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Behind the Image:
The Imaging Chain
and Resolution
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Introduction

We intuitively understand the power of X-rays trical connections in advanced computer chips,

to image fine details and find defects, for exam- images obtained with X-rays provide important

ple for examining cracks and breaks in bones in a and actionable insights. But what are the relevant
medical context. The same is true for non-destruc- factors required to produce an X-ray image, espe-
tive testing (NDT) using X-rays in an industrial cially when "resolution” is an important topic? To
context. From finding unwanted contaminants in produce an image, we need a light source, an object,

rechargeable batteries to quality control of elec- and a detector, and together these make up the




"imaging chain”. In order to produce an image that
can achieve a desired resolution it is necessary that
all parts of the image chain are designed appropri-
ately. In fact, "resolution” is a complete system level
term and cannot be attributed to any one com-
ponent of the image chain such as the detector or
the source. Here we will outline the main concepts
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within the imaging chain and how they contribute
to produce an X-ray with particular emphasis on
micro and nano scale imaging. In addition we will
clarify the key concepts surrounding resolution.
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The Imaging Chain

Focal spot size

In the case of X-ray imaging the light source is an
X-ray generating tube, within which electrons are
accelerated using high voltages onto a target ma-
terial. The resulting collision of electrons with the
target produces X-rays within an interaction region
which is called the focal spot size of the X-ray tube.
Focal spot size is one of the key elements of the im-
aging chain as it determines the lateral area from
which X-rays are emitted i.e. the size of the X-ray
source. The electron energy, the type of material
and the interaction volume all contribute to the
spot size. Why is the focal spot size so important?
A smaller source, in combination with the other
factors discussed in the rest of the article, enables

sharper image edges and therefore higher resolu-
tion compared with a large source. This is because,
with a smaller focal spot, there is a smaller range of
source positions that contribute to the image. This
is illustrated in Fig. 1. For a large focal spot, X-rays
from different regions of the source contribute
different intensity levels to the edge of the pinhole
image, meaning the edges become spread out, or
blurred. In such a case, the maximum achievable
resolution is reduced. The opposite is true for a
small source, where there is less variation in intensi-
ty across the edges due to there being less variation
in the source position. However, focal spot is only
one important factor in determining the overall
system resolution.

Fig. 1- A smaller focal spot size enables sharper images and
higher resolution as part of an appropriate imaging chain.
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Detector pixel pitch

With an X-ray source and an object that we want
to inspect, the question is how do we capture an
image? Our eyes are sensitive to the optical part of
the electromagnetic spectrum, but X-rays are much
higher in energy and our eyes cannot sense them
directly. This means we need an X-ray detector. A
variety of detectors are available on the market,
with differing detection mechanisms and specifi-
cations. It is important to select a detector that
corresponds to your specific requirements. Here

we will focus on direct conversion flat panel detec-
tors (FPDs) where an X-ray generates an electrical
current in the detector pixels that is proportional to
the X-ray intensity on each pixel. Since this image
is digital, there is no information stored between
the pixels. A critical parameter of the detector is
therefore the distance between two adjacent pixels,
called the pixel pitch. The distribution of X-ray in-
tensity leaving the object is continuous, in contrast
to the discrete pixels on the detector. The pixels are
how we build a digital representation of the real
analogue object, and the pixel pitch reflects how
finely we sample the real object, meaning how well
we can reproduce an image of the original object.
A smaller pixel pitch gives a higher sampling rate,
which helps to provide a more detailed representa-
tion of the real object. However, it must be remem-
bered that small pixel pitch alone also does not
guarantee high resolution. To resolve fine details,
we also have to spread the image — or the part of
the image that we want to see in detail - over as
many pixels as possible.

Image magnification

This highlights the importance of an additional part
of the imaging chain: image magnification. Imag-
ine that you brought the detector so close to the
source that only a single pixel was illuminated. This
would not provide a suitable image of an object. In
fact, it would produce only a single bright spot on
the detector. Therefore, it is necessary to spread
the image across multiple pixels to digitally capture
it. In other words, we have to magnify the image.
The magnification of an X-ray imaging system (in
the absence of focussing elements) is given by the
ratio of two distances: the focus to object distance
(FOD) and the focus to detector distance (FDD).
The magnification, M, is given by:

y - FDD
FOD
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Fig. 2 - Changing magnification with
varied Focus to Detector Distance (FDD).
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This relation can be understood intuitively. Consider
first the FDD. When moving the detector far away
from the source, the image is spread across more
pixels than if it was very close to the source (Fig. 2).
The result is that the magnification of the image

is increased. A larger FDD enables a larger mag-
nification. Of course, moving the detector away
from the source has a downside: the inverse square
law means that less signal will reach the detector
the further it is from the source. In addition as the
image information is spread over more pixels each
individual pixel sees less signal, resulting in longer
measurement times. Thus, a balance must be found
allowing desired features to be visible while main-
taining reasonable dose on the detector.
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Now consider the FOD. By reducing the distance
between the object and the X-ray source (Fig. 3) the
projection of the image on the detector is spread
across more pixels as it has more space to expand

in the region between object and detector. There-
fore, the magnification can be increased by reducing
the FOD. A reduced FOD has the advantage that
the magnification is increased while the signal that
reaches the detector is not reduced, as it is possible
to keep the FDD constant. The limitation is that one

cannot approach the X-ray source indefinitely. How
close it is possible to approach the X-ray tube de-
pends on the design of the X-ray inspection system,
for example the range of the manipulator tray or
production line belt, and the design of the X-ray tube.
In practice, both the FOD and FDD must be chosen
appropriately depending on the specific imaging task.
Finding the optimal FOD and FDDs will depend on
both the tube and system geometry, as well as the
magnification required to visualise a specific feature.

Fig. 3 - Changing magnification with varied Focus to Object Distance (FOD).
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Determining minimum magnification

Given the above discussion, we can expect that
there must be a relation between magnification
and pixel pitch. To resolve a feature clearly we need
to have the feature magnified across some given
number of pixels. What is the minimum magni-
fication required to do this? It will depend on the
size of the feature and the pixel pitch. Making an
assumption about how many pixels a particular
feature should cover allows a calculation of the
required magnification. We can express this math-
ematically as:

Pixel pitch

min

Feature size

where F is a factor depending on the minimum
required pixel area for a particular feature e.g. 3x3
or 5x5 pixels [Ref 1]. Once that is known, an appro-
priate FDD/FOD ratio can be chosen.

The two relations for magnification highlight that
there is not a single answer to the question “what
magnification is required to resolve a particular
feature?". Pixel size, FDD, FOD and the size of the
desired feature all play a role and have to be con-
sidered together. As an example, in Fig. 4 we show
two images of a 0.9 um JIMA mask resolved using a
Comet FXE-160 nano tube [2]. One can see that the
0.9 um feature is well resolved using detectors with
different pixel pitch (127 um and 55 um respective-
ly), with the magnification changed accordingly.

Fig. 4 - JIMA masks at 0.9 um size obtained
with two different imaging chains
and an FXE-160 Nano tube.
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Resolution concepts

From the above discussion of the imaging chain, it
is clear that a number of system level factors are
relevant to producing good resolution in an X-ray
image. But what do we mean by "“resolution”, and
how do we determine if it is “good" or not?

Spatial resolution

Spatial resolution is a common parameter used in
the evaluation of imaging systems. In a few words,
it characterizes the imaging system's ability to
distinguish between two very small objects placed
closely together. It is a system level property that
requires an appropriate imaging chain. A well-
known example of a standard resolution measure-
ment is the JIMA mask measurement. The JIMA
mask is comprised of groups of gold lines etched
on a silicon substrate spaced by set distances of a
fixed value in each group, see Fig. 5. Gold absorbs
X-rays much more readily than silicon, so a large
contrast is available between the lines and the
background, which is typically very uniform. The
smaller the distance that can be resolved with a
particular system, the higher the system resolu-
tion. The power of the JIMA mask and other similar
masks, is that they are standardized samples that
are expected to behave the same in every X-ray
system, therefore allowing a comparison between
the performance of one system against another
in terms of spatial resolution. For completeness,

it should be noted that spatial resolution is some-
times referred to as "high contrast resolution”.

Contrast and MTF

This definition of resolution is still unsatisfactory,
as it does not tell us when something is resolved

or not. Our eyes can often judge when there are
two objects close together or only one, but at what
point are two lines “resolved"? A common way to
solve this is to refer to the contrast that is achieved
in the region between the two objects, and as an
example we take two gold lines from a standard
mask as our objects. In this case, contrast refers

to the intensity level difference between the X-ray
signal from the gold line compared with the region
of the silicon substrate. In a perfect system, the
substrate would let all the X-rays through and pro-
vide 100% transmission. In contrast, the gold would
absorb 100% of the X-rays providing 0% trans-
mission. So ideally going from one gold line to the
next there is 100% contrast variation thanks to the
silicon substrate. However, imagine the gold lines
are brought closer and closer together until at some
point they touch. Now there is no longer 100% con-
trast between the gold lines, and it becomes more
difficult to visually separate them. Contrast of 0%
would mean the two lines appear only as one line.
So how does this help solve our resolution problem?
Simple: we say that two lines are resolved if there
is a certain minimum contrast between them in
the image. The exact value chosen is not universally
agreed upon but is typically defined in the range of
10% - 20% contrast for the maximum possible res-
olution. An example of different line measurements
with different contrasts obtained using a Comet
Xplorer 130 Cube (Ref. 3) is provided in Fig. 6.

Fig. 5 - A JIMA mask schematic.
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Fig. 6 - Contrast examples. Left: JIMA mask images obtained with the
Xplorer 130 Cube. Right: line cuts at the positions indicated for 3 um and
4 um line sets revealing the contrast at each resolution level.
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Fig. 7 — A schematic Modulation Transfer Function (MTF) showing
contrast as a function of resolution (not actual data).
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The contrast between neighboring lines is some-
times referred to as a "modulation” as when many
lines are imaged the continual increase and de-
crease of intensity produces a sinusoidal curve (see
the line cuts in Fig. 6). This helps explain another
term that is commonly used when discussing res-
olution: the Modulation Transfer Function (MTF).
This is a way of capturing the overall response of
an imaging system. Essentially it tells us how much
contrast is available for any line pair distance, in
other words how much contrast is available for
any resolution level. So for example we might have
100% contrast at 150 um line spacing, but only 5%
contrast at 2 um line spacing. Both are still techni-
cally resolved, but it will take longer to produce a
clear image of the two lines if the contrast is lower.
A schematic MTF is shown in Fig. 7.

Contrast Resolution and Contrast-to-noise Ratio
Another commonly used term is “contrast reso-
lution”. This refers to the ability of any imaging
system to distinguish between differences in image
intensity. The intensity measured by the detector

is governed by the X-ray attenuation properties of
the material being inspected and the amount of
material being penetrated by the X-ray beam. If the
X-rays pass through thicker material, or if the ma-
terial is very dense, less X-ray signal will reach the
detector. Since we are using digital detectors made
up of pixels, the intensity information has to be con-
verted into digital information and stored in bits.
Each pixel has a certain number of bits that it can
use to store information. If a pixel has more bits, it
is able to store a larger number of possible intensity
values, known as the gray values (see Fig. 8). A larg-
er number of possible values makes it easier to dif-
ferentiate the intensity value on one pixel from the
intensity value on the neighboring pixels. Therefore,
the inherent contrast resolution of a digital image
is given by the number of possible pixel gray values
and is defined as the number of bits per pixel.
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The factors that impact contrast resolution in an

image include:

e  Object contrast - The natural contrast of an
object being imaged will impact the level of
contrast resolution. If the object has no intrinsic
variation there will be no contrast.

e Scatter reduction - Collimating or filtering the
X-ray beam reduces scattered intensity, which
improves contrast resolution.

e Image reconstruction — Reconstruction algo-
rithms can help to improve contrast resolution.

e Noise - The level of noise in an image directly
impacts the contrast resolution. Decreasing
the noise in an image will improve the contrast
resolution. Increasing the noise will worsen the
contrast resolution.

The term "contrast resolution” is typically used in

the world or medical radiology. In an industrial NDT

setting, it is more common to refer to the “con-
trast-to-noise ratio” (CNR). An advantage of this
approach is that it factors in the influence of image
noise on the contrast, i.e. what subtle differences in
intensity are detectable for a given noise level.

Fig. 8 - An illustration of the different
value ranges possible within a pixel
depending on the number of bits that
pixel contains. More bits mean
a larger range of possible gray
values can be read out.
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Conclusion

A number of factors contribute to the resolution of
an X-ray imaging system and these are collectively
referred to as the imaging chain. Producing imag-
es capable of resolving specific features requires a
system level approach that considers the complete
imaging chain appropriately. As a component man-
ufacturer, Comet X-ray is involved deeply in spe-
cific areas of the imaging chain, namely the X-ray
source. As a result, it is the focal spot size that we
can most effectively control. This is a very import-
ant part of the imaging chain, and determines the
ultimate resolution that can be achieved in a sys-
tem, but it is only one part in determining the real
maximum resolution of an imaging system.

It should be noted that image quality is some-
what subjective and will additionally depend on
factors such as the required signal to noise ratio
and therefore the total acquisition time. An image
acquired for 0.5 s can look unrecognizable to an
image acquired for 8 min. This of course plays into
the considerations of FDD and intensity per pixel.
Increased power from the X-ray tube may also be

available, but this has to be balanced with the focal
spot size that may be limited at higher powers in or-
der to avoid damage to the target material. Imaging
software can go a long way to recognizing features
even within noisy data, for example by using trained
Al algorithms. However, a good imaging chain must
already be in place to enable such algorithms to
function.

Finally, in the micro and nano regime of imaging, it
should not be forgotten that mechanical and ther-
mal stability play an important role to the overall
stability, and therefore the spatial resolution, of the
imaging system.
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Glossary

The ability to distinguish between similar gray levels in an image. In an industrial
NDT context, CNR: the contrast-to-noise ratio is more often used.

Contrast to noise ratio is a measure of the intensity variation that can be
distinguished for a given noise level.

Focus to Detector Distance

Focus to Object Distance

Standardized samples used to determine resolution.
The ratio of FDD and FOD.

Modulation Transfer Function gives the relation between resolution and contrast
for an imaging system.

The distance between adjacent pixels in a detector.

The ability of an imaging system to allow two adjacent structures to be visualized as
being separate, or the distinctness of an edge in the image (sharpness).
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