with
customised threshold parameters (figure 3.5a) [136]. The Canny edge detection algorithm
was used, since it is widely regarded as the best ‘all-around’ edge detection method
developed to date and is readily available with the image processing toolbox in Matlab (for
more detail see Appendix A). As the (x,y) coordinates of the edge were identified, a circle
was fitted to these coordinates using a well-established non-linear least squares circle fitting
algorithm (figure 3.5b) [137]. The x and y coordinates of the centre of the fitted circle were
then determined. To calculate the shift in the (x,y) coordinates of the centre of the fitted
circle throughout the whole scan, the (x,y) centre coordinates in the first image were

subtracted from the (x,y) centre coordinates in all subsequent images.

a) b)

Figure 3.5 Image processing: a) a cropped image of the reference sphere and b) circle fitted to the
traced boundary.

Once the shift in the (x,y) centre coordinates was identified, the focal spot drift was then
calculated using equation (83), a graphical representation of which is shown in figure 3.6.

This procedure was repeated for all cold and hot scans.

Figure 3.6 Schematic representation of the relationship between the shift of the (x,y) centre
coordinates and the drift of the focal spot. Here, Af is the drift of the focal spot, Ad is the
corresponding shift of the centre of the reference object in the image plane, I is the distance
between the focal spot and the centre of the reference object and L is the distance between the
focal spot and the image plane.
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l Ad L
Af = Ad—— = ——, wherem =

L—-1 m-1’ 1 (83)

Here, Af is the drift of the focal spot, Ad is the corresponding shift of the centre of the
reference object in the image plane, [ is the distance between the focal spot and the centre of
the reference object, L is the distance between the focal spot and the image plane and m is

magnification.

3.2.3  Simulation of the focal spot drift

An additional computer simulation study was conducted for the purpose of evaluating the
influence of the focal spot drift on the reconstructed 3D model of the sphere. Simulations of

2D images of a sphere were performed in Matlab, using a bespoke code.

Parameters used to simulate 2D images:

1. The coordinate system used for simulating 2D images is shown in figure 3.7.

[0,0,1180.071]

Figure 3.7 Schematic representation of the coordinate system for simulating 2D images of the
sphere. The [x,y, z] coordinates of the point source S were set to [0, 0, 0]; the coordinates of
the centre of the detector D were set to [0,0,1180.071] and the coordinates of the centre of
the sphere O were set to [0,0,11.80071].

2. The coordinates [x,y, z] of the point source were set to [0,0,0]; the coordinates [x,y, z] of
the centre of the detector were set to [0,0,1180.071], where 1180.071 is the
source-to-detector distance (SDD) in mm, used here since this is the value of SDD in the
XCT system used in the experimental study; the coordinates [x, y, z] of the centre of the
sphere were set to [0,0,11.80071], where 11.80071 is the source-to-object distance (SOD)

in mm at magnification m = 100.

3. The diameter of the sphere was set to 1 mm and the pixel size was set to 0.2 mm.
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4. First, the [x,y,z] centre coordinates for all pixels in the image (in mm) are calculated.
Then, the angles between the position vector of the centre of the sphere and the position

vector of the centre of each pixel are calculated using the dot product of two vectors:

cos(@) = % , (84)

where a and b are vectors and © is the angle between them. Knowing all the angles

allows the calculation of the ray paths through the sphere.

5. The lengths of the paths of the rays through the sphere was calculated using equation

(85), and is schematically represented in figure 3.8.

Figure 3.8 Schematic representation of X-ray paths through the sphere; where R is the radius
of the sphere, r; is the distance from the centre of the sphere to a given X-ray, SO is the
source-to-object distance, 0; is the angle between SO and a given X-ray and ¢; is the length of
the path of a given X-ray through the sphere.

t; =2 /RZ —r? ,where r; = SO X sin(0) (85)

where R is the radius of the sphere, 1; is the distance from the centre of the sphere to a
given X-ray, SO is the source-to-object distance, 0; is the angle between SO and a given

X-ray and t; is the length of the path of a given ray through the sphere.

. The intensity value I of each pixel in the image was calculated using the Beer-Lambert

law for a monochromatic X-ray beam
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I =Ije ¥t (86)

where I, is the initial X-ray intensity, set to 60 000; the linear attenuation coefficient u
was set to 9.488 cm™, which is the linear attenuation of iron at 60 kV; and t is the length
of the X-ray path through the sphere. (These values for the linear attenuation coefficient
and the accelerating voltage were used in computer simulations in order to approximate
the conditions set during the experimental study). All images were simulated without

additional noise or scatter effects.
. Several image stacks of the sphere were simulated using different source settings:

a) Image stack 1 was simulated with the source [x,y,z] coordinates set to [0,0,0] for

every image, i.e. the image stack was produced using stationary source;

b) Image stack 2 was simulated using the focal spot drift data from cold scan A, acquired

during the experimental part of the study.

c¢) Image stacks 3, 4 and 5 were simulated with the position of the source gradually
drifting by up to 10 um during the course of 361 images. For image stack 3 the drift
was in the x-axis, for image stack 4 the drift was in the y-axis and for image stack 5 the

drift was in the x-axis and the y-axis simultaneously.

d) Image stacks 6, 7, 8, 9 and 10 were simulated with the position of the source gradually
drifting by up to 50 um during the course of 361 images. For image stacks 6 and 7 the
drift was in the x-axis and the y-axis, respectively; for stack 8 the drift was in the x-axis
and the y-axis simultaneously. For image stacks 9 and 10 the drift was in the positive
and the negative z-axis, respectively. Although the drift value of 50 um is many times
greater than any value observed during the experimental part of the study, it was
chosen in order to understand how large values of the focal spot drift can affect

dimensional measurement.

Figure 3.9 shows the profiles of the first and the last images in the image stacks simulated

using different source drift settings.
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Figure 3.9 The profiles of the first (blue colour) and the last (red colour) images in the image
stacks simulated using different source drift: a) drift in the x-axis; b) drift in the y-axis; c) drift
in the x-axis and the y-axis and d) drift in the z-axis.

8. Simulated image stacks were then reconstructed in to 3D volumes of spheres using Nikon
CT Pro 3D software. The reconstructed 3D volumes were analysed using VG Studio.
The iso-surface of the sphere model was calculated using the mean grey value of the
background and the mean grey value of the material. Subsequently, a sphere was fitted to
1so-surface using Gaussian (least squares) fit with 1 000 sampling points. This enabled the
calculation of the diameter of the fitted sphere and the range of the radial residuals to the
fit, i.e. the apparent form error of the reconstructed sphere (figure 3.10). The diameter
and the form error of the 3D model of the sphere simulated using a stationary source,
were compared to the diameter and the form error of the 3D models of the spheres

simulated using a moving source.
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Figure 3.10 The analysis of the reconstructed 3D sphere volume using VG Studio software: a) an
image of the 3D volume of the sphere; b) image showing the process of sphere fitting using
Gaussian (least squares) fit and c) an image of the sphere fitted to the iso-surface of the 3D
volume.

3.2.4 A short comparison study

A short comparison study of the focal spot drift using the newly developed reference object
and cold scan settings was subsequently performed on the Nikon Metrology XT H 225 M
located at the University of Padova, Italy. The X-ray tube was operated at power below
6 W. The three thermal sensors were placed as follows: Sensor 1 was placed on the metal
part of the X-ray tube just above the target; sensor 2 was attached to the detector and sensor
3 was attached to the filter mount adjacent to the reference object (figure 3.11). The
resolution of the thermometer was * 0.1 °C. Temperature readings from each sensor were
taken every 30s. Image analysis and further calculations of the focal spot drift were
performed using the above described methodology. The focal spot drift data acquired during

the comparison study was then used in the simulation study for image stack 11.

Detector

] 2)
@
A N
QO
E3)
NS
Figure 3.11 Positions of three thermal sensors in the comparison study: Sensor 1 is attached to the

lower part of the X-ray tube, sensor 2 is attached to the detector and sensor 3 is attached to the
filter holder next to the reference object.

{
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3.3 Results and discussion

3.3.1  Analysis of cold scans

Temperature data analysis

Eighteen cold scans were acquired over a period of three months. Figure 3.12 shows a
temperature log of the sensors 1, 2 and 3 of a typical cold scan, here scan A. From the
moment the X-rays were switched on, the temperature sensor attached to the lower part of
the tube, sensor 1, showed a steady increase in temperature of around 0.2 °C over the initial
eight minutes of the scan. Thereafter the temperature stabilised, varying within less than
0.05 °C throughout the scan. The sensor attached to the water pipe, sensor 2, recorded a
stable temperature irrespective of whether the X-rays were switched on or off. The readings
were fluctuating within 0.06 °C throughout the experiment. Sensor 3, which was attached to
the filter holder adjacent to the reference object, recorded a more rapid and of greater
magnitude increase in temperature. Here, temperature increased by almost 0.9 °C within the
first four minutes, thereafter it stabilised and continued to fluctuate within 0.05 °C. In the
XCT system used in these experiments, there is a time delay between the production of
X-rays at the start of the scan and the acquisition of the first image. This delay varies from
several seconds to several minutes depending on scan settings; for scan A the delay was
around 30 s. During this time sensor 3 recorded a rise in temperature of over 0.4 °C, which
is almost half of its total increase. Since sensor 3 was placed close to the reference object, it
can be inferred that the reference object underwent a similar temperature increase to the one
recorded by sensor 3. It is unlikely, however, that any movement of the reference object
associated with its thermal expansion influenced the calculation of the focal spot drift. This
is due to the fact that the design of the reference object and its positioning in the filter holder
would have ensured the isotropic thermal expansion of the object, thus allowing the

calculation of the (x,y) centre coordinates of the fitted circle in each image to be unaffected.

At the start of each scan, sensor 1 displayed approximately 1 °C higher temperature than
sensors 2 and 3. This is due to the fact that sensor 1 was attached to the lower part of the gun

where the focus coil, which is constantly energised, is located.
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Figure 3.12 Temperature log of the three sensors Figure 3.13 Drift of the (x,y) centre coordinates in
in scan A. Here, sensor 1 is attached to the lower the image plane in scan A.

part of the tube, sensor 2 is attached to the water

pipe and sensor 3 is attached to the filter holder

adjacent to the reference object.

Drift data analysis

Figure 3.13 shows the drift of the (x,y) coordinates of the centre of the fitted circle in a series
of 2D images acquired during scan A. It is essential to note that this drift is due to the
combination of the relative motion between the focal spot, the reference object and the
detector; therefore, it is difficult to establish a direct correlation between observed drift and
any individual components in the system. However, with the current experimental setup, it
was reasonable to assume that the instabilities of the 2D images were predominantly due to

the drift of the focal spot.

In scan A, the total drift of the x-coordinate was around 0.1 pixels (20 um) and the drift of
the y-coordinate was just below 0.2 pixels (40 pm). At magnification of 130 and the detector
pixel size of 200 um, the corresponding drift of the focal spot in the x-axis was calculated
using equation (79) to be around 0.15 um, and in the y-axis was approximately 0.3 um.
(Overall, the drift of the (x,y) centre coordinates in the x-axis did not exceed 0.15 pixels
(30 um), corresponding to approximately 0.25 pm drift of the focal spot; and the drift in the
y-axis did not exceed 0.4 pixels (80 um), corresponding to approximately 0.6 um drift of the
focal spot for any cold scan acquired during this study). In most cold scans a slightly larger
drift of the y-coordinate, compared to the x-coordinate was observed. The initial drift of the
y-coordinate was predominantly in the upward y-direction; no such preferential direction of
motion was seen in the x-axis. The drift patterns of the (x,y) coordinates appear to be in close

correlation with the rise in temperature recorded by the sensor 1, attached to the lower part
of the tube (figure 3.14).
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Figure 3.14 Correlation of the temperature log of sensor 1, which is attached to the lower part of
the tube and the magnitude of the rolling average of the drift of the x-coordinate and the
y-coordinate in the image plane in scan A.

The correlation between the drift of the y-coordinate in the upward y-direction and the
increase in tube temperature is a clear indication that the observed drift was predominantly
due to the changing geometry inside the tube and the expansion of the target in particular, as
discussed in section 3.1 figure 3.2. It is hypothesised that any deviation in the form of the
target rod from the perfect cylinder either due to manufacturing process or material damage
and any deviation from its alignment along the x-axis can produce the drift of the centre
coordinate in the x-axis. In addition, the possible instability associated with the electronic
parts of the X-ray tube used for steering and focusing the electron beam can also contribute

to the observed drift.

3.3.2  Analysis of hot scans

Temperature data analysis

Figure 3.15 shows the temperature log of a typical hot scan (scan B). Unlike cold scans,
where a clear increase in temperature was recorded by sensor 1 and sensor 3, no such
increase was observed in hot scans. The temperature fluctuations for all three sensors did not
exceed 0.1 °C in any of the scans. These results confirm that switching the X-rays on for at
least twenty minutes prior to the start of the scan, allows the XCT system to reach its

thermal equilibrium, which is sustained throughout every experiment.
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Figure 3.15 Temperature log of the three Figure 3.16 The drift in the (x,y) centre
sensors in scan B. coordinates in the image plane in scan B.

Drift data analysis

Figure 3.16 shows the drift of the (x,y) coordinates of the centre of the fitted circle in scan B.
Despite stable temperature recorded by all three sensors, there was a presence of the drift in
both axes. The drift of the x-coordinate was less than 0.07 pixels (14 um); at magnification of
130 it corresponds to approximately 0.1 um drift of the focal spot in the x-axis. The drift of
the y-coordinate was around 0.03 pixels (6 um), corresponding to approximately 0.05 um
drift of the focal spot in the y-axis. In all eighteen hot scans, lasting 10 000 s each (three
times the length of a standard industrial scan), no drift of the (x,y) centre coordinates
exceeded the magnitude of 0.1 pixels (20 um). This value corresponds to approximately
0.15 pm drift of the focal spot in either axis. It is interesting to note that most of the drift was
observed approximately 75 minutes after the start of the scan (around 4 500 images),
indicating that if a standard industrial scan of 3 143 images was performed using hot scan
conditions, any shift in the (x,y) centre coordinates would have been within the image noise.
The results of the drift data for the hot scan suggest that, unlike in cold scans, the recorded
drift of the (x,y) centre coordinates is not due to the thermal conditions inside the X-ray tube.
Possible reasons for the observed drift can be a combination of the changing surface of the
target due to the prolonged bombardment by X-rays, the instability within the ‘X-ray
tube-metal frame-detector assembly’ over the duration of the hot scan, as well as the
instability associated with the electronic parts of the X-ray tube used for steering and
focusing of the electron beam. The comparison of the results of the hot and cold scans
supports the idea that although the focal spot drift was due to a number of the above
mentioned factors, the largest observed drift of the (x,y) centre coordinates was associated

with the increasing temperature of the X-ray tube.
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3.3.3  Long-term stability

Drift analysis of the eleven hour scan with reference object placed into the filter holder

The purpose of the first long scan was to evaluate a long-term stability of the XCT system at
power below 6 W. The long scan comprised 10 000 images and lasted over eleven hours
(scan C). Although this scan was performed in cold mode, due to the length of the
experiment, there was a time delay of approximately ten minutes between the start of the
scan when the X-rays were switched on and the time of the acquisition of the first image.
Consequently, most of the temperature rise happened before the acquisition of the first

image.

Just as in hot scans the temperature sensors recorded stable temperatures slightly fluctuating
within 0.1 °C throughout the scan. Despite the thermally stable conditions, a clear drift of
the (x,y) centre coordinates was observed (figure 3.17). Over eleven hours a total drift of the
x-coordinate was just over 0.4 pixels (80 um), corresponding to approximately 0.6 pm drift of
the focal spot in the x-axis. The drift of the y-coordinate was around 0.1 pixels (20 um),

corresponding to 0.15 um drift of the focal spot in the y-axis.
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Figure 3.17 The drift of the (x,y) centre coordinates in the image plane in scan C.

Based on these results, it can be inferred that the observed drift was not due to increasing
temperature inside the X-ray tube. As stated previously, the possible explanation for the
observed drift was a combination of the changing surface of the target due to the prolonged
bombardment by X-rays, the instability within the ‘X-ray tube-metal frame-detector
assembly’ over 11 hours, as well as the instability associated with the electronic parts of the
X-ray tube used for steering and focusing of the electron beam. Just as in hot scans, most of
the drift was observed after 75 minutes from the start of the scan, with any shift of the (x,y)
centre coordinates during the time required for a standard industrial scan being within the

image noise. However, understanding the focal spot drift pattern during a prolonged period
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of time can give a good indication of the maximum number of frames per projection that can

be used before introducing unwanted effects from the focal spot drift.

Drift analysis of the eleven hour scan with reference object placed next to the rotation stage

The purpose of the second long scan (scan D) was to evaluate the long-term drift in 2D
images when the reference object was mounted onto the mechanical structure containing the
rotation stage. The reference object was glued to a metal stand which was fixed to the metal
plate on the source side of the rotation stage, on the axis, so as to remain nominally
stationary during the stage rotation associated with measurement. The reference object was
then left for two hours before being scanned, in order to minimise motion due to the settling
of the sample. Due to the motion of the rotation stage, some parasitic motion of the
reference object was anticipated during measurement. Magnification in this experiment was
around 61. All other experimental settings were identical to those of the previous long scan.
As in scan C, the temperature fluctuations for all three sensors did not exceed 0.1 °C
throughout the experiment. Figure 3.18 shows the drift of the (x,y) centre coordinates in scan
D. Over eleven hours the drift of the x-coordinate was linear in nature with magnitude of
around 1.6 pixels (320 um), corresponding to approximately 5.3 pm drift of the focal spot in
the x-axis. The drift of the y-coordinate was random in nature with fluctuations of up to 0.2
pixels (40 um), corresponding to around 0.66 um drift of the focal spot in the y-axis. The
comparison of data from scans C and D in figures 3.17 and 3.18 clearly demonstrates that
the contribution to the total drift in 2D images due to the instability of the structure
containing the rotation stage is greater than the contribution from drift of the focal spot at

tube power below 6 W.
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Figure 3.18 The drift of the (x,y) centre coordinates in the image plane in scan D.
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3.3.4  Analysis of the cold scan acquired on the XCT system at the University of

Padova, Italy

Figure 3.19 shows a log of temperature changes recorded by sensors 1, 2 and 3 during the
cold scan acquired on the Nikon Metrology XT H 225 M at the University of Padova. From
the moment the X-rays were switched on, the temperature sensor attached to the lower part
of the tube, sensor 1 showed a continual increase in temperature by approximately 1.6 °C
throughout the initial forty minutes of the scan. Thereafter the temperature stabilised,
varying within less than 0.1 °C. The sensor attached to the detector, sensor 2, recorded a
stable temperature throughout the scan, apart from a few short periods, where temperature
increased by 0.1 °C. Sensor 3, which was attached to the filter holder adjacent to the
reference object, recorded a rapid increase in temperature by approximately 1.2 °C during

the initial 20 minutes. Thereafter, the temperature stabilised, varying within less than 0.1 °C.
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Figure 3.19 The log of the temperature change
in cold scan in the comparison study. Here,
sensor 1 is attached to the lower part of the
tube, sensor 2 is attached to the detector and

Figure 3.20 The magnitude of the rolling
average of the drift of the (x,y) centre
coordinates in the image plane in the
comparison study.

sensor 3 is attached to the filter holder adjacent
to the reference object.

Although the X-ray tube was operated at power below 6 W, temperature increase recorded
in this study was significantly larger than in the study conducted at NPL. This was due to
the fact that at the time of scan acquisition, the XCT system at Padova was experiencing
malfunctioning in its cooling system. Figure 3.20 shows the drift of the (x,y) coordinates of
the centre of the fitted circle in cold scan acquired during the comparison study. Here, the
total drift of the x-coordinate was around 0.7 pixels (140 um) and the drift of the
y-coordinate was around 1.3 pixels (260 um). At magnification of 120 and the detector pixel
size of 200 um, the corresponding drift of the focal spot in the x-axis was calculated using

equation (1) to be around 1.1 um, and in the y-axis was approximately 2.2 pm.

It is interesting to note that the temperature increase recorded by sensor 1 in the comparison
study was about eight times larger than the temperature increase recorded in cold scan A.

The calculated magnitude of the focal spot drift in the x- and y-axes in the comparison study
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was about 7.3 times larger than in cold scan A (for both axes). Although this data is not
sufficient to establish the exact numerical relationship between the increase in the tube
temperature and the increase in the magnitude of the focal spot drift, it further supports the

1dea that greater changes in tube temperature correspond to greater drift of the focal spot.

3.3.5 Analysis of the effects of the focal spot drift on size and shape of the
reconstructed 3D volume of the sphere using computer simulated data

A computer simulation study was conducted in order to assess the influence of the focal spot
drift on the reconstructed 3D model of the sphere. For this purpose, the image stacks were
simulated using different types of the source motion, as described in sections 3.2.3 and 3.2.4.
The diameter and the form error of the 3D model of the sphere with image stacks simulated
using a stationary source were compared to the diameter and the form of the 3D models of
the sphere with image stacks simulated using a moving source. The results are summarised

in table 3.2.
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Table 3.2 Comparison of reconstructed 3D models of the simulated steel sphere. The image stacks
were simulated using different values of the source drift: 1) stationary source; 2) the source was
shifted using data for the focal spot drift in the x- and y-axes from scan A; 3) a linear shift in the

position of the source of up to 10 pm in the x-axis; 4) a linear shift in the position of the source of

up to 10 pm in the y-axis; 5) a linear shift in the position of the source of up to 10 pm in the x- and
y-axes; 6) a linear shift in the position of the source of up to 50 um in the x-axis; 7) a linear shift in
the position of the source of up to 50 um in the y-axis; 8) a linear shift in the position of the source
of up to 50 pm in the x- and y-axes 9) a linear shift in the position of the source of up to 50 pm in
the positive z-axis; 10) a linear shift in the position of the source of up to 50 um in the negative
z-axis; 11) the source was shifted using data for the focal spot drift in the x- and y-axes from the
comparison study scan.

Source drift Centre of Diameter/ Differencein Form error
rotation/ mm diameter (peak-to-
pixel with sphere valley)/ pm

1/ pm
1. No drift 0.0006 0.99916 - 0.89
2. Drift data from scan A 0.1309 0.99914 -0.02 1.13
3. 10 pm in x-axis 2.4488 0.99904 -0.12 4.01
4. 10 pm in y-axis 0.0010 0.99896 -0.20 4.85
5. 10 um in x- and y-axes 2.4509 0.99905 -0.11 6.35
6. 50 um in x-axis 12.2800 0.99747 -1.69 8.25
7. 50 pm in y-axis 0.0096 1.00324 +4.08 8.40
8. 50 um in x- and y-axes 12.3000 1.00746 +8.30 8.84
9. 50 um in the positive z-axis 0.0005 1.00118 +2.02 1.49
10. 50 um in the negative z-axis 0.0010 0.99702 -2.14 1.34

11. Drift data from comparison
study 0.4030 0.99911 -0.05 1.38

When comparing the values for the diameter and the form error presented in table 3.2, the

following conclusions can be made:

- This simulation study confirms that the drift of the focal spot in the x-axis, y-axis and

z-axis affects the size and the form of the reconstructed object.

- Increasing the magnitude of the focal spot drift increases the size error and the form error

of the reconstructed object.

- The focal spot drift in the y-axis results in the larger size error and form error compared to
the drift in the x-axis. This can be due to the fact that the reconstruction software
CT Pro 2D 3.1, used in this study, corrects for instabilities in the x-axis by adjusting the

centre of rotation, as seen in table 3.2 column 3.
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The drift of the focal spot in the z-axis introduces changes in magnification, causing a
scaling error in the reconstructed volume, thus affecting the size of the reconstructed
object. For example, for image stack 9, where the position of the source was shifted
incrementally from 0 to 50 um in the positive z-axis, the magnification increased from 100
to 100.42. For image stack 10, where the position of the source was shifted incrementally
from 0 to 50 um in the negative z-axis, the magnification decreased from 100 to 99.58.
Such changes in magnification resulted in an increased diameter of 1.00118 mm for
sphere 9 and in a decreased diameter of 0.99702 mm for sphere 10. When the
reconstructed object is a sphere, the drift in the z-axis appears to have only a minimal

influence on the form error.

For the XCT systems used in this study and the comparison study, the manufacturer’s
specification for maximum permissible error (MPE) in length measurement is
(9 + L/50) um, where L is in mm. No specification is given with regards to the size error
and form error. However, VDI/VDE 2630 guidelines part 1.3 states that the size error
and form error must be significantly smaller than the MPE in length measurement. It can
be seen that the calculated values for the diameter and the form error of the spheres
simulated using drift data from cold scan A and drift data from the comparison study are

in accordance with the guidelines.

For spheres simulated using the magnitude of the source drift of 10 um and 50 um, both
the size error and the form error are significantly increased. As stated previously,
increasing the power of the X-ray tube can increase the magnitude of the focal spot drift.
Since all experimental scans in this study were produced at X-ray tube power setting
below 6 W, it is essential that the XCT system undergoes the focal spot drift evaluation

for higher tube power settings.

Only spheres were simulated in this study. Further study investigating the effects of the
focal spot drift on measurement of length, size and form of more complex objects is

needed.
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3.4 Conclusions and future work

The present study of focal spot drift and its correlation with thermal behaviour of an XCT
system was the first study which was conducted on an industrial XCT system built
specifically for metrological applications. In order to observe the drift of the focal spot in the
XCT system, a novel experimental set-up and reference object were designed in a way so as
to minimise the number of factors that can influence the positional stability of 2D images.
The scans were performed in two modes: cold and hot. Each cold scan comprised 3142
images, the recommended number of images for this XCT system. Each hot scan comprised
10 000 images, the maximum number of images for this XCT system. In addition, two 11
hour scans were acquired in order to assess a long-term performance of the system, as well

as to evaluate the influence of the reference object positioning on the drift data.

A further novel aspect of this research was the fact that the focal spot drift data acquired
during the experimental study was then used in the computer simulation study in order to
assess the influence of the focal spot drift on the measurement performance of the XCT
system. The newly developed focal spot drift evaluation technique was subsequently used in
a short comparison study, where the magnitude of the focal spot drift and its influence on
the measurement performance of the XCT system at the University of Padova, Italy were

assessed. The following observations and conclusions were made:

- The thermal performance of the XCT system used in the study at NPL is summarised in
table 3.3. On the basis of these results it can be concluded that the system demonstrated
stable and repeatable thermal behaviour at X-ray tube settings of up to 6 W. Further
studies are needed to evaluate the thermal behaviour of the system at higher power

settings.

Table 3.3 Temperature data summary. Sensor 1 was placed on the metal part of the X-ray
tube just above the target; sensor 2 was attached to the water pipe below the target and
sensor 3 was attached to the filter mount adjacent to the reference object.

Sensors Temperature before Temperature at the end of
switching the X-rays on the experiments
Sensor 1 21.38°C £ 0.01 °C 21.60°C £ 0.01 °C
Sensor 2 20.15°C £ 0.03 °C 20.15°C £0.03°C
Sensor 3 20.30°C £ 0.01 °C 21.20°C £ 0.01 °C

- The presence of the focal spot drift was evident in all cold and hot scans.
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- For all cold scans acquired over a period of fifty-three minutes, the drift of the (x,y) centre
coordinates in the x-axis did not exceed 0.15 pixels (30 um), corresponding to
approximately 0.25 um drift of the focal spot. The drift in the y-axis did not exceed 0.4
pixels (80 um), corresponding to approximately 0.6 pm drift of the focal spot.

- In cold scans most of the drift in both axes happened during the initial eight to ten
minutes. The pattern of the drift was in close correlation with the pattern of temperature
increase recorded by the sensor attached to the lower part of the X-ray tube. It can,
therefore, be concluded that the observed drift is predominantly due to the instability of
the focal spot as the temperature inside the X-ray tube begins to rise. Others have
reported the drift pattern stabilising approximately two hours after switching on the X-ray
tube [131]. Given such variations in the length of time it takes for different X-ray tubes to
stabilise, it is advisable for the user to identify the behaviour of the focal spot drift that is
characteristic to their particular X-ray system. It is then advised, whenever possible, to
allow the X-ray tube to stabilise for an appropriate length of time prior to image

acquisition.

- For all hot scans acquired over a period of around three hours, the magnitude of the drift
of the (x,y) centre coordinates did not exceed 0.1 pixels (20 um) in either axis,
corresponding to approximately 0.15 um drift of the focal spot. It is important to note that
most of the drift was observed approximately 75 minutes after the start of the scan
(around 4 500 images), indicating that if a standard industrial scan of 3 143 images was
performed using hot scan conditions, any shift in the (x,y) centre coordinates would have

been within the image noise.

- No general trend to the direction of the drift was observed in hot experiments. The start
direction of the drift appeared to be random; however, once the direction was initiated,
the drift continued in that direction. Unlike other studies, where the drift was found to be
a repeatable phenomenon, these findings make even the notion of positional correction of

2D images using previously known focal spot drift data impossible.

- The results from the 11 hour scan, with the reference object placed in the filter holder,
revealed a presence of a steady drift of the (x,y) centre coordinates throughout the
duration of the scan despite stable temperature readings from all three sensors. It can,
therefore, be inferred that the observed drift was not only due to thermal conditions inside
the X-ray tube, but also the result of additional factors that require further investigation.
One possible explanation is that the drift is the result of the gradual change of the surface
of the target due to its damage by the electron beam. Another possibility is that the
observed drift is caused by the relative movement in the X-ray tube, metal frame and

detector assembly.
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Data acquired from the 11 hour scan, where the reference object was placed onto the
structure containing the rotation stage, shows a very different drift pattern of the (x,y)
centre coordinates compared to all other cold and hot scans both in magnitude and
direction. The result demonstrates that for this XCT system the contribution to the total
drift in 2D images due to the instability of the structure containing the rotation stage is
greater than the contribution from the focal spot drift. The significance of this finding is
twofold. Firstly, if the main objective is to investigate the drift of the focal spot in an XCT
system, it is essential that the reference object and the experimental set-up are designed in
such a way as to eliminate as many additional sources of motion as possible; otherwise,
drift data acquired from 2D images can be wrongly attributed to the drift of the focal spot.
Secondly, if the main objective is to correct for the positional instability of 2D images
using a reference object technique, it is important that the reference object is mounted in
such a way that during a scan it ‘follows the path’ of the object of interest as closely as
possible. Otherwise, this process of correction itself may introduce errors into the
reconstructed 3D volume. This is not a trivial task and requires an in-depth
understanding of how various parts of the XCT system perform during different scanning

conditions.

The influence of the focal spot drift on the measurement of the reconstructed object was

confirmed during the computer simulation part of the study.

The use of the focal spot drift experimental data in computer simulation study showed
that when the XCT system is operated at power of up to 6 W, the magnitude of the focal
spot drift characteristic to this system has only a small effect on the MPE stated by the

manufacturer.

A short comparison study of the focal spot drift and its effects on measurement in the
XCT system at Padova showed that the newly developed focal spot drift evaluation
technique is transferable and can be successfully applied to different XCT systems
(although, the positioning of the reference object might need adjustment, depending on

the design of the individual XCT system).

Based on the findings of this research the following recommendations can be made:

The positional stability of the focal spot is an important characteristic of the X-ray probe,
which can affect the overall measurement performance of an XCT system. It is, therefore,
recommended that the evaluation of the focal spot drift becomes a part of the acceptance

test, re-verification test, interim checks and X-ray tube qualification of XCT systems.

Each XCT system has its own characteristic focal spot drift pattern, which can be

influenced by many factors, such as the system design, the age and shape of the filament,
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the settings for the steering coils and the focusing magnetic lens, the operating power of
the tube, the stability of the system frame assembly, etc. Therefore, in order to effectively

assess the focal spot drift of any given XCT system the following is recommended:

a) the reference object and its positioning are adjusted in accordance with the XCT
system design in such a way as to minimise the number of factors that can contribute to

the overall instability in 2D images;

b) in order to assess the influence of the focal spot drift on measurement performance of
the XCT system, the focal spot drift data acquired during the experimental part of the

focal spot drift evaluation is used in conjunction with further computer simulation study;

c) since the focal spot drift can be different for different X-ray tube power settings, it is
recommended that the focal spot drift evaluation technique is applied to all power

settings that are frequently used by the operator.

d) since the focal spot drift pattern is subject to change due to the factors listed above, it is
recommended that the focal spot drift evaluation is performed on a regular basis, as well
as every time a new filament is installed or any other changes are observed within the

system.

e) it is recommended that the results from every focal spot drift evaluation procedure are
recorded. This will allow the operator to assess the long-term stability and repeatability of

focal spot drift characteristics in a given XCT system.

The novel technique for evaluating the focal spot drift can be improved further by designing
the reference object to comprise two calibrated spheres, which will allow the evaluation of
the focal spot drift in the x-, y- and z-axes ». In addition, the simulation of more complex
objects and phenomena, such as beam-hardening, scatter, etc., will allow investigation of the
effects of the focal spot drift on measurement of length, size and form using more realistic

conditions.

Novelty and contribution: a novel technique, which combines experimental analysis with computer
simulations, for evaluating the focal spot drift in industrial micro-focus XCT systems has been
developed; Solid evidence was acquired to support the proposition that the evaluation of the focal spot

drift needs to become an essential part of the overall procedure of X-ray tube qualification.

2 At the time of writing, a study examining the drift of the focal spot in all three axes is conducted at
NPL with results to be published in Measurement Science and Technology.
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Chapter 4: An investigation of the effects of off-focal
radiation on dimensional measurement in
cone-beam micro-focus XCT systems

4.1 Background to the study

For all X-ray tubes used in XCT systems, X-rays are assumed to originate from a single focal
spot, the area of the X-ray tube where the electron beam hits the surface of the target [91].
However, as previously discussed in section 2.3.4, when the incoming electron beam
interacts with the surface of the target, backscattered electrons are produced. These
backscattered electrons interact with metal surfaces other than the focal spot, generating off-
focal radiation. The off-focal radiation can subsequently give rise to unwanted ‘secondary
focal spot’ phenomenon. In the literature, the off-focal radiation is also known as
‘secondary’, ‘extra-focal’ or ‘parasitic’ radiation [43], [89], [138]. Here these words are used

interchangeably.

The exact characteristics of off-focal radiation may vary depending on the number and the
direction of motion of backscattered electrons, distance from target to the tube housing, the
geometry and material of the target and the housing, as well as the overall tube design. For
example, in X-ray tubes with rotating anode, backscattered electrons are accelerated back
towards the anode outside the focal spot area, causing low intensity X-ray emission over the
entire anode area, thus reducing image contrast and increasing random image noise [1].
Dedicated apertures positioned close to the focal spot area, additional shielding as well as
software algorithms have been employed to reduce the effects of off-focal radiation on image

quality [89].

Unlike X-ray tubes with rotating anode, in transmission and reflection type micro-focus
X-ray tubes, backscattered electrons are not accelerated back to the target. Instead, they
interact with the tube housing material, generating additional high-energy X-rays inside the
tube structure, thus producing characteristic secondary images of scanned objects (figure
4.1). Here, the secondary image surrounding the scanned object is also referred to as the

‘shadow effect’.
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a)

Figure 4.1 a) An image of a ruby sphere with shadow due to the secondary focal spot effect; b) an
image of a tungsten wire with shadow due to the secondary focal spot effect; c¢) an image of a
metal part with shadow due to the secondary focal spot effect. (In all images contrast is adjusted
for shadow visibility). Images were produced on the Nikon Metrology XT H 225 M system at
NPL: images a) and b) were produced with a new X-ray tube and image c) was produced with an
old X-ray tube.

The presence of the shadow effect in 2D images was first observed when performing routine
scans on the Nikon Metrology XT H 225 M system at NPL. The system underwent
technical upgrades, during which the X-ray tube was replaced. The presence of the shadow
effect was further seen when examining images produced using the new X-ray tube, as well

as in images produced on a similar XCT system at the University of Padova, Italy.

The effects of off-focal radiation in X-ray tubes with rotating anode have been widely
discussed in the literature [77], [89], [138]. However, in transmission and reflection micro-
focus X-ray tubes such effects are practically undocumented [111]. Furthermore, no
literature discussing the effects of off-focal radiation on dimensional measurements in micro-

focus cone-beam X-ray tubes has been identified.

Following the experimental observations of the effects of off-focal radiation a novel study of

this phenomenon was conducted at NPL. The purpose of the study was to

- understand the origins of the secondary radiation in micro-focus cone-beam XCT
system,;

- investigate the effects of off-focal radiation on dimensional measurement in an
industrial micro-focus cone-beam XCT system,;

- based on the results of the study, to validate whether secondary radiation in micro-
focus cone-beam XCT system needs to be considered as one of the characteristics in

X-ray probe verification procedure.
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4.2  Methodology

4.2.1 XCT system and environmental conditions

The present study was conducted on an industrial XCT system built specifically for
metrological applications. The system used in this study was a Nikon Metrology XT H 225
M located at NPL.

Table 4.1 XT H 225 M system manufacturer’s specification

Dimensions:

Source-to-detector distance 1180.071 mm (nominal)
Enclosure temperature 19°Cto 21 °C

X-ray source:

Type Nikon Metrology 225 kV open tube
Operating voltage 25kV to 225 kV

Beam current 0 mA to 2 mA

Target material tungsten

Target type reflection

Detector:

Type PerkinElmer XRD 1620 AN3 CS
Active pixels 2 000 x 2 000, with 200 pm pitch

The XCT system was located in an air-conditioned laboratory with the temperature
controlled to 20.0 °C £ 0.1 °C and relative humidity of 45 % £ 5 %. The system is fitted with
an internal cooling system, which is specified to maintain the temperature inside the
chamber at 20.0 °C = 1.0 °C.

In this XCT system, the tilt angle, i.e. the angle between the incoming electron beam and the
normal to the surface of the target, is around 60 degrees. Theoretically, at this angle, around
65 % of incoming electrons can be backscattered, with a large proportion of these
‘backscattered’ in the forward direction (see section 2.3.4). It is important to note that no
manufacturer’s specification or instructions with regards to the presence of off-focal

radiation existed for the X-ray tube used in the above system.

4,2.2 Experimental setup and computer simulations

1) In order to observe the effects of off-focal radiation in the abovementioned XCT system
during the initial stage of the experimental work, a large number of 2D images were

acquired using different objects, at different magnifications, with different voltage and
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2)

3)

4)

current settings of the X-ray tube. Some of the scanned objects were: an old tungsten
filament, tungsten edges, steel spheres and ruby spheres, etc. Voltage settings varied

between 70 kV and 225 kV and current settings varying between 40 pA and 250 pA.

Once the presence of the effects of off-focal radiation was firmly established, a number of
2D images were further analysed in order to understand geometric characteristics of the
secondary source and to investigate possible sources of its origin. Steel spheres of
6.36 mm and 0.79 mm in diameter, a steel gauge of 8.95 mm in width and a thin silicon
window of 25.4 mm in diameter were the objects of choice for further research because of
their simple geometry and availability. The analysis of 2D images of the above mentioned
objects, where the sizes of the images due to primary and secondary sources were
measured and compared. The derivation from the magnification geometry allowed the

postulation of the possible size and location of the secondary radiation source.

A number of 2D images of spheres were simulated with the presence of the secondary
source. These images were analysed and compared with the 2D images of real spheres
produced on the XCT system at NPL. Simulations of 2D images of spheres were
performed in Matlab using the code described in section 3.2.3, parts 1-6, with
adjustments made to the magnification values. The secondary source effect was achieved
by simulating a circular secondary source of 3.8 mm in diameter, displaced from the
primary source by 6 mm along the z-axis in the positive direction. (The values for the
secondary source were estimated from 2D image analysis as discussed in section 4.3.4).
The magnitude of the intensity due to secondary source was set to 10 % of the intensity
due to primary source, which was in good agreement with experimental data. All
simulations were produced using a monochromatic X-ray beam of 60 kV, with iron as the
sphere material (unless stated otherwise). The 2D images were analysed using Matlab

and ImageJ (open source image processing software).

In order to assess the influence of off-focal radiation on the measurement performance of
the XCT system, a number of additional 2D image stacks of different sphere
arrangements were simulated using primary source only, and primary and secondary
sources together. These stacks were reconstructed using Nikon CT Pro 3D software. The
3D volumes of the reconstructed spheres were analysed using VG Studio software. The
iso-surfaces of the sphere models were identified by ‘automatic’ and ‘advanced’ surface
determination techniques available in this package. The ‘automatic’ technique, also
known as ISO-50 % [61], identifies a surface by calculating the average between the mean
grey value of the background and the mean grey value of the material. In the ‘advanced’
technique the surface is identified by the local highest grey value gradient within the

specified number of voxels, where the average between the mean grey value of the
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background and the mean grey value of the material is used as the starting point.
Subsequently, spheres were fitted to iso-surfaces using Gaussian (least squares) fit with
1 000 sampling points. This enabled the calculation of sphere diameters and the range of
the radial residuals to the fit, i.e. the apparent form error of the reconstructed spheres.
The diameter of the sphere, the form error of the sphere and, where appropriate, the
uni-directional and bi-directional distances between spheres in the 3D models simulated
using the primary source only were compared to the measurements in 3D models

simulated using both primary and secondary sources.

5) Following the experimental investigation and the computer simulation study a novel test
object was designed. The purpose of the test object was to assist the XCT user in

evaluating the non-uniformity of the intensity distribution due to the secondary source.
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4.3 Results and discussion

4.3.1 Initial analysis of 2D scanned images

In order to observe the effects of off-focal radiation in Nikon Metrology XT H 225 M during
the initial stage of the experimental work, a large number of 2D images were acquired using
different objects, at different magnifications, with different voltage and current settings of the

X-ray tube. Some of these images are shown in figure 4.2.

Figure 4.2 A selection of images from the initial experimental stage of the study (with original
images on the left and images with adjusted contrast for shadow visibility on the right). Images
were acquired using different objects and X-ray tube settings. a) An image of a filament, produced
at 150 kV, 40 pA and magnification of 40; b) an image of two drills of 1.99 mm in diameter,
produced at 150 kV, 100 pA and magnification of 10; c) an image of four steel spheres of 0.79 mm
in diameter, produced at 75 kV, 80 pA and magnification set to 15 and d) an image of five steel
spheres of 2.36 mm in diameter, produced at 75 kV, 80 pA and magnification set to 15.

When analysing multiple images taken during the initial stage of the study, the following
observations about the effects of off-focal radiation have been made:
- the presence of shadow effect was evident in all 2D images, irrespective of the objects’

materials or the X-ray tube settings;

- the shape and the size of the shadow in images varied depending on the size, shape and
magnification of the object. For example, for small objects, such as spheres of 0.79 mm in

diameter (figure 4.2c), the shadow appeared as a separate ‘ring’ around the sphere, whereas
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for larger objects, such as the spheres of 2.36 mm in diameter (figure 4.2d), the shadow was

merged with the object, thus affecting the grey value of the bulk of the object material;

- the shape and the size of the shadow in images pointed to the likelihood that the secondary

source was circular in shape, located marginally in front of the primary focal spot;

- it was clear from the images that the intensity of the shadow was not radially uniform,

indicating non-uniformity of the secondary source;

- the position of the shadow in 2D images did not change when adjusting the position of the
primary focal spot by altering the direction of the electron beam using the X-Y steering coils.
This suggested that the secondary source was due to a permanent feature inside the tube
housing, which is in agreement with theoretical understanding of the origins of secondary

radiation in micro-focus X-ray tubes;

- the presence of off-focal radiation affected not only the background surrounding the object,
manifested as the shadow, but the imaging of the inner parts of objects themselves. For
example, figure 4.3 shows images of a steel edge of 0.9 mm thickness, produced with the
X-ray tube settings of 90 kV and 62 pA, with magnification of 40. The presence of the darker
area in the background, the shadow, and the lighter area inside the steel edge are clearly
visible in figures 4.3b and 4.3c. The mean grey value of the background in this image is
around 60 160, the mean grey value of the shadow is around 58 800, the mean grey value of
lighter part of the steel edge is around 16 300 and the mean grey value of the remainder of
the steel edge is 14 600.

a) b) <)

Figure 4.3 An image of a steel edge of 0.9 mm thickness: a) original image; b) same image with
pixel values set between approximately 61 000 and 51 000; c) same image with pixel values set
between approximately 23 000 and 13 000.

In other words, the presence of off-focal radiation can affect the grey value of the

background, as well as the grey value of the object itself reducing the contrast-to-noise ratio
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(CNR)*. For example, the CNR of the steel edge image shown in figure 4.3 was reduced
from around 286 to around 89. When comparing the profiles taken through the central row
of pixels in the image of the steel edge in figure 4.3 and the image of the edge simulated
without off-focal radiation, the impact of off-focal radiation on the edge profiles is clearly
visible (figure 4.4). Such changes in the edge profiles can potentially lead to errors in the
edge (surface) determination procedure (following the 3D reconstruction), especially for

multi-material objects and objects with complex geometries.
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Figure 4.4 Demonstration of the difference between the profiles taken through the central row of
pixels in the image of the steel edge in figure 3 and the image of the edge simulated without
off-focal radiation. The edge profile is altered by the presence of off-focal radiation.

- when examining the 2D images of spheres, another interesting observation was made: for a
certain sphere size and magnification setting, in addition to the shadow surrounding the
sphere, there was a much darker area at the centre of the sphere, giving an appearance of a
secondary object/material (figure 4.5). This effect also pointed to the likelihood of a circular

secondary source.

2% Contrast-to-noise ratio (CNR) is an object size-independent measure of the signal level in the
presence of noise [1]. CNR = (X4 — X,p;)/0pg , Where X4 and o, are the mean grey level value and
the standard deviation of the background, respectively, and ¥,,; is the mean grey level value of the
object.
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a)

Figure 4.5 An image of a steel sphere of 6.36 mm in diameter, produced with the X-ray tube
settings of 75 kV, 100 pA and magnification 17: a) original image; b) same image with pixel values
set between approximately 64 000 and 51 000; c) same image with pixel values set between
approximately 300 and 1 700.

The above listed observations have been further investigated during the next stage of the

study.

4.3.2 Magnification geometry in X-ray imaging

As stated previously, no a priori knowledge about the X-ray tube housing inner geometry
existed; therefore, the initial location of the source of secondary radiation was estimated by
trial and error, when comparing the image size due to primary radiation with the image size
due to secondary radiation. Such an approach relies on the understanding of 2D X-ray
image geometry and is described below.

When X-rays are emitted from a point source, magnification m of a scanned object can be
determined by a ratio of the source-to-detector distance divided by the source-to-object
distance:

_a+b

m=-—- 87)

where a is the source-to-object distance and (a + b) is the source-to-detector distance, as
shown in figure 4.6. Magnification m is also known as geometric magnification [91].
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source plane £,

object plane

image plane

Figure 4.6 Geometry of a magnified image I of object O, produced with a point source f. Here, a
is the source-to-object distance and (a + b) is the source-to-detector distance.

However, for 2D images acquired using X-ray sources of finite size, the magnification value
is modified. Figure 4.7 shows a schematic representation of a 2D image of a scanned object

acquired using an extended X-ray source.

source plane

object plane

image plane

Figure 4.7 Geometry of a magnified image produced by an extended source. Here, O is the size of
an object, I is the size of an image due to a point source, f is the size of an extended source, a is
the source-to-object distance and (a + b) is the source-to-detector distance, u is the penumbra and
I;otar 18 the image due to the extended source and is equal to (I + 2u).
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The derivation of the magnification due to the extended source, also known as ‘true

magnification’ can be achieved by examining just one half of the image, as shown in figure
4.8.

object plane

Figure 4.8 Schematic representation of image formation with the extended source. For the
purposes of derivation of magnification due to the extended source, only one half of the image
formation (the left side) is taken into account. Here, o is half the size of an object, f is half the
size of the extended source, a is the source-to-object distance and (a + b) is the source-to-detector
distance and i is half the size of an image and is equal to (f + x + u).

From figure 4.8 it can be seen that given an extended source of size 2f, the left hand side of

the image of size i can be represented by its constituent parts:
i=u+x+f. (88)

Geometric magnification, i.e. magnification due to a point source is given by equation (87),
and can be also written as

(89)

Using properties of similar triangles for triangles CEG and BEF and equation (87), the
following relationships are obtained:

x a+b (90)
= =m,
o—f a

re-arranging the above equation, gives
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x =m(o— f). 91

From the similar triangles ABC and DBE, the following relationship is obtained:

u a
Ty (92)

substituting (89) into (92) and re-arranging gives

2fa
u=

Then, substituting values of x and u from (91) and (93) into (88) gives
i=2f(m—-1)+m(o—-f)+f =
=2fm—-2f+mo—mf+f =

=f(2m—-2-m+1)+mo. (99)
In other words, the image size due to the extended source is
i=f(m-1)+mo, (95)
and the true magnification M is, therefore,

i f
M=-=—(m-1)+m. (96)

o o
It can be seen from equation (96) that the true magnification is a function of not only the
quotient of source-to-detector distance to source-to-object distance as with geometric

magnification, but also a function of the quotient of source size to object size.

4.3.3 Initial evaluation of the secondary source properties

Taking into account the geometry of image formation, the production of backscattered
electrons, observations from multiple images acquired during stage 1 of the study and the
limited knowledge about the inner geometry of the X-ray tube (figure 4.9), it was proposed
that the secondary source was produced from the edge of the exit window in the target
housing of about 4 mm in diameter, located around 6 mm in front of the primary focal spot.
The target housing is made of tungsten/copper alloy, a material suitable for generating

X-rays.
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target housing

target rod

Figure 4.9 An approximate schematic representation of the micro-focus X-ray target assembly.
The hatched area is part of the target housing which surrounds X-rays as they exit the target
assembly through the beryllium or aluminium window (shaded area). As the backscattered
electrons interact with the target housing made of tungsten/copper alloy near the exit window,
secondary X-ray radiation is produced.

To confirm the initial assumptions about the size and the location of the origin of the
secondary focal spot, a number of 2D images of a steel gauge of 8.95 mm in width and a thin
silicon disk of 25.4 mm in diameter were examined further (figure 4.10). Using equations
(87) to (96) and the properties of the XCT system as given in table 4.2, the theoretical sizes
of the images of the steel gauge at three different magnification settings and of the silicon
disk at one magnification setting produced by primary and secondary sources were
calculated. These theoretical values were then compared with the experimentally measured
values of the images of the steel gauge and the silicon disk due to the primary and secondary
radiation sources. Experimental measurements of the image sizes were obtained in ImagelJ
by taking a profile through the central row of pixels and evaluating the boundaries between
the background and images due to the primary and secondary sources based on the changes
in grey values along the profile. This method adds a small amount of uncertainty due to the

manual boundary selection. The results are summarized in table 4.3.

a) b)

Figure 4.10 Images of a steel gauge (a) and a silicon disk (b). In both images the white dashed lines
indicate images due to the primary source and the black dashed lines indicate images due to the
secondary source.
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Table 4.2 Summary of the XCT system properties used in calculating the image sizes of
a steel gauge and a silicon window produced by primary and secondary sources.

Properties of the XCT system Measurements/ mm
Pixel size 0.2
Primary source to detector distance 1180.071
Estimated secondary source to primary source 6
distance

Estimated secondary source to detector distance 1174.071
Estimated secondary source size/ diameter 3.8

Table 4.3 Summary of the experimentally measured and theoretically calculated image sizes of the
steel gauge and the silicon window produced by primary and secondary sources.

Magnification Measured Theoretical Measured Theoretical

due to primary image size due image size due image size due image size due

source to primary to primary  to secondary  to secondary

source/ pixels source/ pixels source/ pixels source/ pixels

Steel gauge 7.04 314 316.982 430 429.743
Steel gauge 9.97 446 446.448 648 646.875
Steel gauge 13.85 622 620.643 923 926.343
Silicon window 6.94 894 892.301 1029 1026.723

As seen in table 4.2, the secondary source of 3.8 mm in diameter located 6 mm in front of
the primary focal spot was used in the calculations. Data presented in table 4.3 shows that
the experimentally measured values of image sizes produced by primary and secondary
radiation sources were in good agreement with the values calculated using equations

(87)-(96).

4.3.4  Analysis of 2D simulated images

Having acquired numerical evidence to support the initial postulate about the size and the
location of the secondary source, a computer simulation study was conducted for further
investigations. During this study a number of 2D images of spheres of different sizes,
materials and magnification settings were acquired on the XCT system; the images were
then compared with relevant simulated 2D images. For example, figure 4.11a shows a
simulated image of an iron sphere of 6.36 mm in diameter with magnification set to 9 and
other parameters as per table 4.2. Adjusting the image contrast allows the effects of the

secondary radiation to be clearly visible (figures 4.11b and 4.11c). (The ‘dark core’ inside the
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sphere image is the product of individual images of the sphere, produced by multiple
secondary focal spots around the exiting window, overlapping each other). For a given size
of secondary source, the presence of the ‘dark core’ depends on the size and magnification of
the sphere. The simulated image is in close correlation with the image of a steel sphere of
6.36 mm in diameter, produced on the XCT system with the X-ray tube settings of 75 kV,
100 pA and magnification set to 9 (figure 4.12a). Again, when the contrast of the acquired
image is adjusted, the effects of off-focal radiation are clearly visible (figures 4.12b and
4.12c). The sizes of the images due to the primary source and the secondary source in both,
simulated and experimental images, were calculated and are summarised in table 4.4.

(Experimental images were processed in ImagelJ as described in section 4.3.3)

a) b) ©)

Figure 4.11 a) A simulated image of a steel sphere of 6.36 mm in diameter at magnification set to
9; b) the same image with grey values adjusted for shadow visibility, here the white dashed line
shows the image due to the primary source and the grey dashed line shows the ‘shadow effect’ due
to the secondary source; c) the same image with grey values adjusted for the ‘dark core’ visibility,
here the blue dashed line shows the ‘dark core effect’ due to the to the secondary source.

Figure 4.12 a) An image of a steel sphere of 6.36 mm in diameter, produced with the X-ray tube
settings of 75 kV, 100 pA and magnification set to 9; b) the same image with grey values adjusted
for shadow visibility, here the white dashed line shows the image due to the primary source and
the grey dashed line shows the ‘shadow effect’ due to the secondary source; c) the same image
with grey values adjusted for the ‘dark core’ visibility, here the blue dashed line shows the ‘dark
core effect’ due to the to the secondary source.
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Table 4.4 The summary of the diameter values of images due to the primary and secondary
sources in experimental and simulated images.

Image diameter due The diameter of the The diameter of the
to the primary shadow due to the core due to the
source/ pixels secondary source/ secondary source/

pixels pixels
Experimental image 284 456 138
Simulated image 286 458 139

Although some degree of approximation existed due to boundary definition in image
processing, nevertheless diameter values in experimental and simulated images are in good
agreement. This further confirms the initial postulate about the origin and location of the

secondary source.

To summarise, the above experimental investigations in conjunction with computer
simulations have confirmed the initial postulate that in the XCT system used in this study
the unwanted secondary X-rays are produced by the interaction of backscattered electrons
with the exiting window of the tube housing of 3.8 mm in diameter located around 6 mm in
front of the primary focal spot. The investigations of the effects of secondary radiation on 2D
images have shown clearly that secondary radiation can affect the background around the
imaged object, the edges of the object, as well as the internal parts of the object. The exact
impact on the quality of 2D images would depend on multiple factors, e.g. the size, shape
and location of the secondary radiation source, the material and geometry of the scanned
object, the magnification, the positioning of the object on the rotation stage and the tube

power settings.

4.3.5 Analysis of 3D volumes

Experimental scan

The next stage of the study was to analyse the effects of secondary radiation on
reconstructed 3D volumes of scanned objects. A steel sphere of 5 mm in diameter was
scanned on the XCT system with the X-ray tube set to 100kV and 100 pA and the
magnification set to 10. As expected, all 2D images were affected by the presence of
secondary radiation (figure 4.13). The stack of 2D images was then reconstructed using
Nikon CT Pro 3D software and the 3D volume was analysed in VG Studio (figure 4.14).

The diameter of the sphere was calculated to be 4.993 mm with form error of 6.652 um.
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a) b) <)

Figure 4.13 a) An image of a steel sphere of 5 mm in diameter, produced with X-ray tube settings
of 100 kV, 100 pA and magnification set to 10; b) the same image with grey values adjusted for
shadow visibility; c) the same image with grey values adjusted for ‘dark core’ visibility.

a)

<)

Grey value
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Distance/ mm

Figure 4.14 a) A 3D volume of a steel sphere of 5 mm in diameter; b) a 2D slice through the 3D
volume with surfaces fitted to the outer boundary and the inner ‘pseudo-boundary’ inside the
sphere; a profile through the centre of the 2D slice is marked in green; c) grey level values along
the profile line.
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The analysis of the reconstructed 3D volume of the sphere shows that the shadow effect
observed in 2D images appears to have little influence on the outer boundary of the 3D
volume. On the other hand, the presence of the dark core in 2D images appears to have a
significant effect inside the 3D volume, as it causes an additional pseudo-surface being
determined inside the reconstructed sphere (figures 4.14b and 4.14c). These observations
confirm that the 2D image artefacts caused by the presence of the secondary source can have
a negative effect on the reconstructed 3D models and can lead to diminished contrast-to-

noise ratio as well as errors in material analysis.

Simulated two-sphere objects

In order to assess the influence of the secondary source on dimensional measurement, a

number of 2D image stacks with different sphere arrangements were simulated:

1) the first arrangement was of two iron spheres of 2 mm in diameter each with a 2 mm
distance between their centres, with magnification set to 10;

2) the second arrangement was of two iron spheres of 4 mm in diameter each with a 5 mm
distance between their centres, with magnification set to 10;

3) the third arrangement was of two iron spheres of 5 mm in diameter each, with a 6 mm

distance between their centres, with magnification set to 15.

Two simulated image stacks were produced for each arrangement: stack one was simulated
using only the primary source and stack two was simulated using the primary and secondary

sources. The measurement results are summarised in table 4.5.

As an example, figure 4.15a shows a 2D image of two iron spheres of 4 mm in diameter,
with a 5 mm distance between their centres, with magnification set to 10, simulated using
both the primary and secondary sources. In images simulated using both sources, the effects
of off-focal radiation are clearly visible (figure 4.15b). The analysis of the 3D reconstructed
volumes produced with and without the secondary source (figures 4.15c and 4.15d,
respectively) shows that although the presence of off-focal radiation changes the grey level
values of the background and inside the sphere (figure 4.15¢), the diameter, form error and
uni-directional and bi-directional distance measurements appears to be largely unaffected.
The results of the dimeter and form error measurements of two-sphere objects are

summarised in table 4.5.
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Figure 4.15 A simulation of two iron spheres of 4 mm in diameter each, with a 5 mm distance
between their centres and magnification set to 10, where a) is a 2D image from the stack simulated
using the primary and secondary sources (the yellow arrow shows a uni-directional distance and
the green arrow shows a bi-directional distance); b) is the same image with grey values adjusted
for shadow visibility; c) is a 2D slice through the 3D volume reconstructed from the 2D image
stack simulated using the primary and secondary sources (the appearance of pseudo-objects inside
the spheres is clearly visible), (a profile through the centre of the 2D slice is marked in blue); d) is
a 2D slice through the 3D volume reconstructed from the 2D image stack simulated using the
primary source only (a profile through the centre of the 2D slice is marked in red); e) grey level
values along the profiles marked by the red line in d) and the blue line in c).
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Table 4.5 A comparison of 3D volumes of two-sphere objects. The diameter, form error, uni-directional and bi-directional distances were measured for
sphere surfaces determined using the advanced (Adv.) and automatic (ISO-50 %) surface determination techniques.

Simulated spheres Magnifi- Voxel size/ Sphere 1 Sphere 2 Calculated distances/ mm
cation pm
Diameter/ Uni-directional Bi-directional Diameter/ mm  Form error/ Diameter/ mm Form error/ pm Uni-directional Bi-directional
mm  distance/ mm distance/ mm pm

Adv. ISO-50% Adv. ISO-50% Adv. ISO-50% Adv. 1SO-50% Adv. ISO-50% Adv. ISO-50%

Primary
source only 2.000 2.000 4.000 10 20.000 1.998 2.031 9.246 12.416 1.998 2.031 9.250 15.366 2.000 2.001 3.998 3.998

Primary and
secondary
sources 2.000 2.000 4.000 10 20.000 1.998 1.999 9.493 9.926 1.998 1.999 9.483 9.664 2.000 2.000 3.998 3.998

Primary
source only 4.000 5.000 9.000 10 20.000 4.001 4.001 7.189 7.256 4.001 4.001 7.174 7.256 5.001 5.001 9.002 9.002

Primary and

secondary
sources 4.000 5.000 9.000 10 20.000 4.001 4.001 6.947 6.625 4.001 4.001 6.525 6.625 5.001 5.000 9.001 9.000

Primary
source only 5.000 6.000 11.000 15 13.333 5.001 5.000 9.308 9.940 5.001 5.038 9.167 14.847 5.999 5.998 11.018 11.015
Primary and

secondary
sources 5.000 6.000 11.000 15 13.333 5.001 5.001 8.626 9.423 5.001 5.001 8.593 9.408 5.999 5.998 11.012  11.012
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The preliminary results from the simulation of two-sphere objects suggest that although the
presence of off-focal radiation degrades the quality of 2D images, the effect on the
measurement of simple objects, such as spheres, is insignificant. For multi-material objects
and objects with complex geometries, however, the effects of off-focal radiation can

potentially contribute to errors in measurement and material analysis.

Simulated multi-material objects

In order to investigate the effects of off-focal radiation on dimensional measurement of a

simple multi-material object, the following 2D image stacks were simulated and processed:

1) an iron sphere of 6 mm in diameter, with magnification set to 10, simulated using

primary source only;

2) an iron sphere of 6 mm in diameter, with magnification set to 10, simulated using

primary and secondary sources;

3) an object with an outer iron sphere of 6 mm in diameter and an inner aluminium sphere
of 2.5 mm in diameter, with magnification set to 10, simulated using primary source

only;

4) an object with an outer iron sphere of 6 mm in diameter and an inner aluminium sphere
of 2.5 mm in diameter, with magnification set to 10, simulated using primary and

secondary sources.

As previously, the simulations were produced using a monochromatic X-ray beam of 60 kV.

The results are summarised in table 4.6.
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Table 4.6 A comparison of 3D volumes of iron (Fe) and aluminium (Al) spheres. The diameter and
form error of spheres were measured for surfaces determined using the advanced (Adv.) and
automatic (ISO-50 %) surface determination techniques.

Simulated sphere Diameter/ mm Form error/ pm
diameter/mm  Adv. ISO-50% Adv. ISO-50%

Primary source only:

-sphere material Fe 6.000 6.000 6.000 14.035 14.268
Primary and secondary

sources:

-sphere material Fe 6.000 6.001 6.001 13.112 13.570
-pseudo-inner sphere 2.726 18.041

Primary source only:

-outer sphere material Fe 6.000 6.001 6.001 12.951 13.499
-inner sphere material Al 2.500 2.499 16.061

Primary and secondary

sources:

-outer sphere material Fe 6.000 5.999 5.998 14.181 14.289
-inner sphere material Al 2.500 2.717 8.391

Just as with the simulations of two-sphere objects, the measurements of the diameter and the
form error of the iron sphere do not appear to be affected by the secondary source. The
situation is different, however, when analysing the diameters of the inner aluminium sphere.
When the object with the outer iron sphere and the inner aluminium sphere was simulated
using the primary source only, the diameter of the aluminium sphere in the reconstructed 3D
volume was calculated to be 2.499 mm. When this object was simulated using the primary
and secondary sources, the diameter of the aluminium sphere in the reconstructed 3D
volume was calculated to be 2.717 mm. The value of 2.717 mm is close to the value of
2.726 mm, which is the diameter of the pseudo-sphere identified inside the iron sphere that
was simulated using the primary and secondary sources. The reason for such values becomes
apparent, when analysing the profiles through the 2D slices of the three reconstructed
volumes (figure 4.16): the presence of off-focal radiation distorts the real boundary between
iron and aluminium materials in the object (dashed grey line), resulting in the false boundary
identification (solid grey line). This finding supports the proposition that off-focal radiation

can increase measurement errors for complex multi-material objects.
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Figure 4.16 The profiles taken through the centre of the 2D slices of 3D volumes reconstructed
from image stacks of: an iron sphere of 6 mm in diameter, simulated using primary and secondary
sources (green profile); of an object with an outer iron sphere of 6 mm in diameter and an inner
aluminium sphere of 2.5 mm in diameter, simulated using primary source only (red profile); of an
object with an outer iron sphere of 6 mm in diameter and an inner aluminium sphere of 2.5 mm in
diameter, simulated using primary and secondary sources (blue profile). Dashed grey line
represents a position of the real iron/aluminium border and solid grey line represents a false
iron/aluminium border.

4.3.6  Possible correction methods

There are a number of methods that can minimise the intensity of off-focal radiation and its
effects. The first method is the hardware method in which additional (often made of lead)
collimators are installed in the way of the X-ray beam, in order to stop off-focal radiation
from penetrating the object. This method is particularly widespread in medical XCT, as it
not only improves the image quality but most importantly reduces exposure to radiation.

The presence of such collimators is often required by the health and safety standards [43].

The hardware method was applied to some of the scans produced on the XCT system at
NPL. For example, figure 4.17a shows a 2D image of an object made with four crossed
metal wires, scanned at X-ray tube settings of 75 kV and 100 pA, at magnification set to 5.

Figure 4.17b shows the same object scanned at the same settings but with added tungsten
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aperture of 3 mm in diameter and 4 mm thickness, placed in front of the exiting window.
(Such aperture was used, as it was readily available at the NPL lab). It is clear that the effects
of off-focal radiation were minimised, however, the overall brightness of the image scanned

with the aperture was reduced (figure 4.17c¢).

b)

a)

Grey value

20 30 40 50 60 70 80
Pixels

Figure 4.17 An image of the object made with four crossed metal wires, scanned at X-ray tube
settings of 75 kV and 100 pA, at magnification set to 5; b) an image of the same object with the
same settings scanned using a tungsten aperture of 3 mm in diameter and 4 mm thickness and c) a
comparison of the profiles taken through one of the wires in image (a) (red) and image (b) (blue).

One strong disadvantage of the hardware method for XCT systems used in dimensional
metrology is the reduction of the field of view, which can negatively affect the system’s
scanning versatility. Therefore, it is recommended that the user, equipped with information
about the system’s secondary source properties, considers whether the use of additional

collimating devices is beneficial for a given scanning task.

Another method of dealing with the unwanted effects of off-focal radiation is the software
method. This method is based on the assumption that each 2D image is a combination of
images due to the primary and secondary sources. The aim of the software method,
therefore, is to eliminate the image due to the secondary source from each 2D image [111].

Although the software correction of individual 2D images can minimise the effects of off-
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focal radiation (and can easily be achieved for simulated images), this method has a number
of limitations. For example, in order to remove the effect completely, the exact position of
the secondary source needs to be known. As shown in this study, a good estimate of the
secondary source size and position can be achieved; however, some degree of approximation
is always present. As stated previously, the intensity of the images due to the secondary
source depends on a number of factors, such as the tube settings, object materials and
geometry, magnification settings, positioning of the object on the rotation stage, the motion
of the rotation stage, focal spot drift, etc. An exact knowledge of these factors is essential in
order to eliminate the effects of off-focal radiation completely, but often impossible to
obtain. In addition, the secondary images of structures outside the field of view, e.g. the
rotation stage, object holders, etc. can interfere with the imaging of objects inside the field of

View.

A third method of minimising the effect of off-focal radiation is through adjusting the design
of the X-ray tube and tube housing in particular. Since the secondary radiation is generated
by the interaction of backscattered electrons with the housing material, it is proposed that
the inner part of the housing close to the exiting window is shielded with a soft material,
such as aluminium. Aluminium is often a material of choice in beta-particle® shielding. The
maximum range, R,,,, of a beta particle can be calculated using an empirical formula given

by Katz and Penfold [139]

. —-0. 1
R, = 0.412E1265 0.0954 In(Ep)

5 for 0.01 < Eg < 2.5MeV, 97

where Egis the maximum beta energy in MeV and Ry,4y 1S in gcm?. With the maximum

range known, the thickness t of the shielding can be calculated using

t=—=%, (98)

where p is the material density in gcm™. The highest energy an electron can acquire in the
XCT system at NPL is 225 keV and, therefore, can be stopped by a sheet of aluminium of
0.187 mm in thickness. In other words, if a layer of aluminium of, say, 0.2 mm is fitted
inside the tube housing around the exiting window, none of the backscattered electrons will
be able to reach the tungsten/alloy part of the housing to produce highly energetic X-rays.

The fraction of electron energy reappearing as bremsstrahlung can be calculated using

> Beta-particles are high-energy, high-speed electrons or positrons emitted in the radioactive decay of
an atomic nucleus.
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f=35x10"*ZEg, (99)

where Epis the maximum electron energy in MeV. For electron energy of 225 keV impinging
on an aluminium sheet with Z = 13, this fraction is around 0.001, which is almost six times
smaller than for tungsten. The proposition of shielding the inner part of the housing close to
the exiting window with soft material, such as aluminium, was presented to the
manufacturer. Trials are underway to examine the possibility of changing the tube design.
Since the number of backscattered electrons increases rapidly with the increased angle
between the incoming electron beam and the target material, it is also possible to reduce
backscatter by changing the tilt angle. Again, this suggestion was presented to the

manufacturer.

4.3.7 Secondary source evaluation procedure

The results of the NPL study of off-focal radiation in micro-focus XCT systems designed for
dimensional metrology suggest that this phenomenon can be present in all systems, the
extent of which varies depending on the system’s design. The study confirmed that the
effects of off-focal radiation can degrade the image quality and cause errors in dimensional
measurements and material analysis. It is therefore recommended to include the evaluation
of the properties of the secondary source, e.g. location, size, shape and intensity, as a part of

the overall X-ray probe qualification procedure.

The procedure can be based on the techniques developed during this study, as it was clearly
demonstrated that the analysis of 2D images of objects such as a steel gauge, silicon disk and
metal spheres can be successfully employed in calculating the location, size and shape of the
secondary source in micro-focus XCT systems. In addition, in order to evaluate the radial
non-uniformity of the intensity due to the secondary source, a novel object, named ‘the
wheel’, was designed. This object was made with four crossed steel rods fixed inside an
aluminium cylinder (figure 4.18). The diameter of the rods is 0.9 mm and the inner diameter
of the cylinder is 78 mm. The benefit of the wheel is that on scanning, the user can quickly
identify the pattern of intensity non-uniformity due to secondary source. For example, when
the wheel was scanned on the XCT system at NPL, the non-uniformity of the image due to
secondary radiation suggested that in this system, the lower part of the secondary source

produces the least amount of unwanted X-rays.
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Figure 4.18 An image of the wheel scanned at X-ray tube settings of 120 kV and 80 pA, at
magnification set to 4; b) an image of the wheel, scanned at the same X-ray tube settings and
magnification set to 10, with adjusted contrast for secondary image visibility.

It is also suggested that the qualification procedure should include computer simulations, as
described in this study, in order to verify the secondary source properties calculated using

image magnification geometry.
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4.4 Conclusions and future work

The novel study of the effects of off-focal radiation on image quality and dimensional
measurement in micro-focus XCT systems was conducted at NPL. Based on the study the

following conclusions can be made:

1) The effects of off-focal radiation were evident in many 2D images, as well as in

reconstructed 3D models.

2) The position, size and shape of the secondary source were successfully calculated using

the techniques developed in this study, which include the design of a novel test object.

3) The evaluation of 2D simulated and experimental images showed that the presence of
secondary radiation can affect the background around the imaged object, the edges of the

object, as well as the internal parts of the object.

4) The comparison of the reconstructed 3D models of different sphere arrangements,
simulated using primary source only and primary and secondary sources, has shown that
the presence of off-focal radiation does not appear to affect the dimensional measurement
of uni-material objects with simple geometry. On the other hand, the presence of the
secondary source can cause significant errors in material analysis and dimensional

measurement of multi-material objects.
5) A number of ways to minimise the effects of off-focal radiation were presented.

6) Based on the findings of this study, it is recommended that the evaluation of the
properties of the secondary source, such as its location, size, shape and intensity, is

included as a part of the overall qualification procedure of the X-ray probe.

7) Further research should include the investigation of the effects of off-focal radiation on
dimensional measurement of multi-material objects of complex geometries, as well as

further advancement of software correction methods.

Novelty and contribution: first of a kind study that addresses the issue of off-focal radiation in industrial
micro-focus XCT systems and its relation to dimensional measurement, bringing the issue to the
attention of wider scientific community. The study includes a novel analysis of the effects of off-focal
radiation on image quality, dimensional measurement and material analysis. Solid evidence was
acquired to support the proposition that the evaluation of the properties of the secondary source needs to

be included in the overall qualification procedure of the X-ray probe.
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Chapter 5: An initial computer simulation study
investigating the effects of the focal spot size and
shape on dimensional measurement in cone-beam
micro-focus XCT systems

5.1 Background to the study

Apart from the positional stability of the focal spot and the effects of off-focal radiation
(already discussed in this thesis), other characteristics associated with the X-ray probe are the
size and shape of the focal spot. The knowledge of these parameters is essential as they can
affect image quality and material analysis. The size of the focal spot® has a direct influence
on the sharpness (or blurring) of the image due to the penumbra effect, often termed edge
gradient (figure 5.1). Penumbra is defined as the region of partial illumination that surrounds

the umbra or complete shadow [91].

Figure 5.1 Schematic representation of the penumbra effect due to an extended focal spot. Here, O
is the size of the object, f is the size of the extended source, U is the umbra, P is the penumbra, a
is the source-to-object distance and b is the object-to-detector distance.

The size of the penumbra P is the function of the size of the focal spot f, the source-to-object

distance a and object-to-detector distance b, where

% Here, the focal spot size is referred to the ‘effective focal spot size’, discussed in section 2.4.3.
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At high magnification settings the size of the focal spot is the main parameter limiting the

spatial resolution of an XCT system [40].

There are a number of standards which provide instructions on how to measure focal spot
sizes in XCT systems used in the field of non-destructive testing [48]-[52], [140]. At present
no such standards exist for XCT systems used in dimensional metrology, however
discussion on measurement of the focal spot size in micro-focus XCT can be found in
literature [61], [62], [141]. As stated in section 2.4.3, the size of the focal spot depends on a
number of factors, such as geometry of the filament, the X-ray tube voltage and current
settings, focusing optics and the angle between the incoming electron beam and the anode.
In most medical XCT systems, the filament is a tungsten coil of a few millimetres in length,
producing focal spot sizes between 0.1 mm and 7 mm of rectangular shape [89]; therefore,
the standard requires to state the size of the focal spot in terms of its length and width [46].
In micro-focus XCT systems with reflection targets used in dimensional metrology, the
filament is a thin tungsten wire, where electrons are emitted from its tip only; this produces
focal spots of around 3 um to 100 um in size which are elliptical in shape [142]. The exact
dimensions of the ellipse would depend on the diameter of the electron beam and the angle
between the incoming electron beam and the target (a ‘line-focus principle’ discussed in

section 2.4.3).

A number of studies investigated the effects of the X-ray tube voltage and current settings on
the size of the focal spot, as well as the effects of the focal spot size on image quality and
spatial resolution are presented in [62], [132], [143]-[146]. At present no studies specifically
discussing the impact of the focal spot size and shape on dimensional measurement using
XCT have been identified. An exploratory computer simulation study, with the purpose of
investigating the influence of the size and shape of the focal spot on dimensional
measurement, was conducted at NPL. The results of the study can be informative in
evaluating whether the measurement of the focal spot size and shape need to be included in

the X-ray probe characterisation procedure for metrological XCT systems.
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5.2  Methodology

5.2.1 Computer simulations of different focal spot sizes

In order to assess the influence of the focal spot size on dimensional measurement, a number
of 2D image stacks of an iron sphere of 1 mm in diameter were simulated using seven
different focal spot sizes between 0 um (a point source) to 96 um, at two magnification
settings of 80 and 40. This range of sizes is representative of focal spot sizes in micro-focus
XCT systems [142]. Simulations of 2D images were performed in Matlab using the code
described in section 3.2.3 parts 1-6 with adjusted magnification values. Focal spots were
represented as 90 ‘individual point sources’ placed within a circle area of different diameters.
Out of 90 points, 30 points were generated in a regular pattern around the perimeter of the
circle in order to define a clear boundary of the focal spot. A further 60 points were
generated inside the area. This limited number of points inside the area was due to
computational and time constraints (figure 5.2). (Due to the limited number of points and
the random nature of their position some non-uniformity within 2D images was expected).
The stacks were reconstructed using Nikon CT Pro 3D software. The reconstructed 3D
volumes of spheres were analysed using VG Studio software as described in section 4.2.3.
The diameter and the form error of 3D sphere models simulated using different focal spot

sizes were measured and compared.
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Figure 5.2 A representation of the focal spot of 3 um in diameter. 90 ‘individul point sources’ are
distributed within a circular area: with 30 points generated in a regular pattern around the
perimeter and additional 60 points generated randomly within the area.
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5.2.2  Computer simulations of different focal spot shapes

In order to assess the influence of the focal spot shape on dimensional measurement, a
number of 2D image stacks of the iron sphere of 1 mm in diameter were simulated using
rectangular and elliptical shapes of the focal spot. (These shapes are representative of focal
spot shapes in real XCT systems). The rectangular focal spot was represented as 120
‘individual point sources’ placed within a rectangle: with 60 points generated in a regular
pattern around the perimeter of the rectangle and an additional 60 points generated
randomly within the area of the rectangle (figure 5.3). The size of the longer side of the
rectangle varied between 3 um to 96 um and was always twice the size of the shorter side.

The rectangular focal spot was simulated first with its longer side along the x-axis and then

along the y-axis. The elliptical focal spot was represented as 120 ‘individual point sources’
placed within an ellipse: with 60 points generated in a regular pattern around the perimeter
of the ellipse and an additional 60 points generated randomly within the area of the ellipse
(figure 5.4). The size of the major axis of the ellipse varied between 6 um to 96 um; the
minor axis was calculated as (major axis X sin(20°)). The value of 20° was chosen as it
approximates a possible angle value in a real X-ray tube. The elliptical focal spot was
simulated with its major axis first along the x-axis and then along the y-axis. Magnification
of 80 and 40 was used in the simulations. All stacks were then reconstructed and analysed as
described in section 5.2.1. The diameter and the form error of 3D sphere models simulated

using rectangular, elliptical and circular focal spots were measured and compared.
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Figure 5.3 A representation of the rectangular focal spot with its longer side of 6 um a) along the
x-axis and b) along the y-axis. 120 ‘individul point sources’ are distributed within a rectangular
area: with 60 points generated in a regular pattern around the perimeter and additional 60 points
generated randomly within the area.
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Figure 5.4 A representation of the elliptical focal spot with its major axis of 6 um a) along the
x-axis and b) along the y-axis. 120 ‘individul point sources’ are distributed within a rectangular
area: with 60 points generated in a regular pattern around the perimeter and additional 60 points
generated randomly within the area.

137



Chapter 5

138



Chapter 5

5.3 Results and discussion

5.3.1 Computer simulations of different focal spot sizes

The analysis of 2D images of spheres simulated using different focal spot sizes demonstrates
that the increase of the focal spot size increases the penumbra effect, thus increasing the
image blurring (figure 5.5a-b). Increased blurring in 2D images affects thresholding in 3D
volumes (5.5¢c-d) by shifting the position of highest grey value gradient and introducing

errors in measurement.
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Figure 5.5 a) A profile through the cental row of pixels in a 2D image of a sphere simulated using
focal spot sizes of 3 pm (red) and 48 um (blue); b) magnified view of the part of profile inside the
area marked by the dotted line in a); c¢) A profile through the cental row of pixels in a 2D slice
through the 3D volume of the reconstructed sphere; d) magnified view of the part of profile inside
the area marked by the dotted line in c).

The results of the diameter and the form error measurements in 3D sphere models simulated
using different sizes of the focal spots with magnification set to 80 are summarised in table
5.1 and with magnification set to 40 are summarised in table 5.2. The graphic representation
of the relationship between the size of the focal spot and the diameter measurements is

presented in figure 5.5.
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Table 5.1 The results of the diameter and the form error measurements of 3D sphere models
simulated using different focal spot sizes with magnification set to 80. The voxel size is 2.5 pm.

Focal spot size/ pym Diameter of reconstructed Form error of reconstructed
sphere/ mm sphere/ nm
Adv. ISO-50% Adv. 1SO-50%
0 0.9999 0.9999 1.067 1.062
3 0.9996 0.9996 0.587 0.545
6 0.9999 0.9999 0.452 0.436
12 0.9996 0.9996 0.452 0.669
24 0.9978 0.9988 1.815 0.786
48 0.9947 0.9961 3.201 1.390
96 0.9863 0.9873 7.431 3.286

Table 5.2 The results of the diameter and the form error measurements of 3D sphere models
simulated using different focal spot sizes with magnification set to 40. The voxel size is 5 pm.

Focal spot size/ pm Diameter of reconstructed Form error of reconstructed
sphere/ mm sphere/ pnm
Adv. ISO-50% Adv. ISO-50%
0 1.0003 1.0003 1.865 1.713
6 1.0001 1.0001 0.704 0.662
24 0.9990 0.9991 0.611 0.574
96 0.9866 0.9882 7.35 2.514
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Figure 5.6 A relationship between the size of the focal spot and the diameter measurements of 3D
sphere models, where sphere surfaces were determined using both the advanced method and
ISO-50 %, simulated with a) magnification set to 80 and b) magnification set to 40.

The results displayed in tables 5.1 and 5.2 confirm that the size of the focal spot has a direct
influence on the size and form measurement (some differences in values exist for different
surface determination techniques). It can be seen that with increasing focal spot sizes the
diameter of the reconstructed sphere appears to decrease (figure 5.6). For larger focal spot
sizes the error in diameter measurement can exceed the size of the voxel. As expected, this
tendency is more pronouced at higher magnification. The results show that compared to the
sphere simulated using a point source the form error measurement initially decreases for
spheres simulated using focal spot sizes between 3 um to 24 pm before it starts to increase for
focal spot sizes above 48 um. It is possible that this pattern is due to the number of ‘point
sources’ used to simulate each focal spot size. It is therefore recommended to conduct a
sensitivity study which evaluates the relationship between the number of points used for

each focal spot simulation and the resultant form error measurement.

5.3.2 Computer simulations of different focal spot shapes

The results of the diameter and the form error measurements of 3D sphere models simulated
using circular, elliptical and rectangular focal spots with magnification set to 80 are

summarised in table 5.3 and table 5.4, respectively. The graphic representation of the

141



Chapter 5

relationship between the shape of the focal spot and the diameter measurements is presented

in figure 5.7.

Table 5.3 The results of the diameter measurements of 3D sphere models simulated using circular,
elliptical and rectangular focal spots with magnification set to 80. The voxel size is 2.5 um. The
advanced surface determination method was used. Here, Ellipsel is an elliptical focal spot with its
major axis along the x-axis, Ellipse2 is an elliptical focal spot with its major axis along the y-axis,
Rectl is a rectangular focal spot with its longer side along the x-axis and Rect2 is a rectangular
focal spot with its longer side along the y-axis.

Focal spot Diameter of reconstructed sphere/ mm
size/ pym

Circle Ellipsel Ellipse2 Rectl Rect2
0 0.9999 0.9999 0.9999 0.9999 0.9999
3 0.9996 1.0001 1.0002 0.9999 1.0002
12 0.9996 0.9997 0.9998 0.9997 0.9998
48 0.9947 0.9963 0.9968 0.9964 0.9961
96 0.9863 0.9903 - 0.9865 -

Table 5.4 The results of the form error measurements of 3D sphere models simulated using
circular, elliptical and rectangular focal spots with magnification set to 80. The voxel size is
2.5 pm. The advanced surface determination method was used. Here, Ellipsel is an elliptical focal
spot with its major axis along the x-axis, Ellipse2 is an elliptical focal spot with its major axis
along the y-axis, Rectl is a rectangular focal spot with its longer side along the x-axis and Rect2 is
a rectangular focal spot with its longer side along the y-axis.

Focal spot Form error of reconstructed sphere/ pm
size/ pm

Circle Ellipsel Ellipse2 Rectl Rect2
0 1.067 1.067 1.067 1.067 1.067
3 0.587 0.338 0.613 0.339 0.645
12 0.452 0.459 0.457 0.223 0.334
48 3.201 1.758 1.545 2.985 5.773
96 7.431 2.265 - 6.906 -
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Figure 5.7 A relationship between focal spot shapes and diameter measurements of 3D sphere
models. Sphere surfaces were determined using the advanced method. Colour coding is as follows:
blue - elliptical focal spot with its major axis along the x-axis; green - elliptical focal spot with its

major axis along the y-axis; black - rectangular focal spot with its larger side along the x-axis; red
- rectangular focal spot with its larger side along the y-axis and magenta - circular focal spot.

The values displayed in tables 5.3 and 5.4 demonstrate that for a given focal spot size,
changing the focal spot shape can produce different diameter and form error measurement
values. As discussed in section 5.3.1, these results can be explained by the fact that different
focal spot shapes cause variations in blurring effect in 2D images, thus affecting the
thresholding in 3D sphere models and resulting in different measurement values. Data in
table 5.3 shows that for all simulated focal spot shapes, increasing the size of the focal spot
decreases the dimeter of the reconstructed sphere. For larger focal spot sizes the error in
diameter measurement can exceed the size of the voxel. The results also show that for all
focal spot shapes the form error measurement initially decreases for spheres simulated using
focal spot sizes between 3 um to 24 um before it starts to increase for focal spot sizes above

48 um. This effect can be further studied in the previously proposed sensitivity study.
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5.4 Conclusions and future work

The exploratory simulation study examining the effect of focal spot size and shape on
dimensional measurement was conducted at NPL. The results clearly demonstrate that both
the size and the shape of the focal spot affect the diameter and form error measurements of

3D sphere models:

- an increase in the size of the focal spot appears to lead to an decrease in diameter
values and an increase in the form error values of the 3D sphere models, with
measurement error reaching the value of a few voxels for larger focal spot sizes;

- for a given size of the focal spot, changing the focal spot shape can produce different

diameter and form error measurement results.

It is important to mention that although this simulation study clearly shows the influence of
the focal spot size and shape on dimensional measurement, the evaluation of the impact of
the focal spot size and shape on dimensional measurement in real XCT scans is not a trivial
matter. In order to achieve a greater confidence in the measurement results, it is suggested
that the user evaluates and records how different X-ray tube settings in their XCT system
affect the size and shape of the focal spot. In addition, it is proposed that real XCT
measurements are accompanied by computer simulations using a virtual XCT system with
properties (including the characteristics of the focal spot) that closely resemble the properties

of a given XCT system.

Based on the results of the study it is recommended that the measurement of the size and
shape of the focal spot should be a part of X-ray tube qualification procedures for
metrological XCT systems. Building on the findings from this study, future work should
include the investigations of the influence of the focal spot size and shape on multi-material

objects of complex geometries.

Novelty and contribution: this is a novel simulation study, which allows direct assessment of the effects
of the focal spot size and shape on dimensional measurement in XCT. Evidence was acquired to support
the proposition that the measurement of the focal spot size and shape needs to be included in the X-ray

probe qualification procedure.
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Chapter 6: Thesis conclusions and future research

The aim of this thesis was two-fold: to identify and evaluate the parameters associated with
the X-ray tube, which influence the dimensional measurement in micro-focus cone-beam
XCT systems; and to propose techniques which can contribute to the development of
standardised procedures for X-ray tube qualification. In order to achieve this aim, a number
of clear objectives were set. Following the overview of the background to the X-ray physics,
XCT technology and the concepts and requirements of dimensional metrology, it became
apparent that XCT is a complex measuring technique with numerous factors which can
influence the measurement result. Given the fact that XCT is a fairly new technology in its
application to metrology, many of these factors are still poorly understood. At present, there
are no international or national standards for performance verification and calibration of
XCT. In addition, no specific guidelines for the qualification of the X-ray tubes used in

metrological XCT systems currently exist.

Based on the review of current standards for medical and non-destructive testing
applications of XCT and additional metrology literature, a number of parameters associated
with X-ray tubes which can potentially influence dimensional measurement were identified.
Subsequently, the factors associated with the X-ray tube such as the positional stability of the
focal spot, the off-focal radiation, the focal spot size and shape and their influence of
dimensional measurement were examined using experimental and computer simulation
techniques. Based on the research presented in the thesis, the following contributions to the

field of metrological application of XCT have been made:

- This is the first study which attempted to identify the parameters associated with the
X-ray tube which can influence dimensional measurement, in order to contribute to
the development of standardised procedures for X-ray tube qualification and

performance verification of XCT systems.

- This is the first study which brought the phenomenon of off-focal radiation in
micro-focus cone-beam XCT systems to the attention of the scientific community in

dimensional metrology.

- The experimental and computer simulation investigations conducted in this study
showed that the positional stability of the focal spot, the off-focal radiation, the focal
spot size and the focal spot shape are the parameters of the X-ray tube which can
directly influence the measurement performance of a micro-focus cone-beam XCT
system. Therefore, it is necessary to include these parameters as part of X-ray tube

qualification and the performance verification procedures of XCT systems.
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- Due to the complexity of XCT systems, the study highlighted the importance of
combing the experimental and computer simulation methods for effective evaluation
of the positional stability of the focal spot and the properties of the secondary source
due to off-focal radiation and their influence on measurement. The techniques
developed during the study can be readily employed as part of X-ray tube qualification

and performance verification procedures of XCT systems.

Based on the investigations discussed in this thesis, the following suggestions for future

research can be made:

- To investigate the influence of the positional stability of the focal spot, the focal spot
size and shape and off-focal radiation on dimensional measurement of multi-material
objects and objects with complex geometries by applying the techniques presented in

this thesis.

- To investigate the stability of the focal spot size, shape and off-focal radiation
throughout the scan duration and their influence on dimensional measurement using

the techniques presented in this thesis.

- Another parameter associated with the X-ray tube and not discussed in this thesis, is
the instability of the X-ray flux. It is therefore suggested to investigate the influence of
the instability of the X-ray flux on dimensional measurement in micro-focus

cone-beam XCT systems using the techniques developed during this study.

- Spatial resolution is the parameter that is often used in characterising the imaging
performance of an X-ray system. Since spatial resolution is influenced by the X-ray
tube settings, it is recommended that future research should include the investigations
of how the positional stability of the focal spot, the presence of off-focal radiation, the
focal spot size, the focal spot shape and the instability of the X-ray flux affect spatial
resolution of the XCT system. This research can be carried out using the techniques

developed during this study.

- The results of this study clearly established the fact that the positional stability of the
focal spot, off-focal radiation and of the focal spot size and shape influence the
dimensional measurement. These parameters, therefore, need to be included as input
quantities in the measurement model in the uncertainty evaluation process. This
requires further in-depth study of the parameters and their properties, as each

parameter needs to be characterised by an appropriate probability distribution.

- One of the most important characteristics of an imaging system is its ability to

reproduce faithfully the relative intensity distribution of the original object in the final

148



Chapter 6

image. The parameter that is widely used to describe this aspect of imaging is the
optical transfer function (OTF)?. Therefore, it is recommended that future research
should include the investigations of how the positional stability of the focal spot, the
presence of off-focal radiation, the focal spot size, the focal spot shape and the

instability of the X-ray flux influence the OTF.

Overall, it can be concluded that the results of the research presented in this thesis

adequately fulfilled the thesis aim and objectives.

2 The OTF is defined as a measure of how the contrast and phase of a sinewave grating pattern is
reproduced by the imaging system [152]. The contrast component of the OTF is called the
modulation transfer function (MTF) and the phase component is called the phase transfer function
(PTF). For an in-depth treatment of the subject see [152].
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Appendix A

The Canny edge detection algorithm, created by John F Canny in 1986, is a multi-stage edge
detection process with the following steps [147], [148]:

1. Due to the fact that the process of edge detection is easily affected by noise, the first step
in the Canny algorithm is to remove the noise from the original 2D image, Ioyiginai by

convolving it with a 2D Gaussian kernel, H; ;.

Lsmootn = Hi,j ® Ioriginal ) (101)

where I, 00:n 1S the smoothed image and @ represents convolution.

A 2D Gaussian function is defined as

i2+j2

H[i,j] = ke 207, (102)

where k is the normalisation constant and o is the standard deviation, numerical value of
which determines the width of the Gaussian, and, hence, the degree of smoothing.
Discrete approximations to this continuous function are specified using two parameters:

1) the size of the kernel, i.e. N X N filter mask and 2) the value for the standard deviation

o. For example, a Gaussian kernel of size 7 x 7 and ¢ = /2 is calculated to be

[4, 7] -3 2 -1 0 1 2 3
0.0111 0.0388 0.0821 0.1054 0.0821 0.0388 0.0111
0.0388 0.1353 0.2865 0.3679 0.2865 0.1353 0.0388
0.0821 0.2865 0.6065 0.7788 0.6065 0.2865 0.0821
0.1054 0.3679 0.7788 1.0000 0.7788 0.3679 0.1054
0.0821 0.2865 0.6065 0.7788 0.6065 0.2865 0.0821
0.0388 0.1353 0.2865 0.3679 0.2865 0.1353 0.0388
0.0111 0.0388 0.0821 0.1054 0.0821 0.0388 0.0111

(U = HL

For computational purposes, the preferred weights of the kernel are integers. This can be
achieved by using equation (98) and setting one of the corner values in the above matrix

to, say, 1, then

H[_3J_3] _M
——=e & =001l (103)
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and

1
i 0.0111, k= = 90.0901. (104)

0.0111

By multiplying the rest of the weights in the kernel by this k value and rounding them to

the nearest integer, the following Gaussian kernel is produced:

[i.j]

3 3
1 4 7 10 7 4 1
4 12 26 33 26 12 4
7 26 55 71 55 26 7
71 91 71 33 10
7 26 55 71 55 26 7
4 12 26 33 26 12 4

[T T = U 1)
-
o
w
w

To normalise the Gaussian kernel, each value in the above matrix is divided by the total

sum of values in the matrix. Here,

3 3
Z H[i,j] = 1115, (105)

i=—3 j=—3

hence, the output values for the smoothed image are

i=iend J=Jstart

1
Lsnootnlx, ¥] = 1115 z Z HIi, ] Loriginal [x =i,y —]] (106)

i=is¢art J=Jstart

2. After minimising the noise in the image, the next step is to calculate the magnitude of the
gradient in the image, referred to as the edge strength. To achieve this, the image Is;00tn
is convolved with the Sobel operator, comprising two kernels K;, and Kg,. The
convolution produces two matrices G, and G,, containing the horizontal and vertical

derivative approximations, respectively, i.e.

Gy = Kgx ® Ismootn
Gy = KGy ® Lsmootn; (107)
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where
-1 0 1
K¢, = [—2 0 2]
-1 0 1
1 2 1
KGy = 0 0 0
-1 -2 -1

The edge strength can then be calculated using

1G] = /Gx2+Gy2,

which, for computational purposes, is approximated by

1G] = 1G] + |Gy | -

. The next step is to calculate the edge direction using

Appendix A

(108)

(109)

(110)

(111)

For example, to estimate the magnitude and direction of the gradient for pixel [x,y] in

figure 13, using the Sobel kernels K¢, and K, in equation (8), the following calculations

are performed:

150 | 150 | 150

60 |[x,y]| 140

40 | 40 50

Figure A.1 Schematic representation of numerical values of pixel [x,y] with its neighbouring

pixels in an image.
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Gylx,y] = (1) X 150 + (—2) X 60 + (—1) X 40 + 1 X 150 + 2 X 140 + 1 X 50 = 170

Gylx,y] =1Xx 1504+ 2 X 150 + 1 X 150 + (—1) X 40 + (—2) X 40 + (—1) x 50 = 430,
resulting in the magnitude and direction of the gradient to be
Glx,y] = |170| + |430| = 600,

=tan! @ = 68.43°
[170] U

4. The next step is to digitise the values of the edge direction. In other words, in a digital

|Gy[x»3’]|>

_ -1
Olx.yl = tan <|cx[x,y]|

image, the direction of an edge through each pixel can take only one of the four possible
values: 0°, 45°, 90° and 135°; therefore, all calculated values of @ are approximated by
the four values they are the closest to. The above value of the edge direction of 68.43° is

then set to 90°.

5. The next step is known as the non-maximum suppression. Here, the pixel values of each
pixel are compared to the neighbourhood pixels along the direction of the edge: pixels
with the maximum value are considered to be preliminary edge pixels and all other pixel

values are suppressed, i.e. set to zero.

The final step is known as hysteresis. During this step the remaining preliminary edge pixels
are converted into ‘real edge’ pixels using two threshold values: T1 and T2, where T1 > T2.
Pixels with values higher than T1 are marked as ‘strong’; pixels with values between T1 and
T2 are marked as ‘weak’; and pixels with values below T2 are set to zero. The ‘strong’ pixels
are identified as true edges, then the ‘weak’ pixels are added to true edges if, and only if, they

are connected to the ‘strong’ pixels, otherwise their values are set to zero.
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