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(57) A mobile scanning system comprises a vehicle 50 comprising a body 54 and a scanner (fig. 1) housed within the
body wherein the scanner comprises X- ray source means arranged to generate X-rays from a plurality of source
points, an array of X-ray detectors arranged to detect X-rays from the source points, and control means arranged to
activate each of the source points so as to scan an imaging volume. The scanner may comprise a conveyor
arranged to convey items through the scanner and may further comprise at least one conveyor extension 72
arranged to be connected to the side of the vehicle to extend the conveyor beyond the side of the vehicle when the

scanner is in use.
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Standard operating characleristics

Parameter

Tube Voltage (kV) 160
Tube Current (mA) 20
Reconstructed image SNR 8&
Conveyor Speed (m/s} 1.0
Bag Throughput (bags/hr) 3600
Source revolutions per second a0
Number of detector rings &
Number of reconstructed slices per second | 960
Reconstructed pixel size, Z-axis (m) 1.04
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FIG. 4

Standard Operating Characteristics
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X-Ray Scanners

Field of the Invention

The present invention relates to X-rays scanners and scanner
systems. It has particular application in scanner systems for scanning

baggage and cargo, but can also be used in other types of X-ray scanner.

Backgeround of the Invention

In typical computed tomography systems, X-rays, generated by an
X-ray source, are collimated to form a fan beam that is transmitted through
an imaged object to an X-ray detector array orientated within the imaging
plane. The detector array is comprised of detector elements which each
measure the intensity of transmitted radiation along a ray projected from
the X-ray source to that particular detector element. The X-ray source and
detector array are typically rotated on a gantry within the imaging plane,
around the imaged object, so that the fan beam intercepts the imaged object
at different angles. At cach angle, a projection is acquired comprised of the
intensity signals from each of detector elements. The gantry is then rotated
to a new angle and the process is repeated to collect a number of
projections at different angles to form a tomographic projection set. In
alternate tomography systems, the detector array remains fixed and
comprises a 360 degree ring of detectors and the source is moved arcwise
around the imaged object through 180 degrees plus the fan beam angle or
more of arc. In such systems, only the X-ray source is rotated to acquire the
tomographic projection set.

The time and expense of a tomographic study increases with the
number of slices required. The time required to collect the data for a series
of slices depends in part on aspects such as a) the time required to
accelerate the gantry to scanning speed, b) the time required to obtain a
complete tomographic projection set, ¢) the time required to decelerate the
gantry and d) the time required to reposition the object in the z-axis for the

next slice. Reducing the time required to obtain a full slice series may be
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accomplished by reducing the time required to complete any of these four
steps. Additionally, movement of the object under inspection as well as the
motion of the X-ray source and/or detector array, using the gantry, results
in creation of unacceptably high levels of artefact in reconstructed images.
Accordingly, there is need in the prior art to reduce the overall time
of conducting a tomographic inspection. There is also need to improve the
overall imaging quality of tomographic inspection by addressing causes
leading to image artefacts — particularly those induced by physical motion

of the source-detector assembly.

Summary of the Invention

It is an object of the present invention to provide an X-ray scanner
comprising an X-ray source arranged to emit X-rays from a plurality of
source points through an imaging volume. The scanner may further
comprise an array of X-ray detectors which may be arranged around the
imaging volume and may be arranged to output detector signals in response
to the detection of X-rays. The scanner may further comprise a conveyor
arranged to convey an object through the imaging volume in a scan
direction, and may also comprise at least one processor arranged to process
the detector signals to produce an image data set defining an image of the
object. The image may be a two dimensional image or a three dimensional
image. The image may have a resolution in the scan direction that is at least
90% as high as in one direction, and in some cases two directions,
orthogonal to the scan direction. For a three dimensional image the
resolution in the scan direction may be at least 90% as high, or may be as
high in the scan direction as the average of the resolutions in two other
orthogonal directions. In some embodiments the resolution in the scan
direction may be higher, for example at least 20% or in some cases 50 %
higher, than the resolution in one, or two, other orthogonal directions. The
image may have a resolution in at least two directions, the scan direction

(R1) and a direction orthogonal to the scan direction (R2). In some
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embodiments of the present invention, R1 > (0.90)*R2. In some cases
R1>R2.

The resolution in the scan direction may be substantially equal to the
resolution in the other two directions. For example the resolutions may all
be within 10% of each other, and preferably within 5% of cach other.

The source points may be arranged in a plane perpendicular to the
scan direction. The detectors of the array may be located in a plane which
is perpendicular to the scan direction, or a plurality of such planes.

The detector array may be offset from the source points in the scan
direction. The detector array may be at least two detectors wide in the scan
direction, and may for example be up to six or cight detectors wide, or in
some cases up to ten detectors wide in the scan direction. The detectors
may be arranged in a plurality of rings, the rings being in respective planes,
which may be spaced from cach other in the scan direction. In this case
there may be ten rings or less, or in some cases eight rings or less, or even
six rings or less. The detectors may have a width in a circumferential
direction and ecach detector may be offset in the circumferential direction
from one adjacent to it in the scan direction. Each detector may have a
width in the circumferential direction and the offset is less than the width.

The scanner may further comprise a controller arranged to activate
cach of the source points in a predetermined sequence, once in cach of a
sequence of scan cycles. The controller may be arranged to control the
frequency of the scan cycles so that it takes an integer number, which may
be greater than one, of scan periods for the object to move a distance in the
scan direction equal to the spacing of the detectors in the scan direction.

The scan cycle frequency may be variable so that the resolution in
the scan direction can be adjusted. The control means may be arranged to
adjust the scan frequency so as to provide a constant resolution in the scan
direction for a plurality of object speeds.

The conveyor may be arranged to convey the object at a speed of at
least 0.1m/s, or at least 0.5m/s, or at least 1.0m/s. The scanner may be

arranged to generate an image data set having a signal to noise ratio of at



10

15

20

25

30

4

least 60, or at least 80, or at lecast 100. The image may be made up of
voxels having a size in the scan direction of Smm or less, or 4mm or less,
or 3mm or less, or 2mm or less, or 1.1mm or less. The image voxels may
have a size in the two directions orthogonal to the scan direction which is
Smm or less, or 4mm or less, or 3mm or less, or 2mm or less, or 1.1mm or
less.

Some embodiments of the invention can provide a motionless X-ray
imaging system able to generate reconstructed three-dimensional X-ray
images with a conveyor speed of 0.25 m/s to 1.0 m/s, corresponding to a
throughput of 800 to 3000 items per hour, for scanned objects of length Im
in the scan direction and spaced along the conveyor with a slot length of
1.2m in the scan direction, with equal spatial resolution in all dimensions
(2mm and better) with a reconstructed pixel size of 1.5 mm x 1.5 mm x 1.5
mm or less with a reconstructed image signal-to-noise ratio of 50 or better,
and typically in excess of 100, with no more than cight rings of X-ray
detectors.

The present invention further provides a mobile scanning system
comprising a vehicle comprising a body and a scanner housed within the
body wherein the scanner comprises X-ray source means arranged to
generate X-rays from a plurality of source points, an array of X-ray
detectors arranged to detect X-rays from the source points, and control
means arranged to activate each of the source points so as to scan an
imaging volume. The system may include a single conveyor extending
through the system. It may be split into two conveyor sections, one for in-
feed and one for out-feed, but preferably has a single belt that passes across
both sections.

The present invention further provides a modular scanner system
comprising a scanner section, an input conveyor section comprising a
conveyor arranged to convey items towards the scanner section and an
output conveyor section comprising a conveyor arranged to move items
away from the scanner section, wherein at least one of the conveyor

sections 1s detachably connected to the scanner section.
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The present invention further provides an X-ray scanner system
comprising an X-ray source arranged to emit X-rays from a plurality of
source points through an imaging volume, an array of X-ray detectors
arranged to output detector signals in response to the detection of the X-
rays, a controller arranged to activate each of the source points in turn, at
least one processor arranged to process the detector signals to produce an
image data set corresponding to cach of a plurality of views of an object,
and a user interface arranged to receive a plurality of different user inputs
and a display arranged to display ecach of the views in response to a
respective one of the inputs. The user interface may comprise one or more
input members, such as input buttons, which can be pressed or otherwise
operated to provide the inputs. For example the user interface may include
a mouse. Alternatively it may comprise a touch screen with different areas
which can be touched to provide the different inputs.

The present invention further provides a scanner system comprising
an X-ray source and an array of X-ray detectors defining a scanning
volume, an input conveyor arranged to convey items into the scanning
volume and an exit conveyor arranged to convey items away from the
scanning volume, first and second input sensors arranged to detect the
presence of an item at first and second positions on the input conveyor and
first and second exit sensors arranged to detect the presence of an item at
first and second positions on the exit conveyor, and control means arranged
to control activation of the X-ray source in response to signals from the

Sensors.

Brief Description of the Drawings

These and other features and advantages of the present invention
will be appreciated, as they become better understood by reference to the
following detailed description when considered in connection with the
accompanying drawings:

Figure 1 is a transverse section through a scanner system according

to an embodiment of the invention;
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Figure 2 is a longitudinal section through the scanner system of
Figure 1;

Figure 3 is a table of exemplary, but not limiting, performance
characteristics of the system of Figure 1;

Figure 4 is a table of exemplary, but not limiting, operating
characteristics for one mode of operation of the system of Figure 1;

Figure 5 shows a detector array in a scanner according to a further
embodiment of the invention;

Figure 6 shows a part of an image produced using the detector array
of Figure 5;

Figure 7 is a schematic view of a scanning system according to one
embodiment of the invention;

Figure 8 is a schematic view of a scanning system according to one
embodiment of the invention;

Figure 9 is a view of the system of Figure 8 split into its constituent
parts;

Figure 10 is a front view of a user input panel of the embodiment of
Figure 9:

Figure 11 is a longitudinal section through the system of Figure §;

Figure 12 is a table of exemplary, but not limiting, operating
characteristics for one mode of operation of the system of Figure 1;

Figure 13 is a graph showing variation of reconstructed signal-to-
noise ratio with respect to tube voltage for the system of Figure 1;

Figure 14 shows an embodiment of scintillation detector with
photodiode clectronics readout used in operation of the system of Figure 1;

Figure 15 shows an embodiment of collimation and radiation
shiclding structures to reduce scatter during operation of the system of
Figure 1;

Figure 16 shows an embodiment of the clectron gun operated in
space charge limited mode during operation of the system of Figure 1; and

Figure 17 shows an embodiment of the cooling system for

controlling temperature of detectors of the system of Figure 1.
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Detailed Description

Various modifications to the preferred embodiment, disclosed
herein, will be readily apparent to those of ordinary skill in the art and the
disclosure set forth herein may be applicable to other embodiments and
applications without departing from the spirit and scope of the present
invention and the claims hereto appended. Thus, the present invention is
not intended to be limited to the embodiments described, but is to be
accorded the broadest scope consistent with the disclosure set forth herein.

Referring to Figure 1, in one embodiment of the present invention,
an X-ray scanner comprises one or more X-ray tubes 10 which are
configured into a substantially circular arrangement around the scanner axis
wherein each X-ray tube 10 contains an X-ray source having one or more
X-ray source points 12. The emission of X-rays from each source point 12
in cach of the X-ray tubes 10 is controlled by a switching circuit 14, with
one independent switching circuit for ecach X-ray source point. The
switching circuits for each tube 10 together form part of a control circuit 16
for that tube. A controller 18 controls operation of all of the individual
switching circuits 14. The switching circuits 14 are controlled to fire in a
pre-determined sequence such that in each of a series of activation periods,
fan-shaped beams of X-rays from one or more active source points
propagate through an object 20 which is mounted on a conveyor 22 towards
the centre of the arrangement of X-ray tubes 10.

Referring to Figure 2, the scanner further comprises an array of X-
ray detectors 24 extending around the scanner axis. The detector array is
made up of a number of detector rings 26. Each ring is in a plane
perpendicular to the scanner axis or a plurality of such planes. The scanner
axis is referred to as the Z-direction and the two orthogonal directions, one
horizontal and one vertical, are referred to as the X-direction and the Y-
direction. The source points 12, in one embodiment, are arranged in a plane

perpendicular to the scan direction.
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The X-Y plane or planes in which the X-ray tube source points 12
arc located are offset from the planes of the X-ray detectors 24 such that
there is an unobstructed path, except for the conveyor 22 and the object 20
under inspection, from cach active source point 12 to its associated set of
X-ray detectors 24. Thus, in one embodiment, the detectors 24 have a width
in a circumferential direction and ecach detector is offset in the
circumferential direction from one adjacent to it in the scan direction. Each
detector has a width in the circumferential direction and the offset is less
than the width, in one embodiment.

In one embodiment, the detector array 24 is at lcast two detectors
wide in the scan direction, and may for example be up to six or eight
detectors wide, or in some cases up to ten detectors wide in the scan
direction. As mentioned carlier, the detectors may be arranged in a plurality
of rings, the rings being in respective planes, which may be spaced from
cach other in the scan direction. In this case there may be ten rings or less,
or in some cases eight rings or less, or even six rings or less. In alternate
embodiments, the detectors may be arranged in one or more helical arrays.

A processor 30 is arranged to receive the signals output by all of the
detectors 24 and forms an X-ray re-construction engine arranged to process
the detector signals. As the X-ray source points 12 are switched according
to a pre-determined sequence, the detector signals are digitized and
transmitted to the X-ray reconstruction engine 30 which produces a
reconstruction of the object 20 that is present in the beam. It is
advantageous to select a sequence of X-ray source point activation which
maximises the quality of the reconstructed image. The reconstruction
engine 30 produces from the detector signals one image data set for each
activation of each source point 12. Each source point is activate once in
cach of a series of scan cycles. The data sets for one cycle can be combined
to generate a three dimensional image of a slice of the item, and a series of
such image data sets built up as the item moves through the scanner in the
Z-direction can be built up into a full three dimensional image data set of

the item. Also the data sets from one source point collected as the item
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moves through the scanner can be built up to form a two-dimensional image
data set of the item.

An exemplary sequence provides X-ray emission from sources points
that rotate around the conveyor and object under inspection in a plane
substantially perpendicular to the direction of motion of the conveyor and
object under inspection. For example there may be four source points,
which may be equally spaced around the Z axis. Of course, other scanning
sequences may be adopted as required to optimise the image reconstruction
method.

It is generally reasonable to consider an optimization of the X-ray
imaging system to the activity for which the system is to be deployed. With
specific reference to X-ray screening of baggage and cargo items, it is
highly advantageous to achieve equal resolution in all three dimensions.
This substantially assists in the detection of materials that may be
conformed into sheet-like structures. Further, it is highly advantageous to
achieve this equally matched resolution at high conveyor speeds, for
example in the range 0.25 m/s to 1 m/s.

In the embodiment described with reference to Figures 1 and 2, a
motionless X-ray imaging system is able to generate reconstructed three-
dimensional X-ray images with a conveyor speed of 0.25 m/s to 1.0 m/s,
corresponding to a throughput of 800 to 3000 items per hour with equal
spatial resolution in all dimensions (2mm and better) with a reconstructed
pixel size of 1.5 mm x 1.5 mm x 1.5 mm or less with a reconstructed image
signal-to-noise ratio of 50 or better, and typically in excess of 100, with no
more than eight rings of X-ray detectors.

Advantageously, an X-ray system of this type may be further
optimized to deliver a spatial resolution in the scan direction (parallel to
the conveyor) whose spatial resolution exceeds that of the in-plane spatial
resolution (perpendicular to the plane of the conveyor). In one embodiment,
the X-ray scanner of the present invention is optimized to deliver image
resolution in the scan direction that is at least 90% as high as in one

direction, and in some cases two directions, orthogonal to the scan
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direction. In another embodiment, for a threc dimensional image the
resolution in the scan direction may be at least 90% as high, or may be as
high in the scan direction as the average of the resolutions in two other
orthogonal directions. In alternate embodiments the resolution in the scan
direction may be higher, for example at least 20% or in some cases 50 %
higher, than the resolution in one, or two, other orthogonal directions.
Again, the resolution in the scan direction may be substantially equal to the
resolution in the other two directions. For example the resolutions may all
be within 10% of each other, and preferably within 5% of each other in
further embodiments.

X-ray image may have a resolution in at least two directions, the
scan direction (R;) and a direction orthogonal to the scan direction (Ry). In
some embodiments of the present invention, Ry > (0.90)*R,. In some cases
Ri>R,.

Figure 3 provides exemplary, but not limiting, performance
characteristics for an X-ray scanner of the type shown in Figures 1 and 2.
These figures are provided as an example of the performance of a system
that has been optimized for the purpose of screening baggage and cargo
items. In other embodiments the tube voltage may be in the range from
100kV to 200kV, and preferably in the range from 150kV and 180kV. The
tube current can be in the range from 2 and 30 mA, but preferably in the
range from 4 to 25mA, or in the range from 5 to 20mA as in the examples
shown. The number of reconstruction slices per second may be at least 100,
and may be in the range from 100 to 1000, and preferably at least 200. In
some cases at least 300 or at least 400 may be needed.

It shall be understood by one skilled in the art that the reconstructed
image signal-to-noise figures are affected by the design of the X-ray sensor
(for example by the sensor arca, by the sensor detection efficiency, by the
noise of the associated readout electronics and by timing jitter in the
switching of the X-ray source points and the data acquisition system), and
that the information presented in this regard in Figure 3 is for one

particular detector configuration only.
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Generally, it is understood that the in-plane reconstructed pixel size
shall be determined based on overall acceptable data rate at the output of
the image reconstruction process and on the spatial resolution of the
imaging data based on the optimised sensor configuration. A suitable
reconstructed pixel size to match the system performance characteristics as
shown in Figure 3 is in the range 1 mm to 2 mm and typically 1.2 mm x
1.2mm.

It is further possible to establish suitable operating characteristics
for operation of an X-ray imaging system with varying conveyor speed. As
described in Figure 4, a set of exemplary, but not limiting, operating
characteristics for a particular system optimisation show operation of the
system with conveyor speeds from 1 m/s to 0.125 m/s. Here, the
optimization seeks to maintain an identical spatial resolution and an
associated reconstructed pixel dimension 1.04 mm in the scan direction
independent of conveyor speed without changing the sensor configuration.
This is achieved by adjusting the scan frequency, i.e. the frequency of the
scan cycles, in proportion to the speed of the conveyor. In one embodiment
the conveyor speed is at least 0.1m/s, or at least 0.5m/s, or at least 1.0m/s.

In some embodiments the tube current can be controlled so that it
varies in direct proportion to the conveyor speed. This can provide a
constant signal-to-noise ratio which is independent of scan speed. For
example if the scan speed is doubled then the tube current would be
doubled, and if the scan speed is halved the tube current is also halved.

Such a practical optimization allows the performance of the X-ray
system to be altered dynamically based on imaging load. At times when
high throughput is required, the conveyor speed may be set to a fast speed
with a reduction in reconstructed image signal to noise ratio. At times of
low throughput, the conveyor speed may be reduced to a lower speed with
an associated improvement in reconstructed image signal-to-noise ratio.

According to an aspect of the present invention, the image quality
for the X-ray scanner of the present invention as shown in Figures 1 and 2,

is optimized with respect to a set of parameters. For image quality
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estimation and optimization, X-ray spectrum emitted by the X-ray source is
propagated to an X-ray detector of suitable size, location and composition
for detection of primary X-ray beam from the source. In one embodiment,
the X-ray detector used is a scintillation detector with photodiode

electronics readout system.

Signal-to-noise ratio (SNR)

For the X-ray scanner of the present invention, Figure 12 is a table
showing exemplary, but not limiting, operating characteristics for the X-ray
source operating at 20mA with an 800mm diameter reconstruction circle,
an 8-ring X-ray detector array and a reconstructed scan rate of 240 slices
per second. It is observed from the data of Figure 12 that the reconstructed
image signal-to-noise ratio (SNR) is strongly dependent on tube voltage.
The higher the tube voltage, the better the reconstructed image signal-to-
noise ratio (SNR).

Figure 13 shows variation of reconstructed signal-to-noise ratio with
respect to tube voltage for the X-ray scanner of the present invention when
operated with a beam current of 20mA and a reconstruction rate of 240
frames per second with 8 detector rings for reconstructed image diameters
of 60cm (1305), 80 cm (1310) and 120cm (1315) each with Imm x 1mm x
Imm reconstructed voxel dimension. Persons of ordinary skill in the art
would appreciate that a 1lmm x Imm x Imm voxel size suits security
inspection applications while a signal-to-noise ratio of over 100 provides
the level of quantitative image that is required in many practical
applications.

Accordingly the X-ray scanner of Figures 1 and 2 of the present
invention is optimized for signal-to-noise by aiming for a balance in cost,
complexity and performance. In one embodiment, the scanner is optimized
to generate an image data set having a signal to noise ratio of at least 60, or
at lcast 80, or at least 100. The image is made up of voxels having a size in
the scan direction of 5mm or less, or 4mm or less, or 3mm or less, or 2mm

or less, or 1.Imm or less. The image voxels have a size in the two
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directions orthogonal to the scan direction which is 5mm or less, or 4mm or
less, or 3mm or less, or 2mm or less, or 1.1mm or less.

In one embodiment the X-ray scanner of the present invention
provides a motionless X-ray imaging system able to generate reconstructed
three-dimensional X-ray images with a conveyor speed of 0.25 m/s to 1.0
m/s, corresponding to a throughput of 800 to 3000 items per hour with
equal spatial resolution in all dimensions (2mm and better) with a
reconstructed pixel size of 1.5 mm x 1.5 mm x 1.5 mm or less with a
reconstructed image signal-to-noise ratio of 50 or better, and typically in

excess of 100, with no more than eight rings of X-ray detectors.

Contrast

Contrast in the X-ray scanner of the present invention is defined as
1/SNR, where SNR is signal-to-noise ratio. Referring Figure 12, in one
embodiment, at 150 kVp the contrast that may be resolved in an open field
image is determined as (1/105) x 100% = 0.95%. The smaller this number
is the better the contrast resolution of the imaging system. Persons of
ordinary skill in the art should note that contrast in a region containing an
object which attenuates an X-ray beam will be less than in an open field
region since the number of X-ray photons that penetrate through that region

will be less than in an open field region.

Dynamic range

Dynamic range is defined as (full-scale signal) / (dark noise). The
dark noise is obtained by switching off the X-ray source while leaving the
detectors and image reconstruction system active. If this dark level is
normalized to zero and the light level (i.e. that intensity which is
reconstructed with the X-ray beam switched on with no object in the beam)
is normalized to 1000, the dynamic range is equal to 1000 / (standard
deviation in the dark image). An optimized X-ray scanner of the present

invention, in one embodiment, provides a reconstructed dark noise of the
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order of 0.1% of full scale or less, thereby resulting in a dynamic range of
1000 or more.

The overall X-ray scanner dynamic range is dependent on the noise
of the electronics readout system used. Thus, the noisier the electronics
readout system, the worse the overall scanner dynamic range. Electronics
readout system noise depends at least on the design of the photodiode, on
the layout and length of the signal traces that lead from the photodiode
sensors, on the design of the input electronics stage and on the resolution of
the analogue-to-digital converter that follows its front end amplifier.

To achieve a wide dynamic range, the X-ray scanner of the present
invention uses a scintillation detector 1400 with photodiode electronics
readout as shown in Figure 14. In one embodiment, the individual
segmented scintillation crystals 1405 of the scintillation detector 1400 are
glued together with tungsten foil septa. The tungsten septa prevent optical
cross-talk between individual crystals. The septa stop energetic Compton
recoil and photoelectrons transferring signal between adjacent scintillation
crystals to reduce cross-talk between adjacent crystals.

A reverse illuminated photodiode array 1410 with thin common
cathode entrance window is adhered, glued, or otherwise attached to the
base of the scintillation crystal array 1405. Optical photons from the
scintillator 1405 pass through a thin optical coupling, further through a thin
passivation/contact layer in the photodiode and into the bulk region of the
photodiode. Charge genecrated in the depletion region drift under the
influence of an applied bias towards a set of anodes - one anode contact
region per scintillation crystal. The anode is advantageously constructed so
as to minimize cross-talk of drift electrons from one pixel to another. The
photodiode array 1410 is then bump bonded to a patterned substrate 1415
using, for example, a conductive epoxy pad on an indium bump bond with
backfill of adhesive to ensure good adherence of the photodiode/crystal
array to the substrate 1415.

The multi-layer ceramic substrate 1415 is advantageously drilled,

printed with conductive ink and fired at high temperature to produce a
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multi-layer circuit card with pads on one side that match the layout of
anodes on the photodiode array 1410 and on the other side match the pads
on suitable electronic readout circuits 1420. The thermal expansion
cocfficient of the ceramic substrate 1415 and photodiode 1410 are matched
to provide good thermal stability during firing of the adhesives and during
bump bonding.

The electronic readout circuit 1420 is advantageously either soldered
or fixed to the ceramic substrate 1415 using conductive epoxy pads. A low
density connector then takes electrical signals from the front-end
clectronics to subsequent signal processing circuitry. In this way, the
scintillator detector 1400 has minimum trace lengths and hence low
intrinsic capacitance which helps to maximise dynamic range of the X-ray

scanner of the present invention.

Linearity

Intrinsic linearity of an X-ray system depends on aspects such as
filtering of the X-ray spectrum emitted from X-ray source, X-ray tube
operating voltage, filtering of the X-ray beam prior to X-ray detectors and
the material from which the X-ray detector is fabricated. Also, degradation
of X-ray system lincarity is caused by detection of X-rays which have
scattered from the object under investigation and on X-rays which scatter
from the components of the X-ray system itself.

Therefore, the X-ray scanner of the present invention uses
collimation and radiation shiclding structures to reduce scatter. Figure 15
shows an embodiment of the shiclding system used in the X-ray scanner of
Figures 1 and 2 of the present invention. Figure 15 shows how the first set
of collimators 1505 shield the primary beam 1510 as it is emitted from X-
ray tube 1515 and how the second set of collimators 1520 again provide
shiclding before the beam 1510 reaches X-ray detectors 1525. In one
embodiment of the optimized X-ray scanner of the present invention, a

scatter fraction of the order of 1% is achieved in open field conditions.
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The X-ray scanner optimized for low scatter also results in
maximizing its contrast performance. The signal-to-noise ratio (SNR) of an
X-ray system, the noise performance of which is dominated by X-ray

photon noise, is defined as:

Mean _ G’

S.D. o

SNR =

In other words, the signal-to-noise ratio (SNR) is simply the
standard deviation of the photon signal. However, in the presence of X-ray
scatter, the situation is changed such that the standard deviation, o2,

comprises noise due both to the primary signal as well as due to scatter:

G2

0 +0

SNR =

A scatter fraction of 1% of primary beam intensity results in a
reduction of SNR by a similar amount. The distribution of scattered
radiation at the detectors is approximately constant independent of position
in the array for a given object density. Thus, the impact of scatter is more
significant in high attenuation regions of an image than in low attenuation
regions of an image.

Therefore, to maximize imaging performance, the X-ray scanner of
the present invention further uses a well controlled space charge limited
electron gun 1600 as shown in Figure 16. As described earlier with
reference to Figures 1 and 2, the X-ray scanner of the present invention
utilizes a plurality of individual electron sources. To minimize variation
between output source intensity of each electron gun, the X-ray scanner
electron gun 1600 is operated in a space charge limited mode. Here, the
electron emitter 1620 is operated with a high eclectron yield but the
allowable emitted signal is determined by two controllable parameters: (a)
geometry and (b) extraction field. In one embodiment, the two parameters
are the only two parameters used to determine the allowable emitted signal.

Referring to Figure 16, it is observed that with a typical cathode
1605 to grid electrode 1610 distance ‘d’ of 0.5mm, a variation of the order

of 20 wm in this distance ‘d’ leads to a variation in beam current of only a
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few percent. However, variation in electron gun brightness is strongly
affected by variation in the tolerance in positioning of the filament 1615
within the cathode 1605, on the thickness of the filament wire and on the
distribution of thermal packing that may exist around the filament 1615.
Considering the aforementioned aspects, in one embodiment, the X-ray
scanner of the present invention is optimized to achieve less than 5%

variation in brightness between individual electron emitters/sources 1620.

Thermal load on X-rav tube target

Thermal load on X-ray tube target of the X-ray scanner of the
present invention is minimized to allow high power operation over
extended operating periods. As a first measure, this thermal load
minimization is achieved by having a large, distributed, anode where only
small sections of the anode arc irradiated by an clectron beam at any one
time and that too only for very short durations. Still, for example, a
distributed anode with an irradiation time of 80 us per source point results
in an increase in localized temperature at the central point of the electron
irradiation spot by around 200 degrees. Thus, as a second measure, a
coolant fluid is passed around the anode such that the coolant is capable of
extracting the total power that is driven into the anode (2.4 kW for a system
operating at 160 kV, 20 mA). As a result, the anode is maintained at a
temperature which is substantially constant over extended operating
periods. The coolant fluid is selected to have good thermal transfer
properties and low viscosity with a high ionisation threshold. Coolant flow
rate is maintained to establish turbulent flow in the coolant pipe in order to

maximise thermal transfer from the anode into the coolant fluid.

Thermal load on X-rav detectors

Scintillation efficiency of X-ray detectors as well as leakage current
of photodiodes (when operated in reverse bias condition) of the detectors
varies with temperature. Therefore, the X-ray scanner of the present

invention provides cooling of its X-ray detectors to maintain a constant
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operating temperature independent of ambient conditions, thereby
stabilizing the reconstructed voxel values resulting in high quantitative
accuracy of X-ray image.

Figure 17 shows an embodiment of the cooling system for
controlling temperature of detectors 1700 of the X-ray scanner of the
present invention. As shown, a coolant channel 1710 is interfaced with a
copper block 1715 that has high thermal conductivity supported using
mechanical support 1735. Readout electronics 1725, located at the back of
ceramic substrate 1720 is placed in a recess in the copper block 1715 and is
thermally connected to the cooled copper block 1715 using a suitable heat
sinking compound with high thermal conductivity. The ceramic substrate
1720 is then placed in direct contact with the copper block 1715, again
using a suitable heat sink compound to maximize thermal connection
between the ceramic substrate 1720 and the copper block 1715. Since
ceramic materials, such as high density alumina, have good thermal
properties therefore the photodiode and crystal 1730 are maintained at a
temperature which is close to that of the copper block 1715. The entire
detector assembly 1700 is placed within a light tight, electrically
conductive and environmentally sealed enclosure, such as one fabricated
using carbon fibre composite materials, and includes a low density
connector 1740. By controlling the temperature of the coolant fluid within
a range of £1 degree, a similar level of temperature control is maintained at
the detector. This thermal control results in high level of stability of the
reconstructed image, and typically better than 0.1%.

Referring back to Figures 1 and 2, in some situations, such as for
maintenance or for the purposes of passing a specific regulatory
performance requirement, it can be beneficial to constrain the switching of
the source points 12 in the X-ray system to a sequence that is suited to
other imaging methods. As an example, a single one of the source points 12
may be switched on continuously without any further source points in the

scanning sequence. In this case, as the conveyor 22 scans past the
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stationary X-ray fan-beam, a two-dimensional image data set is built up,
from which a two dimensional image can be generated.

As an enhancement of this application, the detector rings may be
configured as shown in Figure 5. By way of example, a sensor with four
detector rings 40 is shown in which the centre of the detectors 42 in each
ring is shifted by 4 of a detector spacing with reference to its adjacent
rings. Data is collected from each ring 40 of sensors after the conveyor has
moved a distance equal to the width of one sensor ring in the scan direction
45. Referring to Figure 6, image data from ring 1 is then interposed with
data from ring 2 after one time slice, with data from ring 3 after two time
slices and with data from ring 4 after three time slices and the combined
data is used to provide one line of the two-dimensional projected image.
Note that the vertical pixel sampling rate is in the two dimensional image is
in this example four times better than the horizontal pixel sampling rate.

An improvement in horizontal pixel sampling rate can also be
achieved by sampling more rapidly with respect to the conveyor velocity
than just by sampling once every one detector spacing, i.e. by performing
more than one scan cycle in the time taken for the object to move a distance
equal to the width of the detector ring 40 of Figure 5.

In a related scanning mode, a sequence may be generated in which
X-ray tube source points are activated over a small range of angles,
typically over 10 degrees, at a rate such that all of the chosen source points
are activated individually in the time taken for the conveyor to travel one
detector spacing. For a detector dimension of 5 mm, a source point located
every 1 degree and a conveyor speed of 0.5 m/s, each individual projection
will be collected in 1 ms. In this way, a set of two-dimensional projection
images are acquired, one for each selected source point.

A graphical user interface may then be provided which enables the
operator to view each image in turn under control of a suitable input device
such as a mouse or a pair of buttons, and to rapidly flip between images
from adjacent source points as the input device is actuated. The result is a

“rocking two-dimensional image” in which the object under inspection
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appears to rotate back and forth about the central axis of the scanning
tunnel in the direction parallel to the conveyor motion under the control of
the operator. This rocking image provides a powerful method by which the
operator can casily perceive depth information about objects within the
object under inspection.

It is clear that the data for the above two scanning modes exists
within the data set that is typically collected during data acquisition for a
three-dimensional tomographic image reconstruction in the system of
Figure 1, and this two-dimensional image data can advantageously be
displayed alongside the full three-dimensional data set.

A high speed three-dimensional X-ray scanning system as described
with reference to Figures 1 and 2 can be deployed for screening baggage
and cargo in these, and a number of other ways.

Figure 7 shows a high speed 3D X-ray scanning system, such as that
of Figure 1, located in a vehicle 50 according to a further embodiment of
the invention. Due to the lack of moving parts in this X-ray system, it is
practical to locate the equipment within a vehicular platform within which
the equipment is subject to significant mechanical shock. Such shock does
not mechanically misalign the X-ray system which is a common failing of
known systems.

The scanning equipment is very compact due to the lack of a
mechanical gantry to rotate the source and detector assembly as is required
in known X-ray tomography systems. The scanning equipment is of low
power consumption compared to known mechanical X-ray tomography
systems due to the lack of motor drive components.

In this mobile configuration, the vehicle 50 includes a cab 52 and a
body 54 which has two side walls 56, 58, a rear end 60 having doors 62
therein, and a roof 64. Each of the side walls 56, 58 has an aperture 66 in it
and a scanner, such as that of Figure 1, is located within the vehicle body
54. One end of the conveyor is located close to one of the apertures 66
which forms an input aperture, and the other end of the conveyor is located

close to the other aperture which forms an exit aperture. The X-ray scanner
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is advantageously located close to the back wheels 68. Side panels 70 are
hingedly attached to each of the two side walls of the vehicle, one over
cach of the apertures 66, which can be opened to expose the scanning
tunnel entrance and exit. Additional input and exit conveyors 72 are
provided and removably connectable to the sides of the vehicle. These
conveyors can be ramped to allow baggage and cargo to be loaded into the
scanner and unloaded from a safe height (typically less than 1.2m) with
some protection from the weather afforded by the open side panels 70
which can be supported in an open condition so as to extend over, and
thereby cover, the input and exit conveyors 72.

An operator inspection workstation can be located adjacent to the
driver in the cab 52 at the front of the vehicle or adjacent to the equipment
itself in the body 54 at the rear of the vehicle.

In a further embodiment of the invention, the X-ray system may be
constructed on a wheelable chassis as shown in Figures 8 and 9, where
Figure 9 is an exploded view of the chasis of Figure 8. Referring now to
Figures 8 and 9 simultaneously, the chassis 80 includes lockable wheels 82.
When the wheels are unlocked, the system may be wheeled easily from one
location to another. When at its new location, the unit can be fixed in
position by locking its wheels 82. A mains power cable 84 is used to obtain
clectrical power from a power outlet adjacent to the chosen scanning site.

To allow the system 80 to be moved between various levels of a
building, the scanner may be casily and quickly separated into three parts:
an inlet tunnel section 86, an exit tunnel section 88 and a scanner section
90 as shown in Figure 9, to allow it to be moved from one level in the
building to another using an elevator. Each section is designed to be self
contained and electrical connectors 92 are provided on both sides of the
scanner section 90 and on the inner end of cach of the other sections 86, 88,
making the system connectorized such that when the three sections are
brought together, electrical connectors on adjoining electrical interface

plates mate to render the system functional.
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To save space, in-feed and out-feed conveyor sections 94, 96 fold up
to a stowed position against the front face of their respective tunnel
sections 86, 88 and can be dropped back down into an in-use position once
the system has been manocuvred to its required location.

An operator workstation 100 is also advantageously located on one
or more of the tunnel sections 86, 88 such that the necessary computer
monitor 102 and keyboard assembly 104 are arranged to fold down from
the equipment itself in order to minimise cabling and to minimise down
time between system relocation. Referring to Figure 10, keyboard 104
which may be provided with the system, but may be used in other suitable
systems, makes interaction with the X-ray image straightforward. The
image can be displayed on the computer monitor and manipulated by means
of the keyboard 104.

In one embodiment, the keyboard 104 of Figure 10 comprises a
plurality of dedicated view select buttons 106 each of which the operator
may use to bring up a standard view of the item under inspection. Standard
views include a 2D projection image, a 3D interactive image, one or more
pre-rendered 3D views from standard orientations and/or a rocking 2D
image. A second group of buttons 108 allow the operator to select from a
group of look-up tables for image colouring. Example look-up tables
include greyscale (black to white), inverse greyscale (white to black),
pseudo colour and materials specific colours based on dual energy
materials discrimination and X-ray scatter imaging. A further group of
controls 110 allow the user to interact with the image data using a trackball
112 and select buttons 114 or a track-pad and select buttons depending on
user preference. A final group of buttons 116 allow the used to mark the
image as being clear following inspection, to mark the image as being
rejected following inspection, and to run an automated sequence of image
displays which show image data for the item under inspection in a
standardised preset sequence of views as a mixture of static 3D rendered

images and one or more dynamic 3D rendered views.
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Referring back to Figure 9, typically, a single image display monitor
102 is used in order to view the X-ray image data. In some situations, a
second computer monitor may be provided in order to show information
about a related network of X-ray systems and other data relevant to the
article under inspection such as passenger data, manifest data, destination
of the article under inspection, shipping agent and carrier.

Referring now to Figure 11, in this embodiment of the present
invention, the X-ray system 1100 is provided with audible and visible
alarms. The use of audible alarms is minimised to prevent excess noise in
the operating environment, however audible sounders are provided to
indicate if an object has become stuck within the system. Visual alarms are
provided to indicate when the X-ray beam is turned on and when the X-ray
beam is turned off. The system 1100 is provided with means to turn the X-
ray beam on and off automatically depending on whether an item is present
to be inspected or not. This is achieved simply and inexpensively through
the use of sensors, such as infra-red sensors 1 through 4, which are located
at suitable positions along the length of the conveyor 120 as shown in
Figure 11. In this case there are two sensors in each tunnel section 86, 88
located at different distances from the scanner image volume. Sensors 1
and 2 are in the inlet tunnel section 86, with sensor 1 further from the
scanner, and Sensors 3 and 4 are located in the exit tunnel section 88 with
sensor 4 further from the scanner. When an object enters the inspection
tunnel in the section 86, it breaks light beam 1. The object continues to
move down the tunnel until it reaches Sensor 2. Sensor 1 continues to
measure the length of the bag, the length being determined at the point
when the output of Sensor 1 returns to normal. When Sensor 2 sees the
object, it turns on the X-ray beam. The X-ray beam is kept on until the
trailing edge of the object passed through Sensor 3 at which point the X-ray
beam will be turned off unless a second object is about to pass Sensor 2. In
this case, the beam is kept on until the second object has been scanned.
Sensor 4 assists the transfer of the object out from the X-ray system 1100

to a following baggage handling system or other cargo handling system.
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Further visual indicators warn of the status of safety interlocks, of
electrical power and other machine parameters as appropriate.

In one embodiment, the X-ray system 1100 is also provided with a
Human Machine Interface. This comprises a video screen through which is
provided dynamic status information on the scanning process (including the
locations of objects to be scanned within the system), statistical
information on the quantity and type of objects scanned together with
inspection results and machine status information including software and
hardware revision levels, electrical, computational, X-ray and sensor sub-
system status indication. In one embodiment, the Human Machine Interface
is advantageously provided with a touch screen interface, as is known to
those of ordinary skill in the art, with the requirement for an operator to
enter a security code in order to access some clements of the available
information.

It will be appreciated that various above-disclosed embodiments,
other features and functions, or alternatives thercof, may be desirably
combined into many other different systems or applications.  Various
presently unforeseen or unanticipated alternatives, modifications,
variations, or improvements therein may be subsequently made by those
skilled in the art which are also intended to be encompassed by the
following claims. In particular, it should be appreciated that these all
operative numbers represent an exemplary range and the present invention
encompasses ranges that represent improvements, including higher
resolution, improved signal to noise ratio, lower voltage, and more rapid

conveyor speeds, relative to the numbers shown.
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Claims

1. A mobile scanning system comprising a vehicle comprising a body
and a scanner housed within the body wherein the scanner comprises X-
ray source means arranged to generate X-rays from a plurality of source
points, an array of X-ray detectors arranged to detect X-rays from the
source points, and control means arranged to activate each of the source

points so as to scan an imaging volume.

2. A system according to claim 1 further comprising a conveyor

arranged to convey items through the scanner.

3. A system according to claim 2 further comprising at least one
conveyor extension arranged to be connected to the side of the vehicle to
extend the conveyor beyond the side of the vehicle when the scanner is in

use.

4. A system according to any of claims 1 to 3 wherein the body

defines an entry opening through which items can be input to the scanner.

5. A system according to any of claims 1 to 4 wherein the body

defines an exit opening through which items can exit from the scanner.

6. A system according to claim 4 or claim 5 wherein the body
includes a panel arranged to cover the opening when the scanner is not in

use.

7. A system according to any of claims 1 to 6 wherein the scanner is a

scanner according to any of claims 8 to 13.
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8. An X-ray scanner comprising X-ray source means arranged to emit
X-rays from a plurality of source points through an imaging volume, an
array of X-ray detectors arranged around the imaging volume and
arranged to output detector signals in response to the detection of X-rays,
conveying means arranged to convey an object through the imaging
volume in a scan direction, and processing means arranged to process the
detector signals to produce an image data set defining an image of the
object, the image having a resolution that is at least 90% as high in the

scan direction as in at least one orthogonal direction.

9. A scanner according to claim 8 wherein the resolution in the scan
direction is substantially equal to the resolution in the other two

directions.

10. A scanner according to claim 8 or claim 9 wherein the source

points are arranged in a plane perpendicular to the scan direction.

11. A scanner according to any of claims 8 to 10 wherein the detectors
of the array are located in a common plane which is perpendicular to the

scan direction.

12. A scanner according to any of claims 8 to 11 wherein the detector

array is offset from the source points in the scan direction.

13. A scanner according to any of claims 8 to 12 wherein the detector

array is at least two detectors wide in the scan direction.

14. A scanner according to claim 13 wherein the detectors are arranged

in a plurality of rings, the rings being in respective planes.
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15. A scanner according to claim 14 wherein the planes are spaced

from each other in the scan direction.

16. A mobile scanning system substantially as herein described with

reference to the accompanying drawings.
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