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Abstract. Scanning X-ray beam imaging systems were first developed 
commercially by American Science and Engineering, Inc. (AS&E) in the early 
1970s [1]. Since then, these systems have found a wide range of applications in 
security inspection and non-destructive testing (NDT) with hundreds of systems 
deployed around the world.  
 Commonly, a scanning X-ray beam is formed by placing a moving aperture in 
front of a stationary X-ray tube. Several different concepts have been implemented 
to create the moving aperture, each with its own advantages and shortcomings. After 
a brief overview of the state of the art, we will present a different approach for 
forming a scanning X-ray beam which overcomes many of the conventional 
concepts’ limitations by scanning an electron beam along an extended target while 
keeping the aperture stationary. Although this approach was proposed as early as 
1976, its previous reliance on a pin-hole style aperture allowed only small scanning 
X-ray beam angles, preventing most practical applications. The angular limitation of 
the pin-hole style aperture is imposed by the thickness that is required to collimate 
the X-ray energies needed for security and NDT applications (typical tube voltages 
are above 100 kV). With the invention of a new aperture design, we have overcome 
this limitation and can scan over angles larger than 120° without degrading X-ray 
beam collimation. The electron beam is entirely electronically controlled, which 
enables full control of the scanning X-ray beam. This creates a hitherto unachievable 
flexibility and vastly extends the parameter space for scanning X-ray beam image 
acquisition. 
 We have built a prototype scanning electron beam source with a 500 mm long 
target and equipped it with the new aperture. The prototype system achieves a beam 
power of 10 kW and allows scanning at up to 2000 lines per second. Thanks to 
electronic focus and stigmation control, we are able to keep the focal spot on the 
target aligned with the aperture at all times and thus the system does not suffer the 
traditional off-centre degradation of spatial resolution. 
 Another advance in scanning X-ray beam imaging is a new type of detector 
which uses wavelength shifting fibres to collect the scintillation light. For the first 
time, these detectors allow an efficient low-profile design. 

Introduction 

Conventional transmission radiography dates back to 1895, when Wilhelm Conrad Röntgen 
captured the famous image of his wife’s hand. The use of a scanning X-ray beam for 
imaging was first reported by P. G. Lale in 1959 [2]. Similar to the mechanical television 
systems of the early 1920s, the raster scanning motion of the scanning X-ray beam is 
created by mechanically moving an aperture in front of a radiation source. While the 
mechanical “flying spot scanners” in early television systems were soon replaced by 
electron tube-based cameras, mechanical beam forming remains state-of-the-art in scanning 
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X-ray beam imaging today. Refer to R.F. Eilbert for a comprehensive history of X-ray 
security technology [3]. 

Currently Used Beam Forming Methods 

A wide variety of beam forming methods have been proposed and several different designs 
are currently used in commercially available systems. The disc, hoop, and wheel designs 
depicted in Fig. 1 are used in current AS&E security products. A more sophisticated 
version of the depicted spiral-cut tube design is used in Philips’ ComScan system [4]. 
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Fig. 1. Four commonly used beam forming methods. Moving parts shown in grey,  

fixed parts in black. The focal spot is shown much larger than to scale. 

A few notes on these beam forming methods: 

 The disc-based collimator is the oldest and most simple approach. It is placed between 
the radiation source and imaged object. The aperture is formed where moving and 
stationary slits intersect. The changing size and shape of the aperture as well as the 
disc’s considerable weight and inertia are disadvantages.  

 A hoop design maximises the collimation length or speeds up the scan beam by placing 
the source behind (as shown above) or in front of the rotating hoop’s centre. The fan 
beam exit is covered by the shielding hoop which contains multiple apertures, of which 
only one at a time is exposed. The disadvantages lie in the hoop’s weight and how the 
shape and angular velocity of the scanning beam vary with the scan angle.  

 The wheel design has the advantage of keeping most of the shielding close to the source 
where it is most effective. Tubular spokes lead to exit apertures. Only one spoke at a 
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time is open to the source. Beam collimation is equally good over the entire scan angle.  

 A rotating tube (shown semi-transparent) with two opposing 180° spiral-cut slits forms 
a moving aperture where the projections of the two slits intersect. Like the disc, the tube 
is placed between radiation source and imaged object. Philips’ ComScan system [4] 
uses a more sophisticated combination of two co-rotating spiral-cut tubes. A fast-
rotating tube with multiple-turn spiral slits forms multiple moving apertures while an 
aligned, slow-rotating tube blocks all but one of those apertures. 

All these mechanical methods have in common the inability to quickly adjust image 
acquisition parameters (like scan line rate, beam angle, and aperture size) to reflect 
changing imaging requirements. The high line rates (≥ のどど 嫌−1) needed for fast throughput 
scanning are difficult to achieve because mechanical stresses and friction pose challenges at 
high rotational speeds. Maintenance issues associated with motors, bearings, and other 
moving parts may also arise. 

While most of these issues can be addressed by more elaborate and thus more costly 
mechanical designs, there is another shared shortcoming which cannot be readily remedied: 
the increased size of the apparent focal spot for off-centre beam angles. 

Apparent Focal Spot Size 

When imaging an opaque edge in transmission radiography, the finite size of the X-ray 
tube’s apparent focal spot creates a penumbra which blurs the image and limits the line pair 
resolution. Similarly, the “flying spot” in scanning beam imaging is blurred by the size of 
the apparent focal spot which results in a loss of spatial resolution. The “flying spot” acts as 
the imaging system’s point spread function. Focusing the electron beam into a smaller 
diameter is not the challenge, but the focal spot size has a lower limit given by the 
allowable areal power density on the X-ray production target.  

To decrease the apparent size of the focal spot, X-ray radiation is typically extracted 
at a relatively shallow angle from the target surface. Common target angles range between 
6° and 25°, which allows the actual focal spot on the target to be about 10 to 2.4 times 
larger in area, respectively, than the apparent focal spot. For a given target angle, the 
apparent focal spot size is optimised by elongating the actual focal spot on the target along 
the direction of X-ray extraction by a factor な/嫌�券岫�岻 where � is the target angle. This is 
illustrated in Fig. 2. 

 

 
Fig. 2. Three views of the same target with target angle � = にど°. The two arrows shown at left 

indicate the direction of X-ray extraction for � = ど (fan beam centre) and � = はど°. In the centre and 
right views the targets are oriented so that the φ=0 and � = はど° directions are normal to the page. 

For � = ど the apparent focal spot has the desired circular shape. 
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As long as the X-rays are extracted only in � = ど direction, the described approach works 
very well. For small off-centre angles, the apparent focal spot also does not deviate much. 
However, imaging systems require the X-ray source to irradiate a certain field of view, 
which necessitates X-ray extraction over a corresponding angular range.  

Particularly in security applications, a large field of view is often desired and beam 
angles can exceed ±45° and in some instances reach ±60°. The apparent focal spot can be 
fully optimised only for one extraction angle, normally the centre of the fan beam. With an 
increasing off-centre angle, the apparent focal spot becomes distorted and stretched. This 
effect is the same for fan beam and conventional scanning beam systems.  

The geometric transformation of the � = ど apparent focal spot is given by the 
matrix �. � = 岾cos岫�岻 �剣建岫�岻 嫌�券岫�岻ど な 峇 

For � > ど this transformation turns a circular apparent focal spot at � = ど into an ellipse. 
The eccentricity of this ellipse increases with �. Its axes and slant angle can be found 
through Singular Value Decomposition of the matrix �.  

This distortion and stretching of the apparent focal spot directly affects the spatial 
resolution and degrades it with increasing off-centre angle �. 

Scanning Electron Beam X-ray Source with Pinhole Aperture 

The usefulness of dynamically controlling an electron beam in a vacuum tube was first 
demonstrated by Ferdinand Braun in 1897 when he visualised periodic signals on a 
phosphor screen [5]. For an X-ray tube, the ability to dynamically control the electron beam 
enables entirely new radiography concepts. The best known example might be electron 
beam tomography, which was developed by Imatron in the mid-1980s. It allows ultrafast 
CT scans as only an electron beam is moved in a large vacuum tube around the patient 
instead of the heavy, rotating anode X-ray tube used in conventional CT systems.  

The idea of using a scanning electron beam and a stationary pinhole aperture to 
create a scanning X-ray beam imager was first disclosed by Eiji Watanabe in 1976 [6], see 
Fig. 3. 
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Fig. 3. Illustration of US patent 4 045 672 by Watanabe. 

The pinhole used by Watanabe limits his concept to small X-ray beam angles and low beam 
energies because the material surrounding the pinhole has to be sufficiently opaque to the 
radiation in order to create a well-collimated scanning X-ray beam. This leads to a design 
trilemma between the material thickness required for opacity, the small size of the pinhole 
needed for good spatial resolution, and an acceptably large acceptance angle for the desired 
field of view. The practical compromise would be a tapered hole aperture made from 
tungsten.  
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For beam energies up to 150 keV and beam angles within ±30°, this compromise can 
produce sufficient spatial resolution, particularly for security applications. For higher 
energies and larger beam angles, two effects become increasingly detrimental: (a) the 
apparent aperture area decreases like the cosine of the incident angle and (b) the effective 
aperture area is larger for higher energy X-rays due to the reduced thickness created by the 
taper around the pinhole. The result is reduced spatial resolution near the centre and a 
decreasing signal-to-noise ratio with increasing incident angle. 

A New Collimation Concept 

A new collimation concept has been developed which is not affected by any of the 
problems discussed above [7]. It does not limit material thickness and can accommodate 
arbitrarily small aperture openings. Not only are beam angles up to almost 180° possible 
without any beam degradation, the aperture size can even be designed to depend on the 
beam angle.  

Furthermore, with the help of a simple linear actuator the aperture size can be 
adjusted within a fraction of a second by varying the distance of the two halves. Fig. 4 
shows the underlying geometry for the case of constant (i.e. angle independent) aperture 
size. Note that the X-ray beam angle would span the vertical direction in Fig. 4. 
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Fig. 4. The geometric shape at the heart of the new collimator. 

Twisted slit apertures have been suggested for beam collimation in the past [8], but always 
in conjunction with a fixed radiation source which necessitated a motor for rotating the 
aperture piece. A stationary twisted slit aperture was used by Osterloh et al. for Compton 
scatter image projection rather than beam collimation [9]. 

Dynamical Focal Spot Shaping 

 
Fig. 5. Dynamic focal point adjustment for three extraction angles φ (50°, 0, and 35°). 
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Having full control over the focal spot’s size and shape as well as its location enables us to 
maintain an ideal apparent focal spot over the entire beam angle [10]. Fig. 5 above 
illustrates a dynamic focal point adjustment for three extraction angles � (50°, 0, and 35°, 
depicted by the three arrows) which arise as an electron beam is scanned linearly along a 
path on the face of a bremsstrahlung target. The point where the three arrows meet is the 
location of the stationary collimating aperture. The axis of the cylindrical aperture of Fig. 4 
is oriented vertically here. 

A New Generation of Detectors 

Another recent innovation in the field of scanning X-ray beam imaging consists of a new 
generation of detectors which rely on wavelength shifting fibres (WSF) for light collection 
[11]. Until recently, only two basic detector designs have been used: large scintillator 
blocks with attached photomultiplier tubes (PMTs) or large-volume light-sealed boxes, 
lined with scintillating screens and port windows for PMTs. In both cases, the detectors 
have required considerable depth to provide acceptable light collection efficiency.  

In the new detectors, a layer of WSF is sandwiched between scintillating screens. 
The scintillation light is absorbed by a wavelength shifting dye in the plastic fibre. The dye 
then emits light at a longer wavelength which is partially captured in the fibre and guided to 
the ends without being absorbed. The fibre ends are bundled and coupled to a PMT. For the 
first time, this approach enables the construction of thin large-area detectors.  

Stacking layers of WSF ribbons and scintillating screens in varying combinations 
enables optimisation of the detection efficiency for different applications. Taking separate 
readings from different layers provides an energy-sensitive signal combination which 
enables the commonly employed material discrimination [12]. Energy sensitivity can be 
improved further by adding filtration between the signal channels. 
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Fig. 6. Structure of the new detector with WSF light collection (left),  

scintillation, WSF absorption, and emission spectra (right). 

Summary 

With the development of our scanning electron beam X-ray source (see Fig. 7) with 
dynamical focal spot control in conjunction with the new wide angle aperture and WSF 
detectors, we have laid the groundwork for the next generation of scanning X-ray beam 
imaging systems. These systems will offer a hitherto unachievable combination of scanning 
speed, spatial resolution, and signal-to-noise ratio. The ability to easily control the beam 
enables on-the-fly tailoring of the scan process to the specific imaging needs posed by the 
object under inspection while minimising the radiation dose to the environment. 
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Fig. 7. The prototype scanning beam source. 
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