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1
SCANNING IMAGING DEVICE

The present invention relates to a scanming imaging device
and 1n particular to an 1maging device employing an array of
sensors. The present invention 1s particularly suited, but not
limited to, imaging at millimeter and sub-millimeter wave-
lengths.

The ability to generate real-time 1mages has found appli-
cations 1n such diverse fields as security, automated manufac-
turing processes and the entertainment industry. At visible
wavelengths cameras, including CCD cameras, can be used to
generate images. A fixed CCD camera 1s capable of capturing
images of the passage of articles or people across the field of
view of the camera. However, 1t 1s often necessary to generate
images ol a larger area than the fixed field of view of the
camera. In order to do so a scanning CCD camera 1s used
where the array of charge coupled sensors, which form the
detector of the camera, 1s mounted 1n fixed relationship to 1ts
associated optics and both the array of charge-coupled sen-
sors and the associated optics are moved together as the
camera 1s moved so that images of a much larger field of view
than the fixed field of view of the camera may be captured. A
turther example of an 1maging system which employs the
movement of an array of sensing elements relative to a scan-
ning area 1s a digital scanner. The multiple sensors of the
scanner are generally arranged in a linear array which 1s
swept, as an array, 1n a single direction across the area to be
scanned. In the scanner each individual sensor has its own
field of view which 1s much smaller than the field of view of
the scanner as a whole. Thus, as the array 1s swept across the
area to be scanned each individual sensor contributes a strip
portion of the overall image produced.

A further known alternative method of scanning an area 1s
to employ a fixed array of sensors in combination with a
movable optical element that 1s common to all of the 1ndi-
vidual sensors. An example of this 1s described 1n U.S. Pat.
No. 4,056,720 which employs a rotating mirror to retlect
different regions of a large area to an array of sensors as the
mirror 1s rotated. A common scanning system imvolves the use
of two reflective discs which are each rotated about axes
which are a few degrees oif the normals of the faces of the
discs. Radiation incident on the first of the discs 1s reflected at
oblique imncidence towards the second rotating disc where the
radiation 1s 1n turn reflected again. Many different scan pat-
terns of an area can be achieved with this arrangement of two
rotating discs, in dependence on the selection of the angles of
the axes of the two rotating discs and their rates of rotation.

In so far as imaging at millimeter and sub-millimeter wave-
lengths 1s concerned, both fixed and scanning sensor arrays
have been devised. Like x-rays these wavelengths are of par-
ticular interest 1n terms of their security applications as they
can be used to 1dentity materials that present a security risk
which may be hidden under garments or inside containers.
For example, in WO03/048815 a portal imaging system 1s
described which employs either fixed or scanning sensors for
imaging the interior of containers for the purposes of 1denti-
tying contraband and 1llegal immigrants. A scanning system
suitable for implementation 1n the portal imaging system of
WO03/048815 1s described 1n WO00/14387. In WOO00/143587
a variation on the conventional two disc rotating system 1s
described which folds the optical system. However, even with
WO00/14587 the collection optics and the scanning system
remains common to all of the individual sensors 1n the array.

With scanning wavelengths longer than visible wave-
lengths the focusing optics becomes larger and more cumber-
some. Also a separate problem arises where the ratio of the
height/width of the object to be imaged and the distance of the
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object from the 1imaging device 1s greater than 1:1 as such an
arrangement often requires a more complex optical system
for focusing an 1mage of the objection onto the detector. At
millimeter and sub-millimeter wavelengths these problems
are particularly acute and conventional scanning imaging
systems do not adequately address these problems. In particu-
lar, time taken to capture an 1image 1s directly proportional to
the number of detecting pixels in the system. The physical
s1ze of each pixel puts severe constraints on the requirements
tor the optics. For a fixed optical element dimension there 1s
a maximum number of pixels that can be optimally 1llumi-
nated which in turn leads to a limit to the image capture speed.

The present invention therefore seeks to address some of
the disadvantages to be encountered with existing scanning
imaging systems and in a preferred embodiment the present
invention seeks to provide a scanning 1maging system that 1s
capable of capturing images quickly and 1s suitable for use 1n
environments where the object to be imaged 1s larger than the
distance of the object from the imaging device.

The present invention provides a terahertz scanning imag-
ing device arranged to scan a field of view, comprising: a
plurality of sensors arranged to detect terahertz radiation
from a plurality of respective portions of the field of view; at
least one scanning element arranged to direct terahertz radia-
tion from a respective portion of the field of view onto the
corresponding sensor; and an 1image processor 1n commuini-
cation with the sensors for generating a consolidated image of
the field of view.

The portions of the field of view may be discrete, or there
maybe some overlap between the portions. When the consoli-
dated two-dimensional image of the field of view 1s formed by
the 1mage processor, any overlap may be removed to form a
spatially continuous image.

In preferred embodiments the device includes a plurality of
scanning elements, each element arranged to scan one of the
portions of the field of view onto 1ts respective sensor.

In an alternative arrangement, a single scanning element 1s
used to direct radiation from a plurality of portions of the field
of view onto a corresponding plurality of sensors.

Further embodiments may provide a terahertz scanning
imaging device wherein each scanning element 1s mounted
for movement to scan across the field of view 1n two dimen-
sions, for example by means of two rotational degrees of
freedom, one rotational and one translational, or two transla-
tional degrees of freedom. Where two rotational degrees of
freedom are used, the axes of rotation may intersect.

In a particular embodiment the invention provides a scan-
ning imaging device comprising a fixed array of imagers and
an 1mage processor, the array of fixed imagers being 1n com-
munication with an 1image processor for generating an 1image
of the field of view of the scanning imaging device on the
basis of image data generated by said fixed imagers, said array
of fixed 1magers comprising a plurality of sensors that are
fixed with respect to said field of view and a respective plu-
rality of scanning elements, each scanning element being
arranged for directing radiation from a portion of said field of
view to 1ts respective sensor, each scanning element being
mounted for movement in first and second directions for
scanning 1ts respective sensor across said portion of said field
of view 1n corresponding first and second scanning directions
whereby each fixed imager generates image data relating to
its respective portion of said field of view.

Preferably, the array of fixed imagers 1s connected to the
1mage processor so as to communicate 1image data from a
plurality of the fixed imagers 1n parallel. Also, preferably at
least one of the first and second movement directions of each
scanning element comprises rotation about an axis and 1de-
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ally the first and second movement directions of the scanning
clements are orthogonal to provide a linear scan output that
can be easily transierred to a video output.

In a preferred embodiment said plurality of scanning ele-
ments comprises a plurality of reflective elements 1n the form
of plane mirrors and a corresponding plurality of collimators
are provided, each collimator, such as a parabolic mirror,
being arranged 1n fixed relation to a respective sensor and
being adapted to collimate images from a respective scanning,
clement onto 1ts respective sensor. The scanning imaging
device may also comprising a rotation drive for controlling
rotation of said plurality of scanning elements which may be
in the form of an electric motor, such as a stepper motor, or a
piezoelectric drive member and preferably first and second
rotation drives are provided to control rotation about said first
and second axes respectively. More pretferably, at least one of
the first and second rotation drives 1s common to two or more
of the scanning elements.

Ideally, each of said scanning elements i1s adapted to scan a
plurality of different selectable portions of the field of view
and adjacent fixed imagers may generate image data for por-
tions of the field of view which overlap along one edge.

In a preferred embodiment the plurality of sensors are
tuned to detect radiation at millimeter or sub-millimeter
wavelengths. Also, the plurality of sensors may comprise at
least first and second groups of sensors with each group of
sensors being tuned to detect radiation at a wavelength diif-
ferent from the other group or groups of sensors.

An embodiment of the present invention will now be
described by way of example with reference to the accompa-
nying drawings, 1n which:

FI1G. 1 1s a schematic diagram of a scanming imaging device
in accordance with the present invention;

FI1G. 2 1llustrates the relative positions of the optical ele-
ments forming the scanning 1imaging device of FIG. 1;

FI1G. 3 illustrates a terahertz scanning security mstallation
in accordance with the present invention;

FI1G. 4 1llustrates an alternative scanning imaging device in
accordance with the present invention; and

FIG. 5 1s a view from about of the scanning imaging device
of FIG. 4.

The scanming 1maging device of FIG. 1 generally com-
prises an array of fixed imagers which includes an array of
fixed sensors, a respective array of collimating optics and a
respective array ol two-axis, steerable, plane reflectors. In the
illustrated embodiment six sensors 2 are arranged 1n two
substantially parallel linear arrays of three sensors each. The
sensors 2 of FIG. 1 comprise terahertz antenna arrays 3 with
associated signal collection and amplification circuitry 4.
Each group of three sensors 2 of each linear array 1s secured
on a column 5 with each sensor 2 at a predetermined position
substantially equidistant from 1ts neighbouring sensor or sen-
sors. The sensors are fixed with respect to the field of view of
the 1maging device.

Each group of three sensors 1s provided with a respective
linear array of collimating optics 1n the form of three para-
bolic mirrors 6 each of which 1s mounted 1n a predetermined
fixed position 1n relation to the antenna array 3 of 1ts respec-
tive sensor 2 so as to optimise the coupling of the parabolic
mirror 6 with the antenna array 3. In the illustrated preferred
embodiment the support 7 for the linear array of parabolic
mirrors 6 1s secured to the column 5 so as to maintain the fixed
spatial relationship between the parabolic mirrors and their
respective sensors.

Each ofthe sensors 2 also has associated with it arespective
two-axis, steerable, reflective element 8 such as a plane mir-
ror so that for each linear array of three sensors 2 there 1s
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provided a corresponding linear arrangement of three mirrors
8. Each set of three mirrors 8 1s mounted within a frame 9. The
frame 9 comprises two substantially parallel side members 10
connected together at each end by upper and lower cross
members 11 and 12 respectively. Thus, in FIG. 1 the frame 9
describes an open generally rectangular structure, although
other shapes or the frame 9 are also envisaged.

Extending across the frame 9 are three shafts 13 each of
which 1s mounted for rotation within the frame 9 and supports
one of the plane mirrors 8. The plane mirrors 8 are fixed
secured to their respective shait 13 and so are adapted to rotate
with the shaft 13 within the frame 9. Hence, the first axis of
rotation of each of the plane mirrors corresponds to the axis of
rotation of the shafts 13 which, 1n FIG. 1, corresponds to an
axis of rotation extending left to right across FIG. 1. A first
end of each shait 1s mounted on one or more bearings (not
shown) 1n an associated blind hole provided 1n the frame 9 so
as to permit relative rotation of the shaft with respect to the
frame. The opposite end of each shaft extends through the
frame 9, again preferably supported by one or more bearings,
and terminates with a toothed wheel 14 (for the sake of clarity
the teeth of each wheel have been omitted from the drawings).
The three shafts, each mounted within the same frame 9, are
provided with a common drive in the form of a first rotation
drive such as an electric motor 15 which drives each of the
shafts by means of a common cogged belt 16. Thus, the output
shaft of the first motor 15 1s provided with a toothed wheel 14,
similar to those provided at the ends of each of the shatts 13
and the toothed wheels 14 of both the first motor 15 and the
shafts 13 are 1n engagement with the continuous loop of the
cogged belt 16.

In addition, the frame 9 1s fixedly mounted on a rotatable
supporting shaft 17 which 1s arranged to cause rotation of the
frame about an axis perpendicular to the axes of rotation of
the shafts 13 (a vertical axis 1n FIG. 1). The first motor 15 1s
also fixedly mounted either to the frame 9 or directly to the
supporting shatt 17 (as 1llustrated) so that the first motor 15 1s
caused to rotate with the frame 9. Rotation of the supporting
shaft 17 1s driven by means of a second electric motor 18
which 1s connected to the supporting shaft 17 by means of a
pair of toothed wheels 19, 20 and a cogged belt 21 linking the
toothed wheels.

Use of a cogged belt for driving the two-axis rotation of the
plane mirrors simplifies the control and monitoring of the
position of the steerable mirrors with respect to the image data
generated by their respective fixed imager. Alternatively,
stepper motors may be employed or other rotational drive
clements such as, but not limited to, piezoelectric drive ele-
ments, preferably 1n combination with a position transducer,
to control and monitor the positions of the mirrors.

In this way each steerable mirror 8 1s mounted for two-axis
rotation with both axes of rotation lying in the plane of its
respective frame 9: the first axis of rotation extending parallel
to the upper and lower cross members 11, 12 of the frame and
the second axis of rotation extending parallel to the side
members 10 of the frame 9. Furthermore, each of the sensors
2 1s positioned so as to be aligned, via 1ts respective parabolic
mirror 6, with the point of intersection of the two axes of
rotation of its respective steerable mirror 8. As the field of
view of each sensor 2 lies on the common axis of rotation of
cach two-axis steerable mirror 8, partial rotation of both
shafts 13,17 results in a complete mapping of the field of view
of each sensor and combining the image data from each
sensor 2 results 1n a complete mapping of the field of view of
the 1imaging device. It will be apparent, therefore, that the
shafts 13, 17 are not required to be capable of turning through
360°. Instead the shaits are only required to rotate through
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less than 90°, for example 60° and more preferably 45°, to
scan the selected field of view of the sensor 2. In a preferred
embodiment, described 1n greater detail below, 1t 1s envisaged
that the sweep of the mirror may be adjustable.

FI1G. 2 provides an alternative schematic view of the scan-
ning 1imaging device of FIG. 1, illustrating the relative posi-
tions of the optical elements forming the fixed imager. It wall,
of course, be apparent that the two-axis steerable plane mirror
8 must be positioned so that radiation from the object to be
imaged 1s incident on the mirror at an acute angle to the
reflective surface of the mirror, and that this remains true for
all positions of the mirror during scanning. This results 1n the
sensors 2 being positioned so as not to face towards the field
of view of the imaging device. This arrangement happens to
provide the additional benefit of the physical depth of the
scanning 1maging device being reduced in comparison to
conventional scanning systems.

In the fixed imager 1llustrated 1n FIG. 2 a polariser 27 1s
included between the steerable mirror 8 and the parabolic
mirror 6. The polariser 27 1s an optional feature which assists
in reducing noise 1n the 1mage signal collected by the sensor
2. For outdoors imaging the polarisation of the incident radia-
tion will vary 1n dependence on the position of the sun in the
sky. To optimise coupling, therefore, the polariser and the
sensor may be rotated to optimise the signal level observed.
The system of FIG. 2 also includes shielding 28 which 1s
provided to further reduce noise 1n the signals generated by
the sensor 2. This shield may be cooled to provide increased
detected signal contrast by reducing the parasitic radiation
content seen by the sensor 2. However, with appropnately
designed optical elements 1 conjunction with matched
antenna arrays 3, little radiation other than that from the
sub-field of the view of the sensor should be detected reduc-
ing the need for full shielding of the scanning imaging device.

Although the mirrors 8 illustrated 1n FIGS. 1 and 2 are
plane mirrors, 1t 1s envisaged that other shapes of reflective
clements including concave and elliptical mirrors may be
employed, as necessary. Furthermore, the mirrors may be
replaced by lens. However, at terahertz frequencies, 1 par-
ticular, mirrors are preferred as they are significantly less
lossy (and therefore emits less) than a lens.

Although each sensor may have a single antenna, 1n order
to reduce the overall object mapping time, each sensor prei-
erably uses a linear array of antennas at the focal plane of the
optics. This extends the instantaneous field-of-view and
reduces the front scanning angular range therefore allowing
large zones of the object to be mapped 1n a given time or
longer exposure time for signal-to-noise improvement. How-
ever, the use of off-axis detecting elements at the focal plane
1s affected by degradation of the image quality for the edge
pixels of the array; this can be compensated by further shap-
ing of the optical elements in front of the array (additional
small-amplitude optimised deformation of the initial para-
bolic mirror surface). In the case of millimeter and sub-mil-
limeter wavelengths, the individual antennas of each sensor
are preferably spaced apart by approximately 5-3 mm.

The data generated by each of the sensors 2 1s output to the
data mput ports 22 of an 1mage processing unit 23 (one data
input port for each of the six sensors 1s 1llustrated 1n FI1G. 1).
The mput ports 22 are connected to the outputs of the sensors
2 by means of data lines 24 which, for the sake of simplicity,
are not fully illustrated. Where the 1image processing unit 23
includes conventional desktop processor hardware, the data
input ports 22 may be provided, for example, by means of
dedicated senal ports or LAN connection. The 1mage pro-
cessing unit 23 1s also 1n communication with one or more
output devices such as, but not limited to, a monitor 24 and 1s
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in communication with one or more input peripheral devices
such as, but not limited to, a keyboard 25 or a mouse.

The 1image processing unit 23 1s also 1 communication
with a drive control 26 which 1s, 1n turn, 1n communication
with the motors 15, 18. The drive control 26 manages actua-
tion of the motors 15, 18 and hence controls the motion of the
mirrors 8. Thus, by means of the drive control 26 the image
processing unit 23 synchronises the image data recerved from
the sensors 2 with positional information with respect to the
field of view of each of the sensors at the time the 1image data
was collected. The positional information may be determined
by the 1mage processing unit predictively with respect to
timing nstructions output by the 1mage processing unit 23 to
the drive control 26 and/or 1s preferably determined with
respect to feedback data generated by the drive control 26
with respect to the motors 15, 18 and/or measured positions of
the mirrors 8.

The 1mage processing unit 23 includes 1mage processing
software for analysing the image data collected from each of
the sensors 2 with respect to positional information and for
combining the image data from each of the sensors to con-
struct a single 1mage encompassing the individual sub-fields
of view of all of the fixed 1imagers. The single image produced
by the image processing unit 23 may then be output for
example to the monitor 24 for viewing by a user of the
scanning system.

A second embodiment of a scanning 1maging device 1s
shown 1n FIGS. 4 and 3. In this configuration the 1mager has
an array of fixed imagers consisting of a row of fixed 1magers
(four are illustrated in FIGS. 4 and 5) arranged substantially
parallel with each other so as to 1mage 1n a vertical plane.
Such a configuration of fixed imagers 1s desirable when imag-
ing a tall slender object such as a person. Fach fixed imager
preferably consists of plurality of fixed detectors 3 arranged
in a horizontal row. The fixed detectors 3 are positioned on the
principle optical axis of a fixed respective parabolic mirror 40
at the base of the device and a respective vertically movable
parabolic mirror 41 that 1s mounted on a carriage 42 which
permits movement of the movable parabolic mirror 41 1n a
vertical direction from the bottom to the top of the imaging
plane and rotation about the principle optical axis. The fixed
detectors 3 collect image data for communication to an 1mage
processor (not illustrated) on data lines 24 for constructing an
image of the complete field of view of the scanning imaging
device.

The principle of operation of this alternative scanning
imaging device 1s set out below. The fixed parabolic mirror 40
1s used to collect a circular cross section collimated beam
aligned with the vertical plane 1n which the movable para-
bolic mirror 41 travels. The movable parabolic mirror 41
generates the collimated beam from a focused spot on the
object to be 1imaged. The vertically movable parabolic mirror
41 1s positioned such that its focus 1s approximately 0.5
meters from the mirror. Each fixed imager therefore collects
image data relating to a vertical strip of the final 1mage upon
the movement of each movable parabolic mirror 41 in the
vertical plane. The vertical image strips generated by each of
the fixed 1magers are not adjacent and do not overlap each
other. Instead, each vertical image strip 1s separate from the
image strips generated by adjacent fixed imagers and the
space 1n between each of the 1image strips represents regions
of the field of view still to be 1imaged.

Each movable parabolic mirror 41 1s also configured such
that via a stepper motor drive (not illustrated) 1t 1s rotatable
about the optical axis of the beam between the fixed and
movable parabolic mirrors which 1s also conveniently
arranged so that 1t 1s parallel to the linear axis of movement of
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the movable parabolic mirror 41. The focus of the movable
parabolic mirror 41 lies on an optical axis between the mirror
and the object to be 1maged which 1s preferably substantially
perpendicular to the linear motion of the mirror. In this way
during rotation of the movable parabolic mirror 41 the focus
of the mirror may be maintained at substantially the same
vertical height. Hence, after each vertical translation of the
movable parabolic mirrors 41 the movable parabolic mirrors
41 are rotated a predetermined number of degrees about the
principle optical axis so that new 1image data for an adjacent
vertical strip may be collected by repeating the movement of
the parabolic mirrors 41 in the vertical plane. This procedure
1s then cyclically repeated until images for vertical strips
generated by adjacent fixed imagers, but 1n different cycles,
overlap. The 1image processor which recerves the 1mage data
from each of the fixed detectors 3 then combines the vertical
image strips into an overall image of the field of view of the
scanning imaging device.

The speed of the image capturing process i1s greatly
increased in comparison to a side detector raster scan, by
using a horizontal array of X detectors in the imaging plane of
the fixed parabolic mirror. For each vertical translation of the
movable parabolic mirrors, X adjacent strips of the image are
retrieved. The movable parabolic mirror 1s then rotated an
angle equivalent to the total wide of the image strips of the
individual detectors to then retrieve X new strip images. In
this way the speed of image capture 1s increased by a factor of
X. If an array of Y fixed imagers each having X detectors 1s
implemented 1n the manner described above, the total time
required for the image to be captured by the scanning imaging,
device 1s a factor of X-Y {faster in comparison to the total
capture time that would be required for a side detector raster
scanned over the image plane.

A potential problem with this arrangement arises from
those fixed detectors positioned further from the principle
optical axis of the fixed parabola in combination with rotation
of the movable mirror off-axis. The imaging point of a detec-
tor on the extreme edge of the array will no longer lie on the
same plane as the centre pixel. This effect can either be
corrected for i the imaging soitware to correct for the mis-
placing ol 1n the image reconstruction. Alternatively, the fixed
parabola can be simultaneously rotated with the top movable
parabola so that all the pixels remain on the primary optical
axis.

As the overall field of view of the scanning imaging device
1s divided 1nto individual sub-fields of view for which parallel
input of image data 1s envisaged, an image of the overall field

of view can be generated within a few seconds. Indeed, a 0.5
m~ object can be scanned in around 5 seconds and in the case
of millimeter and sub-millimeter radiation i1s capable of
images at 5 mm resolution after signal & 1mage processing.

In a preferred embodiment the image processing unit 23
utilises the overlap of the sub-fields of view of individual
sensors to confirm alignment of the images recorded by the
sensors. For example, where the sensors are arranged for a
partial overlap, the 1image data specific to an edge region
common to the first and second sub-fields of view of respec-
tive first and second adjacent sensors may be compared by the
image processing unit 23 to confirm identity between the
image data from the first and second sensors as a data parity
check.

FIG. 1 shows a scanning imaging device that for simplicity
uses mechamcally synchronised steerable mirrors that
employ motors that are common to a group of mirrors. How-
ever, each mirror may be independently driven by its own
rotation drive. With this alternative arrangement software
configurable scanning configurations can be realised. In par-
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ticular, 1f the maximum sub-fields of view of each fixed
imager are allowed overlap, 1t 1s possible to perform an
approximate zoom function by selecting an overlapping scan-
ning region for adjacent detectors. Thus, the scanning 1mag-
ing device can be used to quickly and selectively analyse
more closely individual sub-fields of view, where an item of
interest 1s 1dentified. By careful selection of the overlapping
sub-fields of view it 1s also possible to further improve signal-
to-noise ratio. It 1s also possible to use overlapping sub-fields
of view to generate stereoscopic image information with
respect to the positions of each detector relative to the person
or object being 1imaged. Selection of data from individual
detectors and/or selection of individual sub-fields of view for
scanning by a selected detector(s) are preferably inputted to
the 1mage controller by means of the input peripherals 25.

The scanning 1imaging device illustrated 1n FIG. 1 1s par-
ticularly suited for use i1n the identification of concealed
weapons and/or hazardous material at transport terminals
such as airports. In FIG. 3 a scanning imaging device, oper-
able at terahertz frequencies, 1s 1llustrated. The scanning tera-
hertz imaging device 30 1s mounted on a wall and comprises
four, vertically arranged, linear arrays of sensors 31, 32, 33,
34 with each array comprising five sensors. The number and
dimensions of the sensor arrays 1s chosen to be suflicient to
image a field of view in excess of the width and height of a
person standing.

As 1illustrated, the linear arrays of sensors and their asso-
ciated steerable mirrors are positioned behind a screen which
1s substantially transparent to terahertz radiation but 1s pret-
crably substantially opaque at visible wavelengths. The scan-
ning terahertz imaging device 30 may be positioned on the
wall of a corridor through which passengers must transit to
reach the departure gates, as illustrated. Alternatively, the
scanning terahertz imaging device 30 may be provided at
security check points within the transport terminal, for
example where x-ray machines are currently employed. In
which case the scanning terahertz imaging device 30 may be
provided as a free-standing screened unit in front of which
passengers are required to stand momentarily both facing
towards and away from the screen, as part of normal security
procedures. As a result of the optical arrangement employed
in the scanning 1maging device and employing a steerable
plane mirror having an effective diameter of between 8-12 cm
(1.e. entrance pupil diameter between 7 and 10 cm), 1t 1s
possible to produce an 1mage of a person (approx. 1.5 m-2.0
m height) when standing close to the scanning device, e.g.
=200 cm or less. This employs a telescope (1.e. finite-infinite)
optical configuration which gives large (quasi-infinite) depth-
of-field. This allows the system to be tolerant to the exact
device to object distance. On the other hand, an object further
away will be seen with reduced resolution. In case the object
1s closer than the nominal design distance, the fixed imagers
of the scanming device can be translated axially to compensate
for the image defocus (near-field effect). For optimal optical
signal coupling with the antenna array, fast focussing opticsis
used, leading to depth-of-focus 1n the range of 2-5 mm at
millimeter wavelengths, which 1s easily manageable and
achievable with standard linear translation stage. This arises
from the fact that the depth of focus of the scanning terahertz
imaging device described herein 1s less than that of conven-
tional terahertz scanming systems and 1s achieved using sim-
pler optical components.

For the case of terahertz imaging at close range 1.e. object
at ~50 cm from the device, and based on a nominal resolution
of ~5 mm, the entrance pupil diameter is 1n the range 20-30
cm diameter at millimeter wavelengths and 10-20 diameter at
sub-millimeter wavelengths, due to focal ratio F~2 and F~4
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for both spectral range respectively. With this arrangement
the scanning 1maging device would have a depth-of-field of
approximately 10 mm. The scanning device 1n this configu-
ration needs a finite-finite conjugate optical system via a
(off-axis to avoid signal loss from central obscuration) Gaus-
s1an beam telescope either based on a minimum of 2 parabolic
mirrors or 2 confocal ellipsoidal mirrors. The parabolic
option oflfers an intermediate pupil plane for eventual spectral
splitting (multi-wavelengths application) while the ellipsoids
approach provide a natural implementation of an intermedi-
ate field stop for improved radiometric performance at the
expense of a reduced field capability (1.e. reduced size of
linear array at focal plane without degradation).

The scanning terahertz imaging device 30 may be setup to
detect natural background terahertz radiation or alternatively
the scanning terahertz imaging device 30 may include a tera-
hertz source 35 for illuminating people or baggage to be
scanned with terahertz radiation. In the case of passive radia-
tion scanning, preferably the scanning terahertz imaging
device 30 1s positioned facing towards a surface that 1s highly
reflective to terahertz radiation. In this way people (who are
absorbers of terahertz radiation) standing between the scan-
ning 1maging device 30 and the highly reflective surface are
imaged as a dark feature on a brightly i1lluminated back-
ground. In a further alternative, each detector may be pro-
vided additionally with a noisy source of terahertz radiation.
Such a source of radiation could be an optical light source
filtered to remove the optical content and pass the terahertz
component. The terahertz source 1s aligned with the optical
arrangement ol the collimator and the steerable plane mirror
so as to 1lluminate people standing in front of the imaging
device as well as capturing images of those people when
illuminated. Care must be taken to ensure that noise does not
leak directly from the source into the sensor 2.

Furthermore, the scanning imaging device need not be
restricted to 1maging at a single predetermined wavelength.
Individual sensors may be tuned to detect different wave-
lengths so that a multi-wavelength image may be produced. In
a preferred embodiment, the linear array of sensors may be
replaced by a linear array of pairs or sets of sensors, with each
sensor within a set tuned to a different wavelength and with all
sensors within a set imaging substantially the same sub-field
of view. With this embodiment image data for the same sub-
field of view at different wavelengths may be directly com-
pared by the image processing unit 23 to 1dentify materials
and compounds 1n relation to their characteristic radiation
absorption at the different imaging wavelengths. The use of
multiple wavelengths 1s of particular benefit in the chemaical,
biochemical and food industries.

At millimeter and sub-millimeter wavelengths preferably
the individual fixed imagers are spaced between 30 and 80 cm
apart, more preferably 50 cm apart, whalst still being capable
of scanning individual sub-fields of view which combine to
provide a continuous single image or which partially overlap
at the edges of the sub-fields of view.

Of course, as the scanning 1maging device described above
comprises linear arrays of fixed imagers, i1t 1s particularly
suited to implementation 1n a modular form greatly simplify-
ing the construction of a scanning device for whatever overall
field of view 1s required. Furthermore, the modular nature of
the scanning device simplifies the repair/replacement of a
damaged sensor element.

Although the specific embodiment described above relates
to a scanning 1maging device operable at millimeter and
sub-millimeter wavelengths 1t will be apparent that the scan-
ning 1maging device may be implemented for imaging at
other wavelengths. However, implementation of the scanning
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imaging device of the present invention at terahertz wave-
lengths offers significant advantages over conventional tera-
hertz scanning devices for which the optical elements can be
complex and expensive 1n comparison to the scanning 1imag-
ing device of the present invention and which are incapable of
generating images at the resolution and speed that are achiev-
able with the present invention. Moreover, as a result of the
optics employed 1n the scanning 1maging device described
herein, the device 1s particularly suited to situations 1n which
the dimensions of the object to be imaged is close to or greater
than the distance of the object from the scanning imaging
device for example a person standing in front of a security
screen or portal. A further example 1s that of the automated
security scanning of letter and parcels.

Further embodiments of the scanning imaging device are
envisaged without departing from the scope of the mnvention
as defined 1n the accompanying claims.

The invention claimed 1s:

1. A terahertz scanning 1imaging device arranged to scan a
field of view, comprising;:

a plurality of sensors arranged to detect terahertz radiation
from a plurality of respective portions of the field of
View;

a plurality of scanning elements, each element arranged to
direct terahertz radiation from a respective portion of the
field of view onto a corresponding sensor;

a plurality of collimators, each collimator arranged 1n fixed
relation to a respective sensor and adapted to collimate
images from a respective scanning element onto its
respective sensor; and

an 1mage processor in communication with the sensors for
generating a consolidated image of the field of view.

2. The terahertz scanning imaging device of claim 1,
wherein each scanming element 1s mounted for movement to
scan across the field of view 1n two dimensions.

3. The terahertz scanning imaging device of claim 2,
wherein each of said scanning elements 1s mounted for rota-
tion about two axes to scan across the field of view 1n two
dimensions.

4. The terahertz scanning imaging device of claim 3,
wherein the two axes of rotation are coplanar.

5. The terahertz scanning 1imaging device of claim 1, com-
prising an array of imagers, each imager comprising a said
scanning element and a said sensor.

6. The terahertz scanning imaging device of claim 3,
wherein the 1image processor 1s adapted to generate the image
of the field of view by combining a plurality of 1images of
portions of the field of view, each image of a portion of the
field of view being provided by an imager of the array of
1magers.

7. A terahertz scanming imaging device as claimed 1n claim
1, wherein said imaging device 1s used for imaging an object
which has a dimension which 1s greater than the distance of
the object from the scanning 1imaging device.

8. A terahertz scanning 1maging device as claimed in claim
1, wherein said imaging device 1s used for security scanning.

9. A scanning 1imaging device comprising a fixed array of
fixed 1imagers and an 1mage processor, the array of fixed
imagers being in communication with the 1mage processor
for generating an 1mage of the field of view of the scanning
imaging device on the basis of 1mage data generated by said
fixed 1magers, said array of {ixed imagers comprising a plu-
rality of sensors that are fixed with respect to said field of view
and a respective plurality of scanming elements, each scan-
ning element being arranged for directing radiation from a
portion of said field of view to its respective sensor, each
scanning element being mounted for movement 1n first and
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second directions for scanning its respective sensor across
said portion of said field of view 1n corresponding first and
second scanning directions; and a plurality of collimators,
cach being arranged 1n fixed relation to a respective sensor
and being adapted to collimate images from a respective
scanning element onto its respective sensor, whereby each
fixed 1mager generates 1image data relating to 1ts respective

portion of said field of view.

10. A scanning imaging device as claimed 1n claim 9,
wherein at least one of said first and second directions of
movement ol each scanning element comprises rotation
about an axis.

11. A scanning imaging device as claimed 1n claim 10,
turther comprising a rotation drive for controlling rotation of
said plurality of scanning elements.

12. A scanning imaging device as claimed in claim 11,
wherein {irst and second rotation drives are provided to con-
trol rotation about first and second axes respectively.

13. A scanning imaging device as claimed in claim 12,
wherein at least one of said first and second rotation drives 1s
common to two or more of said scanning elements.

14. A scanning imaging device as claimed in claim 12,
wherein at least one of said first and second rotation drives
comprises an electric motor.

15. A scanning imaging device as claimed in claim 12,
wherein at least one of said first and second rotation drives
comprises a piezoelectric drive member.

16. A scanning imaging device as claimed in claim 9,
wherein said first and second directions of movement of each
scanning element are orthogonal.

17. A scanning imaging device as claimed i claim 9
wherein said plurality of scanning elements comprises a plu-
rality of reflective elements.
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18. A scanning imaging device as claimed in claim 17,
wherein said reflective elements are plane mirrors.

19. A scanning imaging device as claimed in claim 17,
wherein said reflective elements are parabolic mirrors.

20. A scanning 1maging device as claimed in claim 9,
wherein each of said scanning elements 1s adapted to scan a
plurality of selectable different portions of the field of view.

21. A scanning imaging device as claimed in claim 9,
wherein said plurality of collimators comprise a plurality of
parabolic reflective elements.

22. A scanning imaging device as claimed in claim 9,
wherein said array of fixed imagers 1s connected to the image
processor so as to communicate image data from a plurality of
the fixed imagers 1n parallel.

23. A scanning imaging device as claimed in claim 9,
wherein adjacent fixed 1magers generate 1image data for por-
tions of said field of view which portions overlap along one
edge.

24. A scanning 1maging device as claimed in claim 9,
wherein said plurality of sensors comprises at least first and
second groups of sensors with each group of sensors being
tuned to detect radiation at a wavelength different from the
other group or groups of sensors.

25. A scanning imaging device as claimed in claim 9,
wherein said plurality of sensors are tuned to detect radiation
at millimeter or sub-millimeter wavelengths.

26. A scanning imaging device as claimed in claim 9,
wherein said 1imaging device 1s used for imaging an object
which has a dimension which 1s greater than the distance of
the object from the scanning 1imaging device.

27. A scanning 1maging device as claimed in claim 9,
wherein said imaging device 1s used for security scanning.
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