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Foreword

ISO (the I

nternational Organization for Standardization) is a worldwide federation of national standards

bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee

has been

established has the right to be represented on that committee. International organizations,

governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Dlrectlves Part 1.In partlcular the dlfferent approval criteria needed for the dlfferent types

of ISO documen

ISO/IECD

[SO draw
patent(s).
rights in
patent(s)
this may
WWwWWw.iso.

les of the
irectives, Part 2 (see WWW.is0. org/dlrectlves)

5 attention to the possibility that the implementation of this document may involve-the|use of (a)
ISO takes no position concerning the evidence, validity or applicability of any claimged patent
respect thereof. As of the date of publication of this document, ISO had not.xeceived ndgtice of (a)
which may be required to implement this document. However, implemefiters are cautioned that
hot represent the latest information, which may be obtained from the patent database ayailable at
prg /patents. ISO shall not be held responsible for identifying any or allysuch patent righty.

Any trad{
constitutd

For an ex

related tp conformity assessment, as well as information about ISO's adherence to the Wo

Organizat

e name used in this document is information given for the convenience of users and| does not
e an endorsement.

blanation of the voluntary nature of standards, the meaning of ISO specific terms and e

ion (WTO) principlesin the Technical Barriers to Trade(TBT), see www.iso.org/iso/foreword.html.

This docyment was prepared by Technical Committee ISO/TC 135, Non-destructive testing, Subcommittee SC

5, Radiogr
Committe
between

This third
revised.

The main
— addit
— corre
— addit
— edito

Alistof a

aphic testing., in collaboration with the European Committee for Standardization (CEN)|Technical
e CEN/TC 138, Non-destructive testing, in acgérdance with the Agreement on technical copperation
SO and CEN (Vienna Agreement).

| edition cancels and replaces the.second edition (ISO 15708-2:2017), which has been t¢chnically

changes are as follows:

on of normative references;

ction of the vacuumlevel for activating the turbo pump in A.1.1;

on of photon eoyrting as an example under semiconductors in A.2.3;
rial changes:

| partsin the ISO 15708 series can be found on the ISO website.

Any feedlpack or questions on this document should be directed to the user’s national standards body. A

complete

listing of these bodles can be found at www.1so.org/members.html.
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Non-destructive testing — Radiation methods for computed
tomography —

Part 2:
Principles, equipment and samples

1 Scope

This docyment specifies the general principles of X-ray computed tomography (CT), the equipment used and
basic congiderations of sample, materials and geometry.

This doatment is applicable only to industrial imaging (i.e. non-medical applications) and provides a
consistenf set of definitions of CT performance parameters, including th€ velationship betwgen these
performahce parameters and CT system specifications.

This docyment is applicable to industrial computed tomography.

This docyment does not apply to other techniques of tomography,'such as translational tomogigaphy and
tomosynthesis.

2 Normmative references

The folloying documents are referred to in the text in'Such a way that some or all of their content cpnstitutes
requiremgnts of this document. For dated references, only the edition cited applies. For undated rgferences,
the latest|edition of the referenced document (including any amendments) applies.

ISO 15708-1, Non-destructive testing — Radigation methods for computed tomography — Part 1: Ternpinology

ISO 15708-3, Non-destructive testing —Radiation methods for computed tomography — Part 3: Opefation and
interpretdtion

ISO 15708-4, Non-destructive testing — Radiation methods for computed tomography — Part 4: Qualification

IS0 9712 |Non-destructivettesting — Qualification and certification of NDT personnel

3 Terms and definitions

For the pyrposes-of this document, the terms and definitions given in ISO 15708-1 apply.

ISO and IECmaintain terminology databases for use in standardization at the following addresses

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

4 General principles

4.1 Basic principles

Computed tomography (CT) is a radiographic inspection method which delivers three-dimensional
information on an object from a number of radiographic projections either over cross-sectional planes (CT

© IS0 2025 - All rights reserved
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slices) or over the complete volume. Radiographic imaging is possible because different materials have
different X-ray attenuation coefficients. In CT images, the linear X-ray attenuation coefficients are displayed
as different CT grey values (or in false colour). For conventional radiography, the three-dimensional object
is X-rayed from one direction and an X-ray projection is produced with the corresponding information
aggregated over the ray path. In contrast, multiple X-ray-projections of an object are acquired at different
projection angles during a CT scan. From these projection images, the actual slices or volumes are
reconstructed. The fundamental advantage compared to radiography is the preservation of full volumetric
information. The resulting CT image (2D-CT slice or 3D-CT volume), is a quantitative representation of the
X-ray linear attenuation coefficient averaged over the finite volume of the corresponding volume element
(voxel) at each position in the sample.

The linear attenuation coefficient characterizes the local instantaneous rate at which X-rays are attenuated
as they p j i : i = irrtgract with
matter is|the result of several different interaction mechanisms: Compton scattering and jphgtoelectric
absorption being the predominant ones for X-ray CT. The linear attenuation coefficient.dépenfds on the
atomic nymbers of the corresponding materials and is proportional to the material density.1t als¢ depends
on the en¢rgy of the X-ray beam.

4.2 Adyantages of CT

Among the radiographic techniques, CT can be an excellent examination technique whenever the primary
goal is to[locate and quantify volumetric details in three dimensions. In addition, since CT is X-ray based, it
can be used on metallic and non-metallic samples, solid and fibrous materials and smooth and ifregularly
surfaced ¢pbjects.

In contrapt to conventional radiography, in which the internal:features of a sample are projected onto a
single imgge plane and thus are superposed on each other, in GFimages the individual features of the sample
appear separated from each other, preserving the full spatiaPinformation.

With propger calibration, dimensional inspections and material density determinations can also be c3rried out.

Complete|three-dimensional representations of examined objects can be obtained either by reconjstructing
and asserhbling successive CT slices (2D-CT) or<by direct 3D CT image (3D-CT) reconstruction. Computed
tomography is therefore valuable in the industrial application areas of non-destructive testing, 4D and 3D
metrology and reverse engineering.

CT has seperal advantages over convenitional metrology methods:
— acquikition without contact;

— accesk to internal and external dimensional information;

— adirgct input to 3Damodelling especially of internal structures.

In some cpses, dual énergy (DE) CT acquisitions can help to obtain information on the material d¢nsity and
the average atomie,number of certain materials. For known materials, the additional informatipn can be
used for improved discrimination or improved characterization.

4.3 Lintritations-of €F

CT is an indirect test procedure and absolute CT measurements (e.g. of the size of material inhomogeneities
or of wall thicknesses) shall be based on a comparison with other absolute measurement procedures in
accordance with ISO 15708-3. Another potential drawback of CT imaging is the possible occurrence of
artefacts (see 4.5) in the data. Artefacts limit the ability to quantitatively extract information from an image.
Therefore, as with any examination technique, the user shall be able to recognize and discount common
artefacts subjectively.

Like any imaging system, a CT system can never reproduce an exact image of the scanned object. The
accuracy of the CT image is dictated largely by the competing influences of the imaging system, namely
spatial resolution, statistical noise and artefacts. Each of these aspects is discussed in 4.4.1. See ISO 15708-3
for a more detailed description.

© IS0 2025 - All rights reserved
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CT grey values cannot be used to identify unknown materials unambiguously unless a priori information is
available, since a given experimental value measured at a given position can correspond to a broad range of
materials.

Furthermore, there shall be sufficient X-ray transmission (= 10 %, see 8.2) through the sample at all
projection angles without saturating any part of the detector.

4.4 Main CT process steps

4.4.1 Acquisition

Multiple projections are systematically recorded during a CT scan: the images are acquired from a number
of differe{t viewing angles. Feature recognition depends, among other factors, on the number ofargles from

which th¢ individual projections are acquired. The CT image quality can be improved by incrdasing the
number of projections in a scan.

As all im3ge capture systems contain inherent artefacts, CT scans usually begin withctli€ capturg of offset
and gain feference images to allow flat field correction; using black (X-rays off) and\white (X-rays on with
the sample out of the field of view) images to correct for detector anomalies. The capture of referenice images
for distorfion correction (pin cushion distortion in the case of camera-based detector systems with optical
distortion), and centre of rotation correction can also take place at this stage.-Fhese corrections are applied
to each sybsequently acquired image of the CT data set. Some systems can be configured to enhahce either
the X-ray pettings or the image to ensure that the background intensity lével of the captured imagejs remains
constant throughout the duration of the CT scan.

The quality of a CT image depends on a number of system-level\performance factors, with one of the most
importanf being spatial resolution.

Spatial rgsolution is generally quantified in terms of thé smallest separation at which two features can
be distinguished as separate entities. The limits of spatial resolution are determined by the dpsign and
constructfion of the system and by the resolution and’number of CT projections. The resolution|of the CT
projection is limited by the maximum magnification that can be used while still imaging all palrts of the
sample at{all rotation angles.

It is impojrtant to note that the smallest feature that can be detected in a CT image is not the same as the
smallest fhat can be resolved spatially. A-feature considerably smaller than a single voxel can affect the voxel
to which [it corresponds to such an eXtent that it appears with a visible contrast so that it can|be easily
detected With respect to adjacent vioxels. This phenomenon is due to the “partial-volume effect”.

Although|region-of-interest CT )(local tomography) can improve spatial resolution in certain fegions of
larger objects, it introduces.artefacts (due to incomplete data) which can sometimes be reduced by special
processi

Radiographic imaging,-as used for CT examination, is always affected by noise. In radiography fhis noise
arises from two sgurces:

a) intrinsicqariation corresponding to photon statistics in the emission and detection of photon;

b .l sps i, . 4 . 1
varlatons-specetomstramentsanaprocessmgusea:

Noise in CT projections is often amplified by the reconstruction algorithm. In CT images, statistical noise
appears as random variation superimposed on the CT grey value of each voxel, limiting the density resolution.

Although statistical noise is unavoidable, the signal-to-noise ratio can be improved by increasing the number
of projections and/or time of exposure for each of them, the intensity of the X-ray source or the voxel size.
However, some of these measures will decrease spatial resolution. This trade-off between spatial resolution
and statistical noise is inherent in computed tomography.

© IS0 2025 - All rights reserved
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4.4.2 Reconstruction

A CT scan initially produces a number of projections of an object. The subsequent reconstruction

of the CT

image from these individual projections is the main step in computed tomography, which distinguishes this

examination technique from other radiographic techniques.

The reconstruction software can apply additional corrections to the CT projections during recon
e.g. reduction of noise, correction of beam hardening and/or scattered radiation.

Depending on the CT system, either individual CT slices or 3D CT images are reconstructed.

4.4.3 Visualization and analysis

struction,

This step|includes all operations and data manipulations, for extracting the desired information
reconstrycted CT image.

Visualisation can either be performed in 2D (slice views) or in 3D (volume). 2D visualisation allow
to examirle the data slice-wise along a specified axis (generally it can be an arbitrary path).

For 3D impging, the CT volume or selected surfaces derived from it, are used for gefierating the desi

from the

S the user

Fed image

according to the optical model underlying the algorithm. The main advantage,of this type of visuallisation is

that the vjisual perception of the image corresponds well with the natural appearance of the objg
human eyje, although features can appear superimposed in the 2D-representation on a screen.

During visualisation, additional artefacts of different origin can occtar, especially in the 3D imag
CT volumle. Such artefacts due to sampling, filtering, classificatiemnand blending within the vis
software [depend on the hardware and software used, as well as_the visualisation task at hand. 7
such artefacts are not included in the definition of artefacts as.found in 4.5. Nevertheless, the user
aware thdt data can be misinterpreted in this process step.

To highlight features of interest during visualisation, different digital filter operations can be per
is characteristic of all these operations that although'they enhance one or more properties of the

simultangously deteriorate other properties (for example: highlighting the edges deteriorates recg
inner stryctures of an object). Therefore, digital\filters should always be used cautiously for sped
being awdre, which benefits and which detriments, they are associated with.

A computer used for 3D visualisation should be able to process the complete volume of interest i
memory. [Che corresponding monitor.should have a resolution, a dynamic range and settings suf]
the given|visualisation task. Adequate vision of the personnel shall be ensured in accordance with

4.5 Artefacts in CT images

Anartefag¢tis anartificial feature which appears on the CT image but does not correspond to a physic
of the sarple. Artefactsresult from different origins; they can be classified into artefacts arising
measurerhent itselfand the equipment (artefacts due to a finite beam width, scattered radiation, in
and detedtor peeculiarities), and artefacts inherent to the technique (e.g. beam hardening). Artefact

ct for the

ing of the
halisation
'herefore,
should be

formed. It
data, they
gnition of
ific tasks,

h its main
ficient for
ISO 9712.

al feature
from the
stabilities
s can also
artefacts

) .
specific measurement or analysis tasks, but can also have no impact on certain other analyses. Wit

fechnique
nental for
h this fact

in mind, the type and extent of artefacts in a data set has to be evaluated in the context of the corresponding

analysis task.
Noise and the partial volume effect are not considered as artefacts in this document.

More details are given in ISO 15708-3:2017, 5.5.
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pment and apparatus

5.1 General

In relation to performance, a CT system can be considered as comprising four main components: the X-ray
source, detector, sample manipulation stages (including any mechanical structures that influence image
stability) and reconstruction/visualisation system.

Generally, the source and detector will be fixed while the sample rotates in the beam to acquire the
necessary set of projections. For example, in scanners designed for in vivo animal studies or for imaging

large stru

ctures, the source and detector can orbit around the sample.

In most
X-ray focg
the comp
of this ap
magnifica

environmlental chamber or, for example, an in-situ loading stage. This imposes a lower limit on 4

to samplég

acquisitign time) and requiring the detector to be mounted proportionately further away in order

the same
source to
this case,
detectors

CT systenps can be optimised for resolution, energy, speed of acquisition or simply cost. Although a

system cz
the user {
specify.

ICT0-/TTano- O SUD-TICTO-tOMOZTrapily SyStels, te TesSotution 1S detelrmined primar
| spot size. Due to geometric magnification, the detector element spacing can be much'l3
ited voxel size, and a thicker and therefore more efficient scintillator can be used~A'dis:
proach is that the sample should be located very close to the source in order.to ach
tion ratios. This is particularly problematic if the sample is to be mounted”in som

distance, thus reducing X-ray fluence (resulting in a lower signal-to-noise ratio and/or

magnification factor. Alternatively, if the sample to detector distanee is low compared
sample distance, the detector resolution becomes the limiting factor, rather than the sp
the increased source to detector distance again means reducedX-ray fluence and high-1
tend to require thinner and hence less efficient scintillators,

n operate in a wide range of conditions, it will operate optimally in a much smaller 1
hould consider the main application when choosing one model over another and not sin

For exa

flux outppit at more modest resolution settings than one designed to operate at modest resol
Furthermore, a high-performance rotation stage‘for a high-resolution scanner will have a much snj
limit. Simfilarly, a system designed for high-energy imaging will require a thicker phosphor scre

poorerre

Some CT
and/or in

When co
signal-to-
exposure
with a hig
foam or ¢

Foragive
10 % to 2

ple, a high-resolution CT system (small X<bay focal spot size) can have a consider

solution compared with a thinnet s€reen, which is adequate at lower energies.

systems can provide interchangeable X-ray target heads (transmission or reflection, see
ferchangeable detectors,

mparing resolution @nd scan times on different CT systems, it is important to cor
hoise ratio (SNR),.s€e 1SO 15708-3:2017, 5.1.3. The resolution and scan times depend on
i.e. the faster the’scan, the worse the SNR, as well as on the sample type and geometry,
bh void volume\fraction (or with a high proportion of relatively low absorbing regions),
hncellous bone sample, will exhibit a better SNR than a more homogeneous sample.

h expoSure, the best SNR is obtained when the X-ray accelerating voltage is set so that appr
0 %.transmission through the sample is achieved. If the transmission is too low, the loy

ly by the
rger than
dvantage
ieve high
b form of
he source
increased
[0 achieve
with the
ot size. In
esolution

particular
ange and
ply over-

ly lower
tion only.
aller load
en, giving

Annex A)

sider the
the X-ray
A sample
such as a

pximately
v number

of detecte

d-photons leads to excessive noise. Conversely, if the transmission is too high, the contr

hst) is too

low. However, the SNR does not vary sharply with voltage, and simulations of X-ray attenuation in aluminium
indicate that the SNR only drops by 20 % of the peak value if the voltage is set to 35 % or 40 % transmission.
For a given sample size, the X-ray exposure required to maintain a fixed SNR is proportional to the fourth
power of resolution (for a given detector). For example, doubling the resolution requires a 16-fold increase
in exposure, while a 10-fold increase in resolution requires a 10,000-fold increase in exposure. Therefore,
it is crucial to use the same or similar samples when comparing the image quality of one system to another.
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5.2 Radiation sources

Most industrial CT systems use a high-voltage generator driving the X-ray source, which can be subdivided
into three main types:

— open

tube (or vacuum demountable) x-ray sets;

— sealed tube constant potential x-ray sets;

— linear accelerators.

Each source type has a speciality; sometimes systems are supplied with more than one source so they can
be used over a broader range of samples. The selection of a suitable X-ray source depends on the range of

samples

inspected.

X-ray set

energy sdtting. The size of the focal spot varies depending upon the settings for voltage(kV) and
(nA/mA); the higher the power the larger the focal spot will become.

The focal

are to be

anufacturers will often quote a single focal spot size, this is a “nominal” measuremeént atfa specific

current

spot size and the feature recognition (which is sometimes referred to'by system manufacturers)

are not tlhe same as the spatial resolution of the CT system. The feature relcognition is the ability of the

overall syjstem to display an image of an object, or feature within an object, .6 a certain size. For example, it

is possibl

e for a system with an X-ray set being run at an energy that is producing a focal spot size [of around

5 um to display an image of a dense wire cross-hair made from wire léss than 1 pm in diametgr. This is

rather an
the actua

resolution of the CT system, see 4.4.1.

indication of the X-ray absorption characteristics of the miaterial that the wire is made ffrom, than

The X-ray|beam is often filtered to reduce lower energy X-rays'and therefore to reduce scattering pnd beam

hardenin

Further d

5.3 Detectors

b effects.

tails are given in Annex A.

A radiatign detector is used to measure the‘ransmission of X-rays through the object along thq different

ray paths

The purpose of the detector is to’convert the incident X-ray flux into an electrical signdl

that can

be handlgd by conventional electronic'\processing techniques. The number of ray sums in a projedtion shall

be compajrable to the number of eléments on the side of the image matrix. These considerations Irll
ranners tend to use large/detector arrays that often contain several hundred to over thousands or
millions df sensors.

modern s

Filtration
object) is
as specifi
through t

Typically,

at the detector.uSing material inserted into the ray path in front of the detector (behird

d in 5.1. I[n~addition, each detector performs a certain amount of filtration when the

threettypes of detectors are in use:

a) gas iomiZzatiom deteTtors;

b) scintillation detectors;

¢) semiconductor detectors.

Further details are given in Annex A.

5.4 Ma

nipulation

ean that

the test

helpfully. The\filter absorbs (and scatters) radiation depending on its material charafteristics,
rays pass
he detector housing. Additional filtration can be used to reduce the intensity of detected|scatter.

Mechanical scanning devices ensure the relative movement between the test object, the source and the
detector. In principle, it makes no difference whether the test object is moved systematically relative to
the source and detector or whether the source and detector are moved relative to the test object. Physical

© IS0 2025 - All rights reserved
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considerations such as the weight or size of the test object shall be the decisive factors for the most suitable
movement.

Further details are given in Annex A.

5.5 Acquisition, reconstruction, visualization and storage system

All CT systems are equipped with a data acquisition system that captures the sequence of projections (digital
radiography images), controls the sample manipulation and, in most cases, the X-ray source.

The projections are forwarded either during or after recording to a reconstruction system which is either
integrated into the acquisition unit or is a separate stand-alone device.

Once the projections are received by the reconstruction system, they are processed into a CT vélume either
simultangously or after the scan is completed. The CT volume is then forwarded to a visualisation Jystem for
analysis.

Offline stprage and archiving of CT volumes shall be considered.

For more [details, see Annex A.

6 CT system stability

6.1 General

Because fapturing CT projections can take some time, therexis ample possibility for externpl factors
to influerjce the results. It is therefore important to set up a’€T system in a suitable location yhere the
likelihood of external influence is minimised. The ultimaté’ resolution of the CT system determnines the
extent to which the device needs to be isolated. For example, devices that work at the sub-micron level are
rather affected than that working at the millimetre leyel.

These fadtors can take the form of natural environmental conditions such as temperature and|humidity
or man-njade conditions such as heat sources and vibration. Ideally, a high-resolution CT systgm should
be housei in a temperature- and humidity=controlled facility mounted on a vibration isolation rig, as with
co-ordindte measurement machines (CMMs), however this is not always practicable. Simpler solytions can
include:

— ensufing that the equipment-is-located on a solid floor which does not suffer vibration from foot or
vehic]e traffic or vibrations-frem machinery,

— locating the equipmentin‘an area that does not experience large temperature fluctuations through the
day while it is in use;

— mourlting the eqiripment on vibration-damping feet,

— procyring eGuipment with temperature stabilisation systems or with a temperature compensated design
(i.e. one that maintains positional accuracy over a small temperature range),

— insta [Ing the equipment away Irom neadat sources (bollers, radiators, etc)j.

By carefully considering the location of where a CT system is installed, it is possible to improve the quality
of the results.

6.2 X-Ray Stability

CT requires a very high degree of positional accuracy and consistent imaging results; there are many factors
that can influence these basic requirements, not least the stability of the X-ray source.

Ideally, for the optimum CT results, the X-ray source should generate an X-ray beam with constant intensity,
focal spot size and focal spot position.

© IS0 2025 - All rights reserved
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The recommendations of the X-ray source supplier for generating a stable X-ray beam shall be followed.

With some CT systems, it is possible to adjust the intensity of the captured image during image acquisition
and processing to compensate small changes in X-rays intensity during the scan.

6.3 Manipulator stability

Precision, repeatability and stability are crucial factors that shall be considered when specifying sample
manipulation devices for CT systems. [t is therefore essential that the positioning accuracy of the manipulator
in all axes relevant to the CT data (i.e. magnification, horizontal, vertical and most importantly rotational)
can repeatedly position the sample to with an accuracy of at least 1/5th of the ultimate resolution of the CT
system. A system capable of generating a 3D CT volume with a voxel size of 5 um from 3 000 projections
should thgrefore be able to position the sampie to within I pm and 1715 000Th of a fuit Totatjon of the
rotational stage.

At high resolution, the relationship between the X-ray source, detector and manipulator throughout the
duration ¢f the CT scan shall be considered. Any movement in the overall system can affect'the quality of the
results ar]d shall therefore be carefully considered.

For small] samples, the accuracy and stability of the manipulation often lindit-the ultimate fesolution
obtainablg in the CT image.

7 Geometric alignment

For an acgcurate reconstruction, it is important that the position{and orientation of the rotation] axis and
detector With respect to the source are correctly representediin the reconstruction process. Ugually, the
rotation gxis is parallel with one of the detector axes and the ¢entral ray passes through the rotation axis to
the centr¢ of the detector perpendicular to the detector.

Depending on the complexity of the reconstruction;algorithm, it is possible to compensate fpr known
misalignrhents; an offset in the centre of rotationh can normally be accommodated (espgcially in
nano-tOrZ[graphy due to the impracticality of alignment to the required precision).

Tilt of both the rotation axis and detector.Can be taken into account in the reconstruction, though this
requires fnore computational power and(is not typically implemented in commercially availablg systems.
Partial cqmpensation for a small amount of tilt can be implemented by adjustment of the rottion axis
position in relation to the slice height, but this is only an approximation and accurate alignmgnt is the
preferred| solution. The alignment precision for tilt depends on the dimensions of the projection] image in
terms of numbers of pixels.

For math¢matical compensation or feedback for mechanical adjustment, a test procedure in accordance with
[SO 15708-4 shall be cafried out to quantify the alignment. This should include measurements pf tilt and
position df the rotation‘aXis and detector with respect to the source. Such a procedure can be impglemented
by the supplier, either during system commissioning only or as part of the regular service schedule for
the systemn. Alternatively, alignment checks and adjustment can be carried out by the end user] however
this woul{ require the supply of an appropriate test piece, or pieces, together with adequate training and
instructiqn:

8 Sample considerations

8.1 Size and shape of sample

The size and shape of the object to be scanned depends on a number of factors. The object should not be so
small that the focal spot size limits the resolution obtainable and should not be so large that the maximum
energy of the radiation source will not penetrate it sufficiently at all angles.

For best results, the object should also have a small aspect ratio: an ideally shaped sample has a circular
cross section such as a hollow or solid cylinder. Furthermore, complete CT reconstruction requires at least
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180° plus the beam angle of the radiation source to be scanned. Therefore, sufficient rotational motion of the
object shall be possible.

In some instances, object geometry or attenuation limits the angular range in which data from all parts of
the object can be acquired. CT images from such CT scans can contain artefacts due to the parts of the object
which were not captured from all angles.

8.2 Materials (including a table of X-ray voltage versus 10 % transmission)

Nominal thicknesses in mm for various materials where 10 % transmission can be achieved at a range of
different X-ray accelerating voltages are shown in Table 1. Typical X-ray spectra were derived from Monte-
Carlo calculations ([11,[2] for voltages up to 300 kV). X-ray attenuation spectra were obtained from the XCOM

database

Al the National Institute oI dStandards and Iechnology. For accelerating voltages up Lo

225 kV, a

Caesium lodide (Csl) scintillator was used; above this, Gadolinium Oxysulphide (GADOX) was ‘w§ed as the
scintillatqr material. It is worth noting that when a 10 mm thick cadmium tungstenate (CdWQ)) sfintillator
is used inptead of GADOX, there is hardly any appreciable difference in attenuation, althevgh morg photons
are detected.
According to 5.1, a minimum transmission of 10 % is recommended to achieve dn‘optimal SNR|in the CT
image. Hqwever, useful data can be generated with a lower transmission allowing the inspection pf greater
layer thidknesses. Lower transmission can often be compensated for by extending the acquisifion time,
although the resulting images may be more susceptible to artefacts due to beam-hardening and scpttering.
The following table serves only as an approximate guide to indicate tgtal material thickness of a §ample for
optimum jmaging in different X-ray systems. The cord length on curved geometries should be considered, too.
Table[1 — Material thicknesses for 10 % transmissioniopvarious materials and X-ray voltages
: . o —
Materials material thicknesses\for 10 % transmission
mm
Accelerating X-ray voltage
90 kV 160 kV 225 kv 300 kV 450 KV
Scintillation screen
100 pm CsI 150 pm CsI 200 um Csl 300 um Gadolinium 500 um Gadpolinium
Oxysulphide Oxysulphide
Filtration
0,25 mm Cu 0,5mim Cu 2 mm Cu 1 mm Pb 3 mm Pb
Al 25 35 50 60 80
Fe 4 9 16 26
Ti 10 20 30 50
Pb 0,3 0,5 0,7 2 5
w 052 0,3 0,4 1,3 3,5
Ni 1,4 3 7 13 20
Zirconia 1,1 2,4 6 15 30
PMMA 95 105 120 140 170
Water 100 115 130 150 200
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Annex A
(informative)

CT system components

A.1 Radiation sources

A.1.1 Open tube X-ray sets

Typically,|open tube sources are high-resolution and relatively low energy units used for smallej
which arg not particularly dense, requiring high-resolution imaging. The energy range forppén tuh
normally falls within 0 to 225 kV and 0 to 3 mA (non-continuous with the voltage), but higher energ
are also afailable generating X-rays up to 450 kV.

Most ope
diameter.
less than

h tube designs are used for X-ray sets with a nominal focal spot sizé-smaller than 1
This type of source is often referred to as a microfocus X-ray set or-if the nominal focal s
| um, a nanofocus X-ray device.

An open tube, similar to a sealed unit, consists of a high voltage generator coupled to an evacuated
housing g filament, a cathode assembly, an anode, a magnetic or electrostatic lens (or lenses) ang

The open
replacem

As the va
chamber

tube differs from a sealed unit by having a vacuum chamnber that can be opened to allov
ENts.

cuum chamber can be opened to atmosphere, améxternal vacuum system is required 4
Hown to a vacuum. Usually, the system consists,of a turbo-molecular pump (turbo-pump)

directly tp the vacuum chamber and a roughing puimp (backing pump) connected to the chanj
vacuum gauge and pipe system. The roughing pump is used to pull the initial vacuum down af
once a pre¢-determined vacuum level is detecteddy the gauge (about 1 mbar), the turbopump is ag
further lgwer the vacuum and maintain it at around 10-% mbar, while the system is powered up; d

time, the

As alread
very sma
filament

roughing pump becomes a backing-\pump to evacuate the exhaust from the turbo pump.

[y mentioned, the vacuum chamber can be opened to allow filament replacements. To a
1 focal spot size, a fine tungsten wire, or in some cases a lanthanum hexaboride (LaB
s used. These filaments are driven very hard and shall therefore be replaced, which

open tubd is necessary. Typically, a tungsten wire filament can last up to 250 h of X-ray “on” time, 4

crystal 6

000 h or more, but_their lifetime depends entirely on the operating conditions. The f

located ejactly in the cenfre of a “focus cup” which is in fact the cathode assembly.

samples,
e sources
ry devices

00 pm in
pot size is

chamber
| a target.
U filament

o pull the
mounted
ber via a
start-up,
tivated to
uring this

hieve the
) crystal,
s why an
nd a LaBg
lament is

Stream of

To generdte the X-rays; a current (LA/mA) is applied to the filament causing the emission of a

electrons

while dt the same time a voltage difference (kV) is applied between the cathode gnd anode
g the“electrons. The electrons are accelerated between the cathode and anode and entpr a beam

tube surrpunded by a magnetic lens through a hole in the centre of the anode. This lens focuses thg electron

acceleratlE

beam to theequired size onto a metallic target material; the resulting interactions at atomic leve] between
the incident incoming electron beam and the electrons in the target material generate X-rays. See Figure A.1
for a simplified schematic of an open tube X-ray set.
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Key

1 filament

2 cathode assembly

3  anods

4  magneticlens

5  water]or air cooled reflection target with choice of materials
6  vacuum envelope

7  X-rayj

A.1.2 Sealed tube X-ray sets

Sealed tu
chamber

Since it is

the electron beam is not focused as much on the targét material, which also cannot be replaced. Al

Figure A.1 — Simplified schematic of an open tube X-ray set

be X-ray sets operate in essentially the same way as apropen tube sets, except that th

not possible to replace the filament in a sealed unit, a larger diameter wire is normally

e vacuum

s, as the name suggests, a sealed vessel. This means that'it is not possible to change a filament or
the target material if these fail at some point and require a repldacement tube or ‘insert’. In most
tube houding can be retained and a replacement tube inserted.

cases, the

used, and
S a result,

the nominal focal spot sizes for sealed tubes is larger (typically greater than 250 pm) than for open tubes,

but they dan be operated at considerably higher power settings.

Sealed tubes are often used for imaging larger or denser samples where penetration is more impot
ultimate fesolution. Typically, sealed tubes-are available in the energy ranges from 0 kV to 600 kV

to 40 mA

There arg
reasonab

A.1.3 Li

Although
is anothe
materials

(non-continuous with voltage),

also “microfocus” sedled tube X-ray sources, but to achieve their small focal spot §
e tube life, these are(operated at very low powers compared to the equivalent open tube

near accelerators

' X-ray $ource used for industrial CT when very high energies are required, usually

Commerc

tant than
and 0 mA

ize and a
source.

not used as-commonly as open and sealed tube X-ray sources, a linear accelerator (¢r LINAC)

on dense

idllinear accelerators are usually available in energy ranges from 1 MeV to 16 MeV with

h nominal

focal spot size Tess than Z mm. The beam is not adjusted incremental as with conventional X-ray systems, but
alinear accelerator has some pre-set energy values (for example, 3 MeV and 6 MeV) with a known dose from
which the desired exposure time can be calculated.

To generate the high energy X-ray beam, a linear accelerator uses a radio frequency wave guide instead of
a potential difference to accelerate electrons that are fired from an electron gun at a target (tungsten is
also the most common target material here). The target is heavily shielded and has a collimated aperture to
ensure minimal secondary X-ray emissions from the set and a clean primary beam.
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A.1.4 X-ray target assemblies

A.1.4.1 General

There are two main types of target assembly used on both open and sealed tube X-ray sources: transmission
and reflection.

A.1.4.2 Transmission targets

In a transmission target, the electron beam is focused onto a thin target material that is tightly coupled or
bonded to the output window of the tube. Interactions are limited to a small area on the target, and with
thin materials for both the target and the output window, inherent filtering is also minimised.

Transmispion targets provide the smallest focal spot sizes and, because the focal spot s so closetothe output
window, the highest geometric magnifications are possible. However, the intensity of the x<ray bgam is low
as power|shall be kept down due to limited cooling available to the target material. Cooling is|normally
achieved py convection using forced air or a heat exchanger.

A.1.4.3 [Reflection targets

The electfon beam is focused on an angled block or a rod of target material, the-interactions take place on or
very closg to the target surface, and the resulting X-ray beam is emitted from the same side as the electron
beam and then out through an output window.

Since the(target material is cooled directly, typically via forced air,re-circulating chilled water |or oil, far
greater efergy can be introduced into the electron beam.

Although|the focal spot of a reflection target is larger than of a transmission target and the|stand-off
between the position of the focal spot and sample is greater (which reduces the geometric magnification),
the intengity of the X-ray beam is much greater and in a'more defined cone.

Reflectiof targets also suffer from less inherent filtration than transmission targets, as the X{ray beam
only needs to pass through the output window and not the target material as well. Therefore, souyces using
reflectior] targets are more suitable for low enérgy inspection of less dense materials.

A.1.4.4 Pther target types

Besides rpflection and transmission/targets, other interchangeable target designs are availablg for open
tubes, some of which are of interest to the CT user. Target assemblies such as high-speed rotating anodes
allow an increase power capability of open tube while retaining a very small focal spot.

A.1.4.5 [larget degradation

Regardlegs of targettype or material, a ‘pit’ will eventually form in the area on the target material fvhere the
electron heam isfocused, in which is vaporized as plasma. When a pit forms, the focal spot increages in size.
In the casg ofssealed tubes, this can only be remedied by replacing the tube. An open tube has the gdvantage
of allowirjg®he target material to be replaced or, in some cases, indexed to a new position.

A.1.4.6 X-ray target materials and filtration

Almost all industrial sealed and open tube X-ray devices use tungsten for their target material as standard,
other metals are uncommon for sealed tubes. However, on the more specialised open tube-based systems
targets made from other metals are quite often found.

Alternative metals to tungsten can be used to provide different characteristic X-rays to improve the
inspection of samples with low energy attenuation.

All X-ray devices have some inherent filtering by the target material and the output window. However, by
adding additional external metal filters in the form of thin sheets of known thickness, it can be possible for
the user to improve image quality.
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The use of characteristic X-rays and the effects of filtration are beyond the scope of this document, but users
should be aware of the possibility of using them.

A.2 Detectors

A.2.1 Ionization detectors

In ionization detectors, the incoming X-rays ionise a noble element that can be in either a gaseous state or, if
the pressure is high enough, in a liquid state. The ionised electrons are accelerated to an anode by applying an
electric potential, where they produce a charge proportional to the incident signal. The ionisation detectors
used in CT systems are typlcally operated ina current 1ntegrat10n mode rather than pulse countlng mode. In
some impge c detectors
are robugt and can be used in various de51gns A smgle detector housmg can be subd1v1ded mto segments
to form lipear arrays with many hundreds of discrete sensors. Such detectors have been used‘successfully
with 2 MY X-ray sources and promise to be useful at higher energies as well.

A.2.2 Scintillation detectors

Scintillation detectors take advantage of the fact that certain materials possess the useful property of
emitting fisible radiation when exposed to X-rays. By selecting fluorescent_materials in relation to the
incident flux and coupling them with a device that converts optical inputinto an electrical signdl, sensors
suitable fpr CT can be developed. The light-to-electrical conversion can*be accomplished in many ways.
Methods |nclude phosphor screens coupled to photodiodes or to photomultiplier tubes and image capture
devices (].e. charge coupled devices (CCDs), video systems, etc}; \Like ionisation detectors, sc|ntillation
detectors| offer considerable design flexibility and are quite robust. Scintillation detectors are dften used
when very high stopping power, very fast pulse counting, or 2D.sensors are needed.

Digital d¢tector arrays (DDAs), also known as “flat-panéls”, using amorphous silicon plates (S}-A) and a
scintillatqr (generally Gd,0,S or Csl) have become pepular with active areas up to 400 mmx|400 mm.
Their use] in tomography requires the same precautions and calibrations (offset, gain and defedtive pixel
correctiof) as with the other detectors.

There is g relatively large amount of scatteredradiation when using flat panels for two reasons. Rirstly, the
use of thq detector’s wide 2D field is not eompatible with narrow collimation of the beam. In addlition, the
detector’y structure leads to a certain amount of backscattering. This can be a problem when high energy
X-rays arg used.

Compared with linear detectorsf flat screens are used to rapidly acquire all two-dimensional pfojections
required for object volume tomography.

A.2.3 Semiconductor.detectors

Semiconductor detectors are 2D detectors (panels) that directly convert incident radiation into|electrical
charge (efg. by photon counting), using semiconductors like selenium or cadmium telluride.

The direq¢t conversion has the advantage of avoiding light scattering in a scintillator, which |therefore
improves|ifnrage resolution.

A.3 Manipulation

Creating a sequence of radiographic images for reconstruction into a 2D Slice or 3D CT Volume requires
some form of movement, either of the sample, the X-ray/Imaging or a combination of both. In most cases,
the movement will be rotational around an axis that is perpendicular to the primary X-ray beam. There
are other techniques, but these are customised solutions to unique problems not suitable that cannot be
addressed in this document.

A sample will either be placed on a turntable stage and rotated while projections are captured at regular
increments or, alternatively, the X-ray source and detector will be rotated about the sample under inspection
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