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X-Ray Basics
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X-Rays Y SRarmics

= X-rays are electromagnetic waves
» The energy of the X-rays determines their wavelength
= The shorter the wavelength, the deeper is the penetration into matter
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Generation of X-Rays

In an evacuated enclosure, electrons are released from a heated tip (filament),
accelerated and focused on a metal target (anode).

High voltage
i

Tungsten coated

Heated metal tip copper target

Electron beam

. . Beryllium
Focusing coils

window

Heating voltage X-ray cone beam



Polychromatic X-Ray Spectrum
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Attenuation of X-Rays by an Object & Yok

object u(x,y.z)

paths, S(x, Y, z) /—\
N4

lo

—

Attenuation of X-rays (Lambert-Beer Law):

~[u(s)ds
| = |O .e s W linear attenuation coefficient

In reality: p = p(E) ~[[u(s.E)dsdE

= image artifacts arise | = |0 .@ Es
= misinterpretations possible



Attenuation in Aluminum
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Attenuation in lron W Lrariies

Linear attenuation coefficient [1/cm]
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Amount of Attenuation caused by Compton Effect

Be aware, that the stronger the Compton effect is, the more scattering occurs.

Compton / total attenuation
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X-Ray Attenuation in different Materials

linear attenuation coefficient [1/cm]
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Influence of the Tube Current for the lllustration
of a Step Wedge (X-Ray Film)

low tube medium tube high tube
current current current
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Influence of the Tube Voltage for the lllustration

: (v/\GIOLUME
of a Step Wedge (X-Ray Film)

RAPHICS

low tube voltage medium tube high tube voltage

voltage
o
>
N
\\\\\ >
vl

= Common CT situations require much higher voltages than 2D X-ray
Investigations in order to get contrast for all occurring thicknesses 13
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Definition of Spatial Resolution Y crarrics

Spatial resolution is defined as the capability of an image forming
system to separately determine signals from neighboring, high-

contrast features (points).

Distance

i Resulting contrast

Signals are spread

and do overlap

15
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Influence of Focal Spot Size on Spatial Resolution &

=)
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Large focal spot ; small magnification
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Influence of Focal Spot Size on Spatial Resolution & Yok

[

Large focal spot ; medium magnification
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Influence of Focal Spot Size on Spatial Resolution
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Large focal spot ; high magnification
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Influence of Focal Spot Size on Spatial Resolution & Yok

'\

S

Small focal spot ; high magnification
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Conversion Rates & YQLuME
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Focal Spot Sizes Y SRarmics

Inside an X-ray tube electrons strike onto the target and their
kinetic energy will be converted into:

* Heat (~98-99 %)
e Xray(~1-2%)

* The Target has to withstand a thermal energy of more than
100 GW/m?

= Heating limits minimal focal spot size

(besides other physical effects, see next pages)

= X-ray inspection has to deal with very limited number of photons

“the X-ray world is dark!!!”
21
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Example: Influence of Focal Spot Size on Spatial Resolution

4 Watt 10 Watt

tip of a ball-pen (0.8mm)

22
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Focal Spot Sizes

Standard reflection tube
(most closed tubes )

Electron beam

X-ray window

Even for small power (slight heating) the penetration depth of the electrons

into the target and not the focusing itself limits the effective spot size. -
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Focal Spot Sizes
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Focal Spot Sizes

Transmission target tube

(mostly open tubes) Target (Be, Al, C

coated with W,

Electron beam

Limited thickness of converting layer (W)
- smaller focal spot

- but: additional reduction of conversion efficiency !!!
25



Spatial Resolution using Magnification Technique

Object distance a

Detector distance b

Focus of tube with
diameter d

2\

>

Blurring U

& VOLUME
\/ GRAPHICS

Blurring by focus (penumbra):

b-a
Detector layer: U =d- T_d (M -1

Object layer: U =d (N:\/I_l) ~d

Blurring caused by detector elements:

Detector layer: U, =2d,,,

2d Det

Object layer: U, = v

= With high magnification,
the focal spot restricts the
spatial resolution

= With small magnification,
the detector restricts the
spatial resolution

26
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Effects on Spatial Resolution 7

Resulting minimal blurring of an edge or a point:

U total — \/(U FS )2 + (U Det )2 + (U XXX )2

Blurring caused by focal spot: Ug =d- M=D) " it focal spot size d
2- ddet
Blurring caused by detector: Upe = ™ with size of detector pitch dg,,

U, Blurring caused by other influences, such as mechanics, geometry,
temperature drift of components, artefacts, etc.

27



Pixel Size and Image Resolution

: 77/ 7%

I Pixelsize w

Projection of details Resulting X-ray image
onto the detector
= The effectively achievable spatial resolution is at least
two times the size of the image pixel w!
But even for direct magnification technique it will never be better
than the size of the focal spot of the X-ray tube!

= Smaller details with sufficient contrast can be seen because of the

variation of the absorption, but their size cannot be measured.
(feature recognition)

/
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Rules to achieve a good Spatial Resolution W crarrics

* In case of insufficient resolution of the detector, the spatial
resolution of the system must be achieved by choosing a capable
magnification.

* In case of using a high magnification, the limiting factor for the
spatial resolution is the spot size of the X-ray tube.

» Spot size and magnification should be well adapted:
the pixel size of the image should be around half the spot size.
Smaller image pixel sizes do not deliver more information but only
blow up the data sets; bigger sizes lead to a waste of possible
information!

29



Contrast Resolution
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Hill
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J

Contrast resolution depends on detector dynamics
(digital resolution, AD conversion, noise of electronics)
30
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Contrast Resolution

A 4

Contrast depends on thickness of material and defect

31



Contrast Resolution
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GRAPHICS

v

Contrast resolution depends on noise level

32
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Contrast Resolution Y crarrics

Sources of noise:

* Detector noise

« Compton scattering

» X-ray tube:
Poisson statistics of photons: SNR « /N
(especially important for low power)

Remember that X-ray world is dark!!!

33
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Available X-Ray Power

L
—\—\’\—4

Focal spot X-ray window X-ray detector

* 10 Watt tube power (measured at the spot) means 0.1 Watt X-ray power
* These 0.1 Watt are distributed in a sphere around the focal spot
* Example: modern 100 um pitch detector in 1m distance
Power per detector pixel P: P =[(0.1 mm)?/(4m*1m?)]-0.1W
P =0.796 nano Watt per detector pixel
» 16 bit detector: ~ 0.1 pico Watt per bit (unweakened intensity)

* What we neglected: self-absorption inside the tube, tube window, limited
conversion rate of the scintillator, ...

34



Example: Effect of Scanning Time & YSERNE

Grains of salt, 3 um voxel size

13 min 25 min 60 min

35



Remember the Distance-Square-Law

Radiation source

o~

N
\ \\ \\ \\\ \\\“‘
\ NN T
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2 x distance

% of the intensity

Magnification
versus
Contrast !l
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Physical Boundary Conditions

X-Ray Testing Pyramid*
Scan Time
(Cycle Time)

close to production,
long term stability

Number \ N
of Photons Facility Costs

_ — e\ " component quality
Spatial /

Resolution ~—~—~—, /
small focal spot, — Contrast Resolution

limited power good signal to
noise ratio (SNR)

* Gondrom et al., World Congress on Nondestructive
Testing, Montreal, 2004

/
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GRAPHICS
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Effects of Detector on Contrast Resolution Y crarrics

- ~

Resolution in a |
projection

Resolution
in volume

Doubling the resolution by simply using a smaller detector pitch (same detector type and same
geometry) results in %2 photons per detector pixel and s photons per 3D voxel.

To get the same contrast quality in 3D, which is in fact the signal to noise ratio (SNR) determined
by the detected photons, the measurement time has to be 8 times longer — even in theory!

In reality, 8 times longer is not enough because of a thinner scintillator and a reduced fill-factor of
the detector photo-diodes! Doubling the detector resolution on the same area may result in 20
times less detected photons (half scintillator thickness + smaller fill-factor).

= Think of using a more sensitive detector type instead !!!
38
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Example:
Effect of Compton Scattering on Contrast Resolution of a CT

Not only the object but as well the walls of the X-ray system cause
scattering = collimation is recommendable.

Source:

Gondrom, Purschke, Siegle

CT at BOSCH Schwieberdingen,
1998

Strong scattering Reduced scattering (Collimation)

39
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Consequences / Rules\
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Consequences

> Be aware that achieving a good contrast initially is by far more important
than a good spatial resolution !!!

> One has to be able to detect details at all, before trying to determine their
size I

> Contrast resolution can be limited due to short cycle times (specially relevant
for production environment)

- high power of the X-ray tube is mandatory

- high power leads to bigger focal spot size and thus limits the spatial resolution

> Reduce scattering effects as much as possible by collimation!

41
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Consequences

> Do not choose a detector with too many pixels!

> Instead of binning detector pixels, start with a proper detector type and do
not use more than the number of pixels really needed!

> Higher resolution detectors have smaller bulk factors
> Higher resolution detectors have thinner scintillators

> Higher resolution detectors often have higher electronic noise level due to smaller
electrical capacities

—> All this leads to higher noise level in the data.

42
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3D-CT
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Motivation

e 3
&8 o ‘c;‘ -
asn ﬁ;.w 4
2 3
162
L
2D X-ray: shadow image without 3D-CT with full volumetric
depth resolution information

44



Principle of 3D-CT & YQLuME

X-ray tube O

2D detector

rotated object

45



Principle of Unfiltered Backprojection

xxxxxxx
AAAAANLD
WAVAVAVAVAVA |
VATAAA A
X

q Projections CT image (tomogram)
I,IO:P:In(II—OJ P:In[ll—ojzu-d

Extremely blurred images with low contrast resolution !

/
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Principle of Filtered Backprojection (FBP)

FILTERED BACKPROJECTION

(AT

Original
Profile

Filter
Function

saXOLUME

RAPHICS

Filtered projections and image

Sharp images with very good contrast resolution.

a7



Formation of a Tomogram using FBP

48



Surface Determination

Voxels overlapping partially
background and material
receive an intermediate
grey value according to the
amount of material overlap.

& VOLUME
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| Slmpllfled Example I..'

Background

Grey value =0 ‘
SN 00% |

77% voxel grid

.' real surface

Material
Grey value = 100

49
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Surface Determination W Lrariies

» |ntheory: The object’s exact surface is described by a simple grey
value threshold = 1SO50 threshold.

» |SO50=(average material grey value + average background grey value)/2

2404 Gray valé;es :
MAT AR A——

1804 v
I 1

R 50%
120 .
I 1
[

B0 o 0

| 50%
MAT £
BG ] I—r—" Ty L

llllllllllllllllllllllllllllllllllllllllllllllllll 3 l:l 3
Calculate average grey Calculate average grey Grey value profile along line

value in background area value in material area
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CT Artifacts @ VOLUME

GRAPHICS

= A ISO50 threshold applied globally will typically cause geometry
rrors on “real data” since the Ioc%! surface threshold at position

differs from the one at positio e.g. due to beam hardening
artifacts.

= Fuel nozzle example:
locally measured
ISO50 threshold at:

= 38900
= 32700

51
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Precise Surface Determination & YQLINE

GRAPHICS

= A proper surface determination uses a local adaptive edge detection
algorithm to minimize measurement uncertainty.

= All geometry related tools take full advantage of this feature to
reduce measurement uncertainty.

il Thin yellow line =
ISO50 surface

Thick yellow line =
adaptive surface.

52
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Precise Surface Determination

Injector borehole without (left) and with (right) local adaptive
surface determination.

53
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Example

= Measure 6 fuel injector
nozzle boreholes diameters
In 5 positions.
= Scan/Voxel resolution 8 um

= CT measurement
with local adaptive surface gy /’
compared to standard o S =
opto-tactile measurement ety
<lpum 5 —au A
e
il .
The graph shows the comparison of 4 TI
classical opto-tactile drill hole 1pm I ! —
diameter measurements with CT based Depth
measurements.
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Achievable Measurement Uncertainty in 3D-CT Y crarrics

= Spatial resolution is still determined by the detector resolution, the
magnification and the focal spot as shown in the previous chapters.

= But remember that spatial resolution is defined as the min. distance
needed in order to separate two neighboring features (points).

= |f one wants to measure in the sense of metrology, the interesting
distances are normally by far bigger than the spatial resolution.

= The surface of an object can be determined with excellent sub-voxel
accuracy in high quality CT data sets.

- Measurements based on these surfaces are not limited by the
spatial resolution (as long as the scaling or with other words the
distances of the surfaces are big compared to spatial resolution)

- Rule of thumb: very good CT data (low noise level und no artefacts)
allow metrology with a measurement uncertainty of up to 1/, of the

voxel size (of course not point to point).
55
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Artifacts \/ GRAPHICS

* beam hardening (loss of soft radiation)
- polychromatic source
- energy dependency of linear attenuation coefficient U(E)
* detector
- non-linearity
- defect Pixel
* scattered radiation
- geometrical configuration
- energy
e insufficient discrete sampling
- aliasing
- edge artifacts
- partial volume effect

* wrong mathematical description (3D Feldkamp, incomplete data)
57
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Characteristic Line of an X-Ray System

T T T T T T T T T T T
14 + i
Influences from i
12 | i
e X-ray source i
10 i
e Detector
E 8 |- i
e Energy dependence of 3
© - -
attenuation coefficient p o0
4L i
e Scattering
2+ i
0 i
1 1 1 1 1 1 1 1 1 1 1

Thickness d [mm]

58



& VOLUME
\/ GRAPHICS

Beam Hardening
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Compton Scattering

Strong scattering

Reduced scattering (Collimation)

N VOLUME
\/ GRAPHICS

Source:

Gondrom, Purschke, Siegle

CT at BOSCH Schwieberdingen,
1998

60
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Partial Volume Effect W Lrariies

n n
0 [  Detector 1:
no n ntotaI= nO tn= n0 + nO e_ud
Ny u(d) M| Detector 2:
e p Niotg=2 N = 2 N,y ed
2n 2 2n 1
P(Dl)zln —O_d :In( _d j P(DZ):In (3 d :In(_—d)
n, +n,e™ 1+e™ 2n,e™" e

But reconstruction algorithm expects P(D1) = % P(D2)

Algorithms based on filtered back-projection calculate In{avg(l/l,)}, but the
real attenuation is avg{In(l/I,)} = underestimation of attenuation!

= Artifacts arise!
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Filtered Backprojection 7

FILTERED BACKPROJECTION Feldcamp Algorithm

MHWM Original
Profile
Convolve wifhl g( m
I\ \\//

__lT_/ \\ ,// _J
Filter \ /
Function /‘_\
/ N 7 \\
//\

Filtered ;
N{{ \U[)V Profile Filtered projections and image

Numerical filtering (non-continuously) combined with partial volume effect
- Problems at discontinuities in the projection (density changes, edges,...)
Discontinuities occur due to discrete and limited sampling, resulting

in black and white sprites in the reconstruction!
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Filtered Backprojection 7

Formation of a tomogram:

<

1 projection

8 projections 30 projections 60 projections

The more projections are used, the less artifacts (black and white

stripes) due to discontinuities (edges) occur.
63



Typical Image Artifacts & YQLuME

Simulated phantom

Effect of noise

Edge effect (‘circle like’ aliasing on
sharp edges due to too limited
number of projections)

Aliasing effect for bigger but still
insufficient number of projections

64



<y, VOLUME
v GRAPHICS

Typical Image Artifacts

Simulated phantom + beam hardening

+ scattering + partial volume effects
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Beam Hardening Correction

Correction by linearization of the characteristic line.

67



Beam Hardening Correction Q7 Srarmics

v Beam hardening correction

manact 4 ¥ = Medium

‘Speckle removal

on (muit p

Ring artifact reduction Slice preview

| Preview, Zoom: 80 % Slice position
L]

¥ Beam hardening correction, histogram zoom: 100 %

Resolution skip
1 0512, 0512)

Beam hardening correction

e p—

Value range
Min:

Import LUT (Step wedge)
Create LUT by IAR
LUT ran
829 3 10000

¥ AdaptLUT rang

Load parameters | Save parameters  Projection pre g [T Replace  Cancel
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Detector or Object Shift Correction & Yok
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AXxis Tilt Correction
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Scanner Geometry Correction Q7 Srarmics

Scanner geometry correction

n {larg

ontal detector offset

Calb v R t manufact 4 P

mm Calculate
mm

:1 Calculate Automa

Projection preview
Preview, Zoom: 31 %

Galcubte = Automatic

Calculte = Automatic

ton previen

Counterdockwise

N

[T perem—p———

ad parameters  Save parameters Pro preview ' Sino c Replace  Cancel

ROImode Volume ROT

Projected slice position for Horizontal detector offset calculaton 512 Apply ROI and orientation

v Perform Rotation axis tilt correction using specified volume slices 7 1

Lower and upper slice position for rotation axis tilt correction 256



Ring Artefact Correction (RAC) & YSERNE

without with difference

72



Ring Artefact Correction (RAC) X Srarmics

Speckle removal
i p

Ring artifact reduction

Ring artifact reduction

¥ Beam hardening correction

= Medium

Intensity offset correction

nstant intensity
that is too high m

O sMARE

ad parameters  Save parameters
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FOV Enlargement

Without FOV enlargement With FOV enlargement

Volume 1 grid coordinate system

Volume 1 grid coordinate system

- ~

76.95 mm




FOV Enlargement

<
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Angular offset [ 0.00
. Angular section

Calcuiate

Further parameters

360.00
tation direct

Anguiar t [deg]

Angular

Counterdo

n di

Extend FOV

[y pr——

.| Shifted o
Manual result volume specifica Shilfted olgect

ad parameters

ve parameters Projection previe:

Replace  Cancel
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On the fly CT & YSERNE
Most fast or inline CT scans are performed “on the fly”, which

means that images (projections) are taken during the rotation
without stopping the sample.

— in-motion blurring occurs, as diverse voxels are smeared in
one projection, specially outside the center

-/ 2
Ry

I~

~N1

1

L1 -

Remark:

in a ‘normal’ stop-and-go scan a small detail like a point or an edge is
maximally blurred over 2 voxels
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On the fly CT & YSERNE
What can be done to reduce this blurring?
« Use as many projections as possible
* There is no urgent need to perform a 360° scan
» Already a limited angle CT scan delivers complete and correct

data if the scan area is 180° + ®
(® is the angle seen by the detector)

X-Ray Tube Rotated 2D Detector

Object 77



On the fly CT & YSERNE

Doing a 180° + ® scan instead of a 360° scan reduces the
blurring as no longer the whole circumference has to be
covered by the projections

[ / —-j

T
T
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Onthe fly CT

ROI and skip

3 1024
1024
v 2088000
stance [rm]

Distance frm] 1404.900

Scanner geometry correction

-1.02 : Calculate
o Angular offset 0.00

pr

Angular section [ 2oq|

Anguiar

o : S Rotation direction Counterd

Rotation dire

— Extend FON Mone

Manual result volume specification

Load parameters Save parameters  Projection preview Rephce | Cancel
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3D Reconstruction Methods & YQLuME

2D Feldkamp:
\\ _:Xr\/ // _/
7 A top view
3D Feldkamp:

* no more 2D but a 3D blurring = FDK wrong outside central plane

* Results is only acceptable for small angles (FDK only approximation)

= =

OTTTIMN T TTTTITTTTTITT]
MTTTIMATTTTTITTITTTTT

side view
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Helical CT W Lrariies

Cone beam helix scan
(2D detector)
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Helical CT & YQLuME

CD-ROM stack

il
i

I

il

[l

FDK artifacts Helical reconstruction 82



Helical CT
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n:
n: ph 04,3000
Distance [rm] 00.0000
Distance [rim] 783 4191
SEE ‘Scanner geometry correction
Projection handliing
O Unfitered back pr a d by brightjdark ref , logarithmized, and
d back pr idkamp, Davs, and kress (FDX),
arithrization and fil
Algorithm

ke

Misaignment calculation optinized for standard scan (arge angular section)

ntal d f
atio
Faulf)

alu

ART options

Further parameters
Calcubte
) p
th
) Calculste
n
Ierations
FBP options
Fiter mode amp
Interpolation Linear

Calculation mode.

None
Manual result volume specification

Calcuiation mode for back projectio

Disabled ifa forced mode s s

(see Edit > Pr

An anguiar
s needed to =
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Metal Artefact Reduction (MAR) & YSERNE

without

with
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Rules for a Satisfying CT Scan & YSERNE

First Step:

Adjust the geometrical resolution you need to have by choosing the
corresponding magnification (voxel size).

Ensure that the object is not projected beyond the detector. Try to
using FOV enlargement if the object is too big.

Rotate the sample and check if it is fully imaged onto the detector
during the rotation.

Remark:
Region of interest (ROIl) measurements with higher resolution are
possible, but they in general will cause a degradation in image quality.
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Rules for a Satisfying CT Scan & YSERNE

Second Step:

Reduce the scattering effect by collimating the X-ray beam in such a
way, that only the detector is illuminated.

Be aware that this can have a huge effect!

It is e.g. not exceptional for a 450 kV setup, to have the situation that
more than 30% of the detected intensity is caused by scattering from
the walls and the object holders.
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Rules for a Satisfying CT Scan & YSERNE

Third Step:

Choose a proper X-ray energy by adapting the tube voltage.

As a rule of thumb the penetrating intensity behind the object should be
in the range of 10 -20% of the non-attenuated X-ray intensity (I,).

The ideal value would be 14% (calculated for monochromatic radiation).
The code of practice published by VDA and DGZfP request a value of at
least 10% !

In case of strong absorbing objects use a pre-filter (e.g. Cu) just in front of

the tube in order to achieve this rule of thumb.
This will as well reduce beam-hardening artifacts.
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Rules for a Satisfying CT Scan & YSERNE

Fourth Step:

Adapt the tube current and the detector integration time in order to achieve an |,
in the X-ray image that is as ~90% of the detector dynamics. (~60000 for a 16 bit
detector, 15000 for a 14 bit detector,...)

Ensure that the detector is not overexposed at all !!!

Be aware that integration time and tube current are more or less linear with
detected intensity.

Higher integration time leads to longer measurements. Higher tube power leads
to a bigger focal spot of the tube, which limits the achievable best resolution.

As a rule enhance the tube current until the focal spot size (see tube manual) is in
the order of the chosen resolution. Then adapt the integration time so that |, is as

high as possible!
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Rules for a Satisfying CT Scan

Fifth Step:
Perform a proper bad-pixel-, dark- and bright-image correction. To do

so, average a lot of images for the resulting dark and the bright image.

Gain
image

Corrected image
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Rules for a Satisfying CT Scan

Example: effect of applying a bad pixel correction
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Rules for a Satisfying CT Scan

mit RAC und Hellbunkel grid coordinate system
1.75mm

mit RAC und Hellbunkel grid coor
27.25mm

without DBC with DBC

Only dark- and bright correction of projections delivers correct shape of the object

(of course the effect is the bigger the worse the data quality is). 92



Rules for a Satisfying CT Scan & Yok

Cross check if the intensity behind the object is still in the range of
10 - 20% of the non-attenuated X-ray intensity (I,) as it may be that the
uncorrected detector had a high dark current.

If not repeat from the third step iteratively !!!
Normalization will fail if the object is not penetrated:
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Rules for a Satisfying CT Scan Y SRarmics
Sixth Step:
If measurement time is uncritical, several images can be averaged per

projection to reduce noise and enhance contrast resolution.

Alternatively (if possible preferable) enhance the number of
projections! This will reduce edge artefacts and aliasing effects on top.
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Rules for a Satisfying CT Scan

atb+c/3=

8 92 97 13:45
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Rules for a Satisfying CT Scan

Rule: The more projections are taken, the better the results will be.

But: Scanning time must not be too long as the CT system maybe
is not stable for a long-term measurement
(temperature drifts, tube and detector stability,...)

Rule: Consider physics first !
Means that it is always better to consider the physical effects
that cause artefacts and reduce them, instead of trying to perform
software corrections. Those corrections may help, but for sure the
better the scan is, the better the results are and the easier such
corrections can be applied.
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