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SUMMARY

This thesis is concerned with the geometric and radiometric calibration of infrared imagers
with a view to their use in close-range and airborne photogrammetric applications. From the
geometric point of view, three quite different types of infrared imager can be distinguished -
these comprise (i) the pyroelectric vidicon camera; (ii) the CCD camera based on the use of
an areal array of solid-state detectors; and (iii) the thermal video frame scanner (TVFES). The
special optics and the detector technologies that are used in these imagers to generate images
in the middle and thermal bands of the infrared spectrum, together with the underlying video
technology, are first reviewed and discussed in some detail with an emphasis on their
fundamental geometric and radiometric characteristics and properties. On this basis, the
design and construction of a special target plate has been undertaken that allows all these
different types of imager to be calibrated both geometrically and radiometrically. After
describing this target plate, the actual experiment set-up and procedures and the subsequent
data processing and analysis are outlined, including the method devised and used for the
automatic measurement of the positions of all the target crosses on the calibration plate

employing image matching techniques.

The results obtained from the successful calibration of a representative sample of CCD
cameras and thermal video frame scanners are presented and discussed in detail. They
provide much new and accurate information on the geometric characteristics of these types of
infrared imager that will be invaluable to those undertaking photogrammetric measurements
on the infrared images that are being acquired and used in military, medical, industrial and
environmental applications. For the radiometric calibration of each imager, measurements of
the grey level values were made over the whole of the image covering the target radiation
source for a range of temperatures. Thus much original and valuable information on the
radiometric characteristics of the imagers has been obtained from the work undertaken
during this research project, more especially at lower operational temperatures. However the
techniques used gave less good results at higher temperatures and these need to be modified
if more useful results are to be obtained. Suggestions are made for the further development of
the calibration technique, in particular for its use with low-resolution imagers such as the
pyroelectric vidicon camera which have not been calibrated in this research project due to

time and financial limitations.
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CHAPTER 1: INTRODUCTION

1.1 The Importance of the Infrared Imaging Systems for Photogrammetric
Applications

For topographic mapping applications, aerial photogrammetric cameras have been
commonly used for over sixty years. These cameras utilize photographic film and are
designed, constructed and calibrated specifically to produce an image with a precisely
known geometry. Their geometric characteristics, i.e. their inner orientation
parameters - the principal distance, the location of the principal point and the lens
distortion model - and their radiometric characteristics, which determine how a
specific film responds to scene radiation of varying intensity, are very well known and
have been determined with very high accuracy. The extensive use of these aerial
photogrammetric cameras in combination with the classical analogue and analytical
photogrammetric instrumentation has shown that together they form a very powerful
and versatile tool for mapping applications. Their high image resolution, their
geometric and radiometric fidelity and the possibility of generating 3-D information
from the stereoscopic capabilities of these cameras cannot be matched at this time by

any other imaging systems that are currently in use.

In parallel with the development of photogrammetric methods and technology for
aerial mapping purposes has been that of close-range photogrammetry for industrial
and scientific purposes. While much of the methodology is in principle either identical
or similar to that employed in aerial photogrammetry, it has also developed its own
distinctive technology in the form of highly portable small format photographic
cameras and even specialized photogrammetric instruments (e.g. the Zeiss
Stereoautograph and Wild A40 Autograph). In recent years, the close-range
photogrammetric community has pioneered the development and use of all-digital
cameras based on CCD technology in the photogrammetric field, primarily for
industrial applications. It must be said that these CCD cameras fall far short of aerial
photographic cameras in terms of their format size and geometric resolution, but

nevertheless they have been the subject of intensive research and development for use
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in industrial, medical and architectural applications. In particular, they have lent
themselves to the creation of an all-digital photogrammetric environment and to the
implementation of highly automated photogrammetric operations based on extensive
use of image matching techniques. In turn, this has led to close contacts and
cooperation with the image processing community (mainly made up of computer
scientists and electronic engineers) as evidenced by the Videometrics meetings

organised by the SPIE and held in the United States on an annual basis.

By contrast, in the first instance, infrared imaging systems have been developed

primarily for military reconnalssance, surveillance and targeting purposes. But, now,
they are just begmmng to be utlllsed by a number of users working in the field of .
photogrammetry and remote sensmg These systems offer several advantages in terms |
of ease of use, speed of operation, portability and cost as compared with alternative
imaging systems. Mostly they operate in the near infrared part of the electro-magnetic
spectrum but of increasing interest are those imaging systems that operate in the
middle and thermal infrared part of the electromagnetic (EM) spectrum. However,
their geometric and mdiometﬁc characteristics, which are essential for

photogrammetric applications, have had limited attention up untill now and often they

are not known or have not been determined.

1.1.1 The Unique Characteristics of Infrared Imaging Systems

Infrared imaging is a techmque for convertmg a scene’s infrared radiation pattern -
which is invisible to the human eye mto a visible i image that can be seen and used by
human beings. It is therefore concemed w1th the measurement of the radiant energy
emanating from an area: of the Earth 5 surface in the infrared part of the spectrum.
This mostly consists of two eompgn_ents - the reflected solar radiation and the emitted
object radiation - that.are plreseht}With'in the spectral wavelength (A) regions lying
between 3 to 5.6um and'5.6 to '15£1;‘r'nryrespectively. The first of these two bands is
usually termed the tmddle mfrared band in which reflected solar radiation represents
about 80% of the tofgiifedi.atiohtjfromlythe object. In the second case, the energy band

coincides with the .Waj\yfeléhgths';herthellyv’associated with the heat being emitted from
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object, hence it is termed the thermal infrared band. Infrared imaging in these two
bands is a real-time and totally passive remote sensing technique, requiring no
external source of illumination. Therefore, it allows day and night operation, and
covert sensing of the object or area requiring imaging. In an industrial context, it is
ideal for the detection of hot or cold spots or of areas of different emissivities within a
scene. Moreover, infrared imagers can penetrate smoke and mist more readily than
imagers operating in the visible part of the spectrum allowing visually obscured

objects to be detected, e.g. in military or firefighting operations.

The long operating wavelengths of these infrared imaging systems make them
optically and electronically very different to those that are operated in the visible and
near infrared regions of the EM spectrum. In particular, the resolution, aberrrations
and diffraction effects are functions of the much longer wavelengths of the radiation
that are being used. This limits the imaging characteristics of infrared optical systems
and could affect the accuracy of the measurements that can be made on the images
which are obtained by these systems. In addition, many materials that are transparent
in the visible band and can be used as optical components in imagers operating in
this region are not transparent throughout the infrared part of the spectrum. Since
ordinary silicate-based glass does not transmit radiation beyond the wavelength of
2.5um, in the infrared regions, the designers of optics of infrared imagers have had to
rely on much less commonly available materials that are often very expensive to
produce and are difficult to fabricate into optical components such as lenses and
prisms. Germanium and special silicon glasses have been used extensively as lens
materials in infrared imaging systems. While the silicon-based materials are mostly
used in devices operating in the middle -infrared band, germanium is used as a

transmittive material in the thermal region.

The detection of electromagnetic energy can be performed either photographically or
electronically. Photography uses chemical reactions on the surface of a light-sensitive
film to detect the radiation variations occurring in a scene within the sensitivity range
of its emulsion. By developing out the resulting image chemically, a record of the

detected signals is obtained. Thus, the film acts both as the detecting and the
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recording medium. By contrast, in infrared imaging systems, the corresponding
detection and recording stages have to be implemented separately and by quite
different means - since photographic emulsions are not sensitive to radiation in the
middle and far infrared bands. Instead of the silver halide based emulsions used in
photography, electronic detectors are used to detect and measure the radiation being
emitted or reflected from the object (and which has been collected by the optical
components of the imaging systems) and to convert this radiation into form of an
electrical signal. Those detectors that are commonly used in infrared imaging systems
can be divided into two groups - thermal detectors and photon detectors - based on the
type of the responsive element actually employed. As with the optical components,
the materials that are used in the detector systems of infrared cameras and scanners
are quite different to those deployed in the corresponding types of imagers (CCD
cameras and line scanners) that have been developed for use in the visible part of the
spectrum. Again this stems from the quite different physical characteristics of the

components that can be employed at the operating wavelength of these systems.

At the present time, since the direct visual display of infrared radiation in a form that
can be seen by human beings is not possible, all the acquisition, display and recording
of images that is carried out by infrared imaging systems is video-based. Indeed it is
impossible to envisage present day infrared cameras and scanners as operational
systems without the supporting video technology. Moreover, the transmission of
images from the infrared imager to the user’s display or processing system is
governed by the characteristics of the analogue video signals used in television
broadcasting which have been adopted almost universally as the standard used in
infrared imaging. As the name implies, analogue video is transmitted as a continuous
signal at a radio frequency through the atmosphere or along a coaxial cable. The
timing and the structure of these signals are determined by the specifications and
standards defined and established for broadcast television systems. From these initial
definitions, the monochrome and colour video standards that are in current use have
been developed. To carry out the computer processing of those infrared images that

have been generated and recorded using analogue (continuous) video signals, they
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have to be converted to digital (discrete) form. This conversion is normally carried out

by a frame grabber that is installed in a PC or some other type of computer.

From the above discussion, it can be seen that the use of infrared imagery involves
many considerations and number of technologies that are unfamiliar to almost all
photogrammetrists. Nevertheless it is obvious that, since these images contain
information that is valuable to a wide variety of users, then as the technology is
further developed, the use of infrared images will become still more widespread.
Quite certainly, some users will want to make photogrammetric measurements on
these images. Thus, it is timely to investigate the basic geometric and radiometric
characteristics of infrared imagery from the photogrammetric point of view and this
forms part of the justification for undertaking the research project reported in this

dissertation.

1.1.2 The Photogrammetric Processes Required on Infrared Imagery Acquired for
Mensuration and Mapping Purposes

Arising from the various factors mentioned above, currently an increasing number of
users have been considering the potential of these systems (i) in the context of remote
sensing applications; (ii) in the field of mapping; and (iii) for close-range industrial
and medical applications of photogrammetry. However, in order to implement such
applications, the various photogrammetric procedures that are well known and
commonly used for the analysis and measurement of photographic camera images
must be investigated in the context of using them with the very different imagery that
is produced by infrared imagers. The result of such an investigation will almost
certainly mean that the procedures that are familiar to photogrammetrists may need to
be modified or indeed completely new equipment and procedures may need to be
developed for the purpose. Specific aspects that need to be investigated include the

following:-

@) an analysis of the geometric and radiometric characteristics of the devices and

systems used for jmage generation;
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(i)  the development of a geometric calibration methodology to determine the
interior orientation parameters which are not precisely known or established
and the parallel development of radiometric calibration procedures to calibrate
the accurate grey level value information that is contained in the infrared
image data; and

(i)  devising and implementing suitable digital or analytical photogrammetric
techniques for mapping purposes.

As can be seen from the discussion conducted above, to obtain photogrammetric
information from infrared images, the geometric and radiometric characteristics of the
various types of infrared imagers and the procedures that are employed to obtain
images using these devices should be known. However this is simply not the case at
the present time. So, in the first instance, the geometric and radiometric calibration
procedures that will establish all of these characteristics accurately should be
developed and tested and applied to the infrared imaging systems. Obviously this
needs to be done with a view to assessing their suitability for the measurement of
dimensions, volumes, locations, etc. both in the field of surveying and mapping and in
the various domains of close-range photogrammetry. Thus the development of these
procedures and the actual geometric and radiometric calibration of a representative
group of infrared imagers constitutes a major part of the research work that is reported

in this dissertation.

As will be discussed in detail later in this dissertation, imagers operating in the middle

and thermal infrared bands may be classified into three main groups:

i) Pyroelectric vidicon cameras;
(ii) CCD cameras; and

(1i1)  Video frame scanners.
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1.2.1 Pyroelectric Vidicon Cameras

Pyroelectric vidicon cameras have been used extensively in certain industrial,
medical and fire-fighting applications since they cost much less than the other types of
infrared imager. However, in recent years, they have also been used widely for the
condition monitoring of electrical switch gear and other predictive / preventative
maintenance applications in an industrial context. They have similar geometric
characteristics to those of the vidicon cameras operating in the visible part of the
spectrum. However, it should be recognized at the outset that the major disadvantage
of this type of imager as compared w1th that of other infrared cameras and scanners is
its low resolution. The commonly/used pyroelectnc vidicon imagers typically have‘
the resolution of 200 x. 200 pxxels, lee tan -aerial photograph, an image acquired by
this type of camera can be regarded as having the geometry of a central projection
whose main geometric characteristics are determined by the combination of the
format size and the focal length of the camera lens and the position of its principal
point. The image that is produced by these devices has a fixed size and therefore a
fixed scale in the imaging plane like that of an air photo. Thus, at least in principle,
the geometry of the imagery«pfodueed by a vidicon tube camera corresponds to the

geometry of the photographs produced by a photgrammetric frame camera.

" However, in video-based imagers, geometric distortions are present that have no
counterpart in classical photogrammetry based on the use of hard copy photographic
images. In particular, glgﬂmnm_ms_mmsms arise from the deflection of the scanning
beam by the magnetic ﬁelds ‘fhet‘ei(tis‘t between the coils inside the vidicon tube. The
resulting distortion pattern wﬂl often be pmcushlon or barrel-shaped. The fundamental
nature of these distortions were mvestlgated by Wong (1969, 1970, 1973, 1975) on
the vidicon cameras used'from: space vehlcles It was found then that the electronic
distortions of these cameras, were largely systematlc and caused scale differences
between the x and y axes of the v1deo:1mage Lens distortion is another important
distortion that is likely to be present in avidicon tube-based video camera. Thus radial
and decentenng lens distortions are hkely to be encountered in the images produced

by an video-based:. mfrgrec_L nnagmg system. “Of course, the presence of these

“
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electronic and lens distortions is of great importance to the photogrammetrist and their
occurrance and magnitude must be determined by the geometric calibration procedure

with a view to their elimination or correction.

1.2.2 CCD-based Cameras

CCD-based imagers have come into quite common use for certain photogrammetric
applications over the last two decades. They use solid-state detectors that are arranged
in a two-dimensional array to provide a complete record of the radiation falling onto
its surface at a particular instant. There is a considerable limitation in the size of these
arrays that are available at the present time and therefore the resulting CCD cameras
have mostly been employed in certain close-range photogrammetric applications, e.g.
in the industrial field, that can tolerate small format imagers. Also they have come
into use in certain airborne monitoring applications where again geometric resolution

1s not a major concern.

These imagers use solid-state detector technology in which the vidicon tube is

replaced by a large number of discrete radiation-sensitive elements that are mounted
on an integrated circuit board. The image of the object field that is defined by the field
of view of the CCD camera is formed on the imaging surface of the solid-state
detector array whose size is limited by the technology that is currently available. At
the present time, the commonly used CCD cameras operating in the visible part of the
spectrum use arrays containing between 500 x 500 and 1,000 x 1,000 discrete
elements. Some less common CCD cameras use arrays of 2,000 x 2,000 elements,
while currently the very best (and highly expensive) CCD cameras operating in the
visible part of the spectrum - which are very rare - employ an array of 5,120 x 5,120
detector elements. In this particular context, an individual element as small as 1pm
can be fabricated (Seitz, et al, 1995). By contrast, the size of the detector arrays used
in infrared CCD cameras is currently limited to 320 x 240 pixels with a pixel size of
50um. Although no vidicon tube is used in this type of camera, the rest of its design
and construction uses video technology with video circuits and signals; recording on a

VTR; and final image display on a video display monitor. Again this results in a
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technology that is very different to that of the familiar photographic camera and

requires investigation.

Real-time photogrammetric systems employing CCD cameras in the visible part of the
EM spectrum were first developed in the first half of the eighties (Haggren, 1984 and
1986; El-Hakim, 1986; Wong and Ho, 1986; Murai et al, 1986; Gruen, 1986). At the
same time, and in parallel with this development, a number of investigators have
analysed different aspects of the calibration of CCD cameras (Gulch, 1984 and 1985,
Curry et al, 1986). Accuracies of up to 0.1 pixel could be verified with these systems.
The increasing interest in the characterization and calibration of CCD cameras is
evidenced by the comparatively large number of research publications that have come
more recently from quite diverse scientific areas (Lenz, 1987; Luchmann, 1987; Tsai,
1987; Burner et al, 1990; Beyer, 1992; Fan and Yuan, 1993; Melen and Balchen,
1993). It will be seen from these investigations that self-calibration with bundle-
adjustment and direct linear transformation (DLT) methods are the methods that have
been frequently used with CCD cameras, rather than a pre-operational calibration of

the type familiar to photogrammetrists.

However, in Beyer (1992), the geometric calibration of a conventional CCD camera
operating in the visible part of the spectrum was carried out using a 3-D test field
consisting of targets placed on a wall and on an aluminium structure placed in front of
the wall. This was carried out with close-range photogrammetric applications in mind.
The targets used were black circles on a white background with a small dot in the
centre. However, at the analysis stage, self-calibration utilizing the bundle adjustment
method based on the use of collinearity equations was again employed. The additional
parameters that were utilised in the analysis of the calibration data were grouped into
those additional parameters modelling the interior orientation; those parameters which
model the inadequencies of the camera’s solid state detector array and its
synchronization; a set of paramaters modelling the camera’s lens distortion; a group of
parameters used to model other effects such as the arrays deviation from a flat surface;
and finally additional (fudge) parameters to absorb arbitrary deformations. Somewhat
surprisingly, it was found that radial lens distortion .was the largest and dominant
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systematic error present when calibrating this particular solid-state CCD camera. Of
course, it should be noted that the camera that was calibrated by Beyer had not been

built with photogrammetric applications in mind.

Thus as stated above, a small number of studies have been carried out to calibrate and
model the geometric characteristics of certain CCD cameras that operate in the visible
part of the spectrum. However, as yet, no research or development into the geometric
calibration of the recently developed CCD cameras operating in the middle infrared
spectrum has been carried out. So, this deficiency has been addressed specifically in

the present project through the calibration of a number of these cameras.

1.2.3 Thermal Video Frame Scanners

Thermal video frame scanners (TVFS) use photon detectors in which the object
space is scanned using optical elements such as oscillating mirrors and rotating

polygons, in combination with a complex optical telescope. These scan the scene from

~top to bottom and left to right in swaths depending on the available number of

detector elements. The relay lens or detector optics - which may comprise several lens
elements - takes the radiation emerging from the scanner optical system and focuses it

onto the sensitive area of a SPRITE detector.

As mentioned before, these frame scanners have a quite different geometry to that of
the optical-mechanical line scanners that are familiar from airborne and spaceborne
applications of remote sensing. These line scanners produce a continuous strip image
which, from a geometrical viewpoint, will have either a single cylindrical surface (in
the case of an optical-mechanical scanner) or a planar imaging surface (in the case of
a pushbroom scanner). In each case, the scanner images the object field in one
direction only, while the forward motion of the platform advances the scan pattern to
build up the final single continuous strip image. By contrast, a TVFS generates a
frame-type image that has the basic geometry of a spherical surface. By contrast with
line scanners, a TVFS scans the object in two dimensions in the object space using

two scanning mirrors or prism to produce video images which are not dependent on

10
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the motion of the platform. Thus, entire frames of image data are captured from a
single exposure station with the TVFS rather than a single line as in the case of the

line scanner.

However, it is quite difficult to calibrate a TVFS geometrically since it has a complex
optical system and there is no target plate or focal plane present in a video frame
scanner of the type present in vidicon or CCD cameras. Thus there is no possibility of
using a method such as an etched reseau grid as has been done with vidicon cameras.
As yet, the study of the geometric characteristics and the calibration of TVFS has only
been carried out by Amin (1986) at the University of Glasgow and published by Amin
and Petrie (1993 and 1994).

In that work, a special calibration plate which had a good thermal emissivity to ensure
a high contrast between the images of this plate and its background was designed and
built and this was then calibrated using a Ferranti monocomparator equipped with
high resolution (1um) linear encoders. The four commercially available video frame
scanners which have been used in Dr. Amin’s work were the Barr & Stroud IR-18
Mk-II, the GEC Avionics / Rank Taylor Hobson TICM II, the Rank Pullin Controls
RPC and the Agema Thermovision. The first three of these were designed mainly for
military surveillance and targeting applications; only the Thermovision was designed
for industrial and medical applications. The images of the target plate which were
taken by these TVFS imagers for calibration purposes were measured on a video-

based monocomparator first devised and described by Petrie (1983).

The set of coordinate values derived from the calibration of the plate using the
Ferranti Monocomparator were regarded as being error free. The second set of
coordinates from each of the scanner images that had been measured using the video
monocomparator contained the various distortions generated by the operation of the
frame scanner including lens distortion and those displacements generated both by its
basic system geometry (i.e. its spherical image plane) and any deviation from its
nominal operation, e.g. by its scanning elements. These two sets of coordinate values

were analysed using a polynomial transformation which was implemented as a

11
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flexible computer program As result specific correction polynomials were
identified and used to compensate for the effects of geometric distortion when

measuring video frame scanner images.

As can be seen from the above account, the only overall study of a TVFS from the
photogrammetric point of view has been carried out by Amin (1986). No similar work
with the new generation of TVFS developed over the last decade has been carried out.
Therefore, the geometric calibration of these recently developed devices will also be

carried out within the present project.

124

The general lack of geometric integrity of infrared imagery when compared to the
images produced in the visible part of the spectrum often precludes its use as a source
of metric information, e.g. for precise mapping. It is then often used solely for its
radiometric information content. In order to obtain accurate radiometric information
from the image data produced by, the infrared imager, it must be calibrated
radiometrically. In practice, the mﬂmmﬂnc_chamﬂczmtms of infrared video

cameras and scanners have a major impct on the performance and accuracy achievable

by an imager. Noise and signal non-uniformities are important parameters of all

* imagers. Indeed the overall performance of an infrared imager is, to a considerable

extent, governed by those parameters. Although not all of these parameters can be

corrected for, if at all poss1ble, the amount and significance of each parameter has to

be determined to venfy, the) capabxlity/ f:,‘\spec1ﬁc imaging systems to carry out

photogrammetric measurements:

In this context, Kosonocky et al (1985( zand Hou et al (1995) have investigated the
non-uniformity of the radlometnc oharactenstlcs of infrared CCD cameras. They have

developed and used:a two pomt ‘ho: ‘_'umformlty correctlon algorithm in their work.

The authors reported! that the‘ "resultmg correctlon reahsed at least a six-fold
1mprovement in the value of the staudand dev1at10n of grey values of the pixels and

the image quality; mcreased"

1 th use,of an increasing number of averaging
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frames. It will be very interesting to investigate whether such a startling improvement

can be realised with other infrared imagers, besides those used by these researchers.

1.3 Research Objectives

Having set out the context within which the author’s research project has been
conducted, it is then possible to set out the objectives that it was hoped could be
achieved by the project. The aim of this research is, first of all, to carry out the
geometric calibration of (i) vidicon cameras, (ii) the new generation of video frame
scanners and (iii) those CCD cameras which operate in the middle and thermal
infrared parts of the EM spectrum. As discussed above, some investigations have been
carried out into the calibration of vidicon cameras used from space. However, so far,
no work has been carried out to determine the geometric distortions of thermal
pyroelectric vidicon cameras. Similarly investigations have been made which have
determined the geometric calibration of CCD cameras, but the goal here is to carry out
work on imagers operating in the middle region of the infrared spectrum.
Furthermore, the geometric calibration of the new generation of video frame scanners
that operate in the thermal part of the infrared spectrum also forms part of the research

project.

After this, the radiometric calibration of these devices will be carried out. As can be
seen from the above account, some limited studies have been conducted into the
radiometric calibration of infrared CCD cameras. However, to the author’s knowledge
no work has been published on the radiometric calibration of the pyroelectric vidicon

cameras and thermal video frame scanners.

Thus, the main objectives of the research project that will be described in this

dissertation concerned three main aspects:-

@) The geometric and radiometric calibration of thermal pyroelectric vidicon
cameras;

(ii) The geometric and radiometric calibration of infrared CCD cameras; and

13
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(iii) The geometric and radiometric calibration of thermal video frame

scanners.

1.4 Qutline of the Thesis

The overall structure of this dissertation is that it should first review the different
fundamental aspects of infrared imaging from a photogrammetric standpoint. These
have been covered in the first part of the dissertation (in Chapters 2 to 7) including the
optical materials and components, electronic detectors and video technology
employed in infrared imagers. This is followed in Chapters 8, 9 and 10 by a detailed
description and analysis of the geometric and radiometric characteristics of each of the
various types of infrared imager that are currently available. These ten chapters
comprise Volume 1 of this disssertation and provide the solid background needed to

understand the fundamental basis and operation of infrared imagers.

In Volume 2, the automatic image measuring techniques that have been developed for
use in this project are first covered in Chapters 11 and 12 and this is followed in
Chapter 13 by a description of the experimental procedures actually used in the
geometric and radiometric calibration work undertaken within the project. Finally (in
Chapters 14, 15, 16 and 17) the results of all this calibration work on a wide selection

of imagers are given, followed by recommendations for future work in this area.

Thus, in total, there are 16 chapters contained in the dissertation in addition to this
introduction. More specific descriptions of the content of these individual chapters are

as follows:

- Chapter 2 deals with the fundamental physical theory on which infrared imaging
systems are based. It also reviews the physical properties of the middle and thermal
infrared bands of the electro-magnetic spectrum in which commercially available

infrared imaging systems operate.

14
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- Chapter 3 outlines the main characteristics of the optical materials and components

that are used in the design and construction of infrared imaging systems. It also
discusses the main impacts of these components on the images produced by such
systems and their potential effects on the geometric and radiometric calibration of

these imagers.

- Chapter 4 describes the different methods of detecting and measuring the infrared

radiation that is used to create an image in the middle and thermal infrared regions. It
also presents the main design characteristics of the two-dimensional detector arrays

that are now being employed widely in CCD-based infrared imagers.

- Chapter 5 explains the main concepts of the video technology that underlies
infrared imaging systems and has been used throughout this research work - in that the
imaging systems, the recording and display devices are all video-based. It also gives
information about the resolution and geometry of video images and the distortions

that stem from the individual parts of the video system.

- Chapter 6 describes the commonly used standards for the analogue video signals

utilised for monochrome or colour signal transmission and displays. It also covers the
synchronisation and transmission characteristics of the monochrome video signals that
are output from infrared video imagers. The main radiometric and geometric
properties of video signal transmission and synchronisation and their main influences
on the infrared images that will be used for calibration purposes have also been

discussed in this chapter.

- Chapter 7 deals with the pre-processing and synchronization of video signals and
their analogue-to-digital (A/D) conversion using the frame grabber. It also reviews the
frame grabbers with their characteristics that have been used in this project. The
digital-to-analogue (D/A) conversion of digital images to display them on a video
monitor and the processing hardware required for this operation have also been

examined and analyzed in this chapter.
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- In Chapter 8, those video tube

operate in the infrared region of the EM spectrum and produce planar images are
described. The chapter also presents a summary of recently produced and
commercially available imaging systems for each type of imager in conjunction with

tables that review the main characteristics of these devices.

- Chapter 9 explains firstly the design and construction of infrared optical-
mechanical line scanners with an emphases on their geometric characteristics. It also
gives the main features of the line scanners that are operated in the airborne and
spaceborne applications in outline only - since they fall outwith the scope of this
research project. This chapter describes secondly the thermal video frame scanners
(TVFSs) that are used extensively in thermal imaging applications, together with the
main factors concerning their operation in more detail - since they fall very fully
within the sope of the author’s research project. It also compares and discusses the
different scanning actions of line and frame scanners, and their implications for the

geometry of the resulting images, in particular, the spherical surface geometry of the
TVFS.

- Chapter 10 discusses the geometric and radiometric characteristics of the various
infrared imaging systems that are the main concern of this thesis and which should be

established and corrected by the geometric and radiometric calibration procedures.

- Chapter 11 explains the automatic image matching method which has been used in

this project to measure to sub-pixel level the centres of the cross targets used to
calibrate the infrared imagers. It also summarizes and discusses other matching

techniques which have been developed up to till now.

- Chapter 12 presents the algorithms and procedures used in the computer

programming of the automatic image matching procedure. It also gives the results of
testing this program with the thermal images obtained using a TVFS during a
previous research project carried out in this Department. Furthermore it reports on the

results obtained in actual accuracy tests using these images and comments on the
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experience gained: in the" vdevel()p,mentf and use of this computer program. The
measurement of the same imagés ’us‘ing a manual mensuration method is also given in
this chapter which finishes with a discussion on the advantages of using the automatic

method over the manual method.

- Chapter 13 describes the actual experimental procedures used in the geometric and
radiometric calibration of the infrared imaging systems in association with the design
of a new target plate. It also gives an overview of the various stages involved in the
computer processing of the image data and reviews the enhancement of the digital

infrared images usmg Adobe .Photoshop 3 processmg package. The analyses of the

image data collected durmg th ; geometrlc and radlometnc calibration have also been

outlined and exammedhn (thlslb apter

- Chapters 14, 15, 16 and 17 present the results from the geometric and radiometric

calibration of a representative selection of infrared CCD cameras and thermal video
frame scanners. A much wider analysis of these results has also carried out for each of
the imagers involved in this calibrgtion activity. Each chapter also attempts to explain
the reasons for the occurranée':c‘if;‘the_ .ge‘ometn'c and radiometric distortions which are

present in the infrared images and discusses the elimination of these distortions using

| suitable methods.

- Finally, Chapter 18 forms the conclusion to this dissertation. It summarizes the
overall results of this research project and gives recommendations for future work.

17
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CHAPTER 2: FUNDAMENTAL THEORY UNDERLYING INFRARED
IMAGING SYSTEMS

2.1 Introduction

Infrared imaging is a technique for converting a scene’s infrared radiation pattern -
which is invisible to the human eye - into a visible image. Its usefulness is due to four
main factors:-

(1) It is a totally ive technique, requiring no external source of illumination.
This allows day and night operation, and covert sensing without need for an
external illumination source.

(ii) It is ideal for the detection of hot or cold spots or of areas and objects of
different infrared emissivities, within a scene.

(ili) Infrared radiation can penetrate smoke and mist more readily than visible
radiation, allowing visually obscured objects to be detected.

(iv)  Itis areal-time, remote sensing technique.

The poteritial uses of infrared imaging are wide ranging, and currently include civil,
industrial, medical, scientific and military applications. In this chapter, the
fundamental theory on which infrared imaging is based will be dealt with in some

detail.

2.2 Nature of Electromagnetic Radiation

One important point of controversy in physics over the last 250 years has concerned
the nature of electromagnetic radiation. Newton, while not explicitly rejecting the idea
that light was a wave-like form of energy (the wave theory) inclined to view that it
comprised a stream of particles (the corpuscular theory). Newton’s early studies
culminated in 1704 in his comprehensive mathematical treatment of the major
properties of refraction, diffraction, interference, polarization and dispersion in his
book “Opticks”. In this seminal work, Newton did much to establish and advance the
field of optics. Nevertheless, his book did inhibit further progress to some extent
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because of his bias toward the corpuscular theory of light. Newton’s reputation,
gained deservedly through his triumphs in formulating calculus and mechanics,
helped to prevent more accurate or alternative theories of optics from being taken
seriously for some time. Indeed his elegantly constructed but fundamentally
inaccurate picture of the nature of light dominated the serious study of optics for an

entire century.

In 1678, Christian Huygens had already postulated the wave theory of light
mathematically. He proposed that “if a point of the ether is illuminated by a ray of
light, it produces a disturbance, or ‘wavelet,’ that fans out in all directions, forming a
spherical wave. The ‘envelope’ created by the common convolute of all these
wavelets becomes a new ‘wave front’ of the light ray.” From the geometric
construction of this principle, Huygens derived the laws of reflection and refraction.
He concluded that the index of refraction of any medium is the ratio of the speed of

light in a vacuum to its speed in that medium.

Newton’s particle theory and Huygen’s wave theory remained in strong competition
for scientific acceptance until the mid-nineteenth century when James Maxwell
combined light with other types of electromagnetic waves and devised his

electromagnetic equations.
A decisive experiment performed in 1803 by Thomas Young, a London physician,
demonstrated that a monochromatic beam of light passed through two pinholes would

set-up an interference pattern resembling the wave patterns of water when disturbed

by an object falling into it ( Fig. 2.1).

Fig 2.1. Wave nature of light (Feinberg, 1968).
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At about this time, Fresnel and Arago also came forward with the correct
interpretation of an experiment previously performed by Huygens. They showed that
the light transmitted by Huygen’s blocks of calcite crystal is polarized and therefore
the light waves could not be longitudinal compression waves as Huygens had thought
but must be transverse waves oscillating at right angles to their direction of

propagation (Fig. 2.2). All of this activity gave additional credence to Huygens’ ideas.

plane of polarization

magnetic field

transmission direction

= Fig. 2.2. Electro-magnetic radiation (Murai, 1993)

Indeed this elucidation of the wave nature of light fitted nicely into the
electromagnetic theory propounded later in the 19th Century by James Maxwell. In
his theoretical studies, light is described as a rapid variation in the electromagnetic
field surrounding a charged particle, the variations in the field being generated by the
oscillation of the particle. As such a varying field, light took its place beside a number
of other forms of radiant energy that had been described earlier in the 19th Century.
These different kinds of electromagnetic radiation - radio waves and infrared radiation
on one side of the spectrum of visible light and ultra-violet radiation and X- and

gamma rays on the other - correspond to the different rates of variation of the field.
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Thus in Maxwell’s theory, light appears not as an independent element in nature but

rather as an aspect of electromagnetism.

The momentous developments in physics in this century have first re-opened and then
resolved the wave-particle controversy. Whereas the association of light with
electromagnetism remains valid, the interpretation of this connection has changed. It
has been shown that certain of the wave properties of light such as interference and
polarization are also exhibited under suitable circumstances by the sub-atomic
constituents of matter such as electrons. Conversely, it has been shown that light, in
its interaction with matter, behaves as though it is composed of many individual
bodies called photons, which carry such particle-like properties as energy and

momentum.

In 1900, Max Planck was concerned to explain the relation between wavelength and
the intensity of the radiant energy emanating from a hot body. According to classical
electromagnetic theory, the intensity was supposed to increase as the square of the
frequency; by this reckoning, an almost infinite amount of energy should be radiated
at the higher frequencies or shorter wavelengths. However, actual measurements had
shown a quite different distribution of intensity with respect to wavelength for any
given temperature. Planck devised an empirical formula that described this
distribution (Eq. 2.1). It contained a constant, the value of which Planck choose in
order to produce the best agreement with the observations. To explain why this
formula should work, he had to assert that light must change its energy with the
matter of the hot body in terms of quanta. His equation showed that the amount of
energy (E) in each quantum would be equal to the frequency (f) multiplied by the

constant h = 6.63x10™* Joule-second.
E =hf (joules) 2.1
In 1905, Albert Einstein extended Planck’s quantum concept further. He asserted that

not only is the energy of the light exchanged in quanta; the energy of the light beam is

itself always divided into discrete quanta. His argument was based on his analysis of
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the photoelectric effect: This effect is the best known example of the quantum nature
of electromagnetic radiation. When electromagnetic radiation falls on a solid,
electrons may be ejected from the surface. These electrons constitute a measurable

electric current called a photocurrent. The photocurrent has three properties:-

Characteristic 1. The current is proportional to the intensity of the radiation.
Characteristic 2. The kinetic energy of the electrons depends only on the frequency of
the radiation and not on its intensity.

Characteristic 3. There is no current below a certain threshold radiation frequency.

Einstein was able to explem these effects, for which he won a Nobel Prize in 1921.
His theory begins by stating that electrons require a certain minimum energy to escape
from a solid and that this energy is eg, where e is the electronic charge and ¢ is the so-
called work function of the material. As in Planck’s radiation theory, in Einstein’s
description, when a quantum of radiation, or photon, is absorbed by an electron, it
gives the electron energy equal to hf, where h is the Planck’s constant and f is the
frequency. The intensity of the radiation (i.e., the energy per second per unit area) is
proportional to the number. of photons per unit time falling on a unit area of the

surface. The photocurrent is proportional to the number of electrons ejected by

absorbed photons per unit time per unit area. Thus the photocurrent is proportional to

 the intensity (Characteristic 1).

.. The energy given to a photoelectron is equal to the photon energy, which is in turn

proportional to the energy Thus the hneug_ene[gy of the ejected electrons, KE, is
KE-ht-ch o““’> | @2

(Characteristic 2). |

When KE =0 in Eq. 2.2, f = e¢'»/ h; andan electron is enlitted with no kinetic energy.

If fis less than e¢/h; the electrons w111 not be given sufficient energy to do the work to
escape, and there w1ll be no photoourrent (Cha;ag_tgns_t&l)
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This is the principle upon which the photon detectors used in semi-conductor solid-
state imaging devices are based. The photons simply raise the energy of the electron
from the valence band, where they are immobile, to the conduction band of the semi-
conductor, where the electrons are free to move under externally applied voltages.
Electrons may also be given energy thermally, and this contributes noise to the
detection system. Hence most solid-state detectors must be operated at the extremely

low temperatures produced by cooling devices to achieve maximum sensitivity.

According to the above account, from the point of view of quantum mechanics,
electro-magnetic radiation is both a wave and a stream of particles. The wave-like
characteristics of electromagnetic radiation allow the distinction to be made between
different manifestations of such radiation (for example, between microwave and
infrared radiation). However, the particle-like properties of the radiation allow us to
understand the interactions between electromagnetic energy and the Earth’s
atmosphere and surface at an atomic and molecular scale (Mather, 1987; Lintz and
Simonett, 1976).

23 Ch isti Electroma ic Radiation

In the context of imaging and remote sensing, the important parameters characterizing
the electromagnetic radiation being sensed and measured by an imaging device are the
frequency (or wavelength), the amplitude, the direction of propagation and the
polarization (Cracknell and Hayes, 1991).

Waves can be described in terms of their frequency, which is the number of cycles or
waveforms per second or Hertz (Hz). Frequency corresponds to the colour of an
object in the visible region which is given by a unique characteristic curve relating to
the wavelength and the radiant energy. In the microwave region, information about
objects can be obtained by a passive microwave radiometer operating between the
wavelengths A= 0.1cm and A=1.0m using an antenna to pick up the radiation instead

of an optical system.
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Alternatively, the concept of wavelength can be used (Fig. 2.3). The wavelength is the
distance between successive peaks (or successive troughs) of a waveform, and is
normally measured in metres or fractions of a metre. Basically both measures -
frequency and wavelength - convey the same information and are often used
interchangeably. The symbol used for wavelength is the Greek letter lambda (A). The
number of wavelengths per second is the frequency (f) of the waveform. Frequency (f)
and wavelength (A) are related by the speed of electromagnetic radiation (c) which is
constant at 2.998 x 10% metres per second (Eq. 2.3).

c=Af (metre /second) (2.3)
Another useful measure is the period (P) of the waveform; this is the time, in seconds
or fractions of a second, needed for one full wave to pass a fixed point. The

relationship between wavelength, frequency and period is given by:

P=A/f (second) 2.4)

(a) l.. Wavelength ...
? )
Amplitude I/\ /\ Large Amplitude
! - e Medium Frequency
‘ \/ \/ Medium Wavelength
§

TINNAN NN N S
\./ \/ \_/ \/ \/ \/ \/ Short Wavelength

() Medium Amplitude
-~ ’ Low Frequency
\ Long Wavelength

Fig. 2.3. Amplitude, frequency, and wavelength (Campbell, 1996).
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The amplitude (A) of a wave is the maximum distance on the vertical axis attained by
the wave from its mean position (Fig. 2.3). The amount of energy, or intensity, of the
waveform is proportional to the square of the amplitude. The amount of energy
carried by the waveform, or the squared amplitude of the wave, is defined for a single
photon by Planck’s equation given in Eq. 2.1. The amplitude and the linearity of the
transmission direction give the information about the spatial location and shape of the
object.

The plane of the polarization is influenced by the geometrical shape of object in the
case of reflection or scattering in the microwave region. In the case of radar, the use of
horizontal polarization and vertical polarization produce different responses in a radar

image.

2.4 Electromagnetic Wavebands

The Sun’s light is the form of electromagnetic radiation that is most familiar to human
beings. In most situations, the light that is reflected by physical objecté travels in a
straight line to the observer’s eye. On passing through the lens and reaching the retina,
it generates electrical signals that are transmitted to the brain by the optic nerve. These
signals are used by the brain to construct an image of the observer’s surroundings.
This is the process of vision which is closely analogous to the process of imaging
performed by an imager or remote sensing system. Visible light is so called because it
can be detected by the eye, whereas other forms of electromagnetic radiation cannot.
Newton investigated the nature of light, and came to the conclusion that it was formed
by the sum of separate colours. Later, the astronomer Herschel demonstrated the
existance of electromagnetic radiation beyond the visible spectrum of red, orange,
yellow, green, blue, indigo and violet. He called the non-visible radiation “infrared”
(IR), meaning “beyond the red”. It was subsequently found that electromagnetic
radiation also existed beyond the violet end of the visible (V) spectrum; this form of
radiation became known as ultra-violet (UV). Then other forms of electromagnetic
radiation, such as X-rays and radio waves were soon discovered and eventually it was

realized that all were different manifestations of the same kind of radiation which

25



Chapter 2: Fundamental Theory Underlying Infrared Imaging Systems

travelled at the speed of light in a wave-like form. The set of all electromagnetic
waves is called the electromagnetic spectrum, which includes the range from the long
radio waves, through the microwave and infrared wavelengths to visible light waves

and beyond to the ultraviolet and to the short-wave X- and gamma rays (Fig. 2.4).

2.4.1 The Infrar

The wavelength (L) limits of the infrared spectrum are generally considered to lie
between the red limit of the visible region at A=0.7um to approximately A=1,000pm

(1mm). It is usually divided into four distinct regions, called respectively:-

@) the near infrared region (NIR), from A=0.7 to 1.5um,;
(i)  the middle infrared region (MIR) covering wavelengths (A) from 1.5 to 5.6pum;

(iii) the far infrared (thermal) region (FIR), with wavelengths (A) from 5.6 to
15um; and

(iv)  the extreme infrared region (EIR), stretching from A=15 to 1,000pm.

Wavelength (um)
—_—
3x10°  3x10° 0.01 04 07 15 56  15um 0.1cm 1.0m 3x10°m
| |
- 1
Gamma | X-Rays Ultra- S| E g L= ; Extreme | Microwave | Radiowaves
. ..t’.’.. :’z :’»—-- q.’(b
Rays violet | S| S o|Ssa |® a Infrared
FI5858 28
o
=T I -9 L
I
03 " 15pm 0.3 15um -
Photographic Region Optical Region
] ] ] | | I | = IL
3x10®  3x10"°  3x10™ 3x10”  3x10' 3x10° 3x10° Hz
Frequency (Hz)
‘——

Fig. 2.4. Electromagnetic spectrum (Amin, 1986)
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2.5 Basic Laws of Infrared Radiation

The amount of radiation emitted from an object at a certain wavelength is related to its
temperature and to its emissivity. The higher the temperature of the object, the more

infrared radiation that will be emitted from it.

Material that absorbs all incident energy, converts it to heat energy, transforms the
heat back into radiant energy and emits it at the maximum possible rate allowed by
the thermodynamic laws is known as a blackbody or a perfect thermal emitter.
Kirchhoff demonstrated in 1860 that a perfect emitter is also a perfect radiator. The
total radiant cmmsmty e of a partlcular surface is defined as

e=1/1, (2.5)

where I is the total radiant power per unit area emitted from the surface of an object

and I, is the radiant power generated by a blackbody at the same temperature.

All the laws of physics applyiﬁg'to the infrared part of the electromagnetic spectrum
which will be given below have been derived for and apply to a blackbody with an

| emissivity of unity, that is equal to 1.0. However, most bodies encountered in practice

" are not perfect blackbodies. They are greybodies that radiate or absorb less radiation

than a blackbody would at the same temperature. Thus, their emissivity is always less
than unity. Therefore the ermssmty 1s an mdlcatlon of the greyness of the radiating
body. The lower the emlssmty,,theJ greyer the body; the higher the emissivity, the
blacker the body. Because offthese emlssmty variations, it is possible for objects to

be at the same temperature a.nd syet have completely different emissivity values.

Since the radiant: emlttance of« anyf substance can be expressed as the product of its

emxss1v1ty and the radlant emxttance/ of a. blackbody, an accurate theoretical

representation of the latte”"" juan "voff great importance. Nineteenth Century
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physicists were unable to derive an equation that represented the emission from a
blackbody. The problem was solved in 1901 by Planck. According to his blackbody
law, the relationship between the radiation intensity, spectral distribution and

temperature of a blackbody is

W,dA = {2nhe / [A>(exp(hc/AKT) - 1)]} dA Watt.cm™.pum™ (2.6)
where:-
W, is the amount of radiation emitted by the blackbody in the wavelength range A
to A+dA;

T is the absolute temperature (K) of the blackbody;
A is the wavelength (um) of the emitted radiation;

h is Planck’s constant (= 6.63 x 10”* Joule.s);

c is the velocity (m/s) of light; and

k is Boltzmann’s constant (= 1.38 x 107 Joule. K™).

The spectral radiant emittance for a blackbody at various temperatures is shown in
Fig. 2.5. It can be seen that, as the temperature of the blackbody increases, the

intensity of the emitted radiant energy increases rapidly.

2.5.2 Wien’s Displacement Law

Another result from Fig. 2.5 is that, as the temperature increases, the wavelength of

the peak emission decreases. This given by Wien’s displacement law:
AnT=A pumK 2.7

where:-

Am is the wavelength at which W, 1, is a maximum;
A is the constant (A = 2898 um.K); and

T is the absolute temperature (K) of the blackbody.
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Fig. 2.5. Planck’s law for the spectral radiant emittance of a blackbody at infrared
wavelengths (Burnay, et. al., 1988).

For an object at an ambient temperature of 290K, A, occurs at 10pum, while for a high
temperature such as 1,000K, A, is about 3um. Thus the waveband 1.5 to 15um, in the
middle or far infrared region of the electro-magnetic spectrum, contains the maximum

radiative emission that can be used for infrared imaging purposes.
2.5.3 Stefan-Boltzmann Law

The total radiant emittance from a blackbody at the absolute temperature T is obtained

by integrating W, dA in Eq. 2.6 with respect to A between the limits A=0 and A=
infinity.

W=,,/" W, d\=0oT (2.8)
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where:-

W is the total blackbody radiant emittance, measured in watts.cm™ of the
radiating surface;
is the Stefan-Boltzmann constant, equal to 5,673 x 1012 watt.cm'z.K4; and

is the absolute temperature (K) of the blackbody.

It can be seen from Eq. 2.8 that the total radiant emittance of a blackbody increases as

the fourth powef of the temperature of the blackbody.

2.6 Atmospheric Transmission

The atmosphere influences the EM radiation in two main respects - firstly by
scattering and secondly by absorption. Scattering of the incoming radiation generated
by the Sun and passing to the Earth and of the reflected radiation from the Earth’s
surface is caused primarily by tiny particles of dust, smoke, pollen and water
suspended in the atmosphere. On the other hand, absorption occurs ﬁrimarily as a
consequence of the attenuating nature of molecules of ozone (O,), carbon dioxide
(CO,) and water vapour (H,0) in the atmosphere. Since these gases absorb EM
radiation in specific wavelength bands, they govern the particular region of the

spectrum that can be sensed by an airborne, spaceborne or terrestrial imaging device.

Regions of the spectrum that are highly transmittive are referred to as atmospheric
windows. It can be seen from Fig. 2.6 that the atmosphere is highly transmittive in the
visible part of the spectrum (A = 0.4 to 0.7um). Other atmospheric windows present in
the infrared part of the spectrum cover the wavelength ranges 0.7 to 1.3um in the
near-infrared; 1.5 to 1.8um; 2.0 to 2.6um; and 3.0 to 5.6pm in the middle infrared and
8.0 to 14.0um in the thermal infrared region.
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Fig. 2.6. Atmospheric windows (Amin, 1986)

2.7 Total Scene Radiation and Contrast

When radiation is incident upon a body that is not a blackbody, some of it is
transmitted, some is absorbed, and some is reflected. Thus, the ratios of each of these

relative to the strength of the incident radiation must add up to unity:

atPf+t =1
or
(Dasborbed + cI)reﬂected + (Dtransmitted = (Dincidcnt (29)
where:-
a= (Dasborbed / (Dincident = absorptlon;
B = Drefrected / Pincident = reflection; and

T= q)transmitted / (Dincident = transmission.

During daylight, the radiant energy from the Earth consists of two components -
reflected solar radiation and emitted object radiation. Within the infrared region, it is
apparent that, as the wavelength increases, the emitted infrared component becomes
progressively more significant. As can be seen from Table 2.1 and Fig. 2.7 below, the
main source of radiation in the near infrared region is the reflection of energy from the
Sun incident upon the object. In the middle infrared region, the reflected solar
radiation still represents about 80% of the total radiation from the object. In the far
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infrared, the emitted! énérgy,’ reprcs'ents_ nearly 100% of the total energy from the
object. Reflected sdnli'glht'\will'l'iave negligible effect on this region.

Wavelength band (um) Solar radiation (watt.m™) Emitted radiation (watt m™)
0.3-3.0(UV, V,NIR) 750.0 0

3.0- 5.6 (MIR) 240 6

5.6-15.0 (TIR) 15 150

Table 2.1. Radiation from the Earth in the ultra-violet; visible; near, middle and
thermal infrared bands of the spectrum (Amin, 1986).

Radiation’
(watt.m®)

Reflected Solar Radiation ¢ /" - " ol

=

750

Emitted Object Radiation
150

24

0.5 3 5.6 10 15 wavelength(um)

Fig. 2.7. Reflected and emitted component of the Earth radiation

A infrared image arises from the measurement of the temperature variations or
differences in emissivity that occur within a scene. The equivalent temperature
differences may be fractlons ‘Of(_ llPC a,t/ the ;mean temperature existing in the scene.
Therefore the ggm;:asi ‘m‘_ . |

ed lmage wﬂl be small when compared with the

.

visible image contrast whxoh' due , \dlfferences in reflectivity. As can be seen from

Table 2.2 below, the mldﬂle mfrarcd reglon (A= 3 to 5.6um) has the greatest contrast

since it also contain reﬂectcdtsolar radlatlon as well as emitted object radiation. This
region also has- the advantages that thc dlameter of the optics required to obtain a
certain optical resolutlon 1s smaller; and that the detectors may be operated at a higher

temperature than is usual in: the far mﬁ'ared reglon (A = 5.6 to 14um). However, the
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far infrared region has the advantage of higher sensitivity to ambient-temperature

objects and better transmission through mist and smoke due to its longer wavelength.

Wavelength band (um) Contrast (AE / E)
3to5 0.039
8to 14 0.017

Table 2.2. Contrast in the middle and thermal infrared bands (Burnay et. al., 1988)

2.8 Conclusions

In this chapter, the basic physical theory, on which infrared imaging systems are
based, has been discussed in some detail. In addition, the physical properties of the
middle and thermal infrared bands of the electro-magnetic spectrum in which
commercially available infrared imaging systems operate have been fully described. In
the next chapter, the optical components and materials that are used in the infrared

cameras and scanners will be discussed in some detail.
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CHAPTER 3: INFRARED OPTICAL MATERIALS AND COMPONENTS

3.1 Introduction

In the previous chapter, the basic physical theory that applies to the middle and
thermal infrared bands of the EM spectrum and is relevant to the author’s project has
been explained in some detail. Following on from this discussion, this chapter will
discuss the main optical materials and components that are used in the design and
construction of infrared imaging systems along with their main influences on the
images produced by such systems and their potential effects on the geometric and

radiometric calibration of these imagers.

It is clear that the characteristics of those optical materials and components that are
employed in infrared imagers are critical when assessing the performance of these
imagers. Since they have properties that are very different to those used in optical
imaging systems operating in the visible part of the spectrum, these need to be

discussed in some detail.

Essentially the chief differences between infrared optical and visible optical designs
and elements lie in two areas. First, many materials that are transparent in the visible
part of the EM spectrum and can be used as optical components in imagers operating
in this band are not transparent throughout the infrared part of the spectrum. By the
same token, there are other materials that exhibit useful transmission in the infrared
regions which are not transparent in the visible. As a result, a quite different collection
of transmittive materjals has had to be assembled, developed and tested for use the
infrared part of the spectrum. A second set of factors that are different for infrared
optical systems are those resulting from the magnitude of the wavelength of the
radiation that is being utilised for the generation of the images. Certain limitations in
the imaging characteristics of infrared optical systems due to aberrations and
diffraction effects are functions of the much longer wavelengths of the radiation used

in the imaging process. In this chapter, these two matters will also be discussed in

more detail.
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3.2 Infrared Optical Materials

It is unfortunate that ordinary silicate-based glass does not transmit radiation beyond a
wavelength (A) of 2.5um 1n the infrared region; thus the designers of the optics of
infrared imagers have had to rely instead on much less commonly available materials
that are often difficult to fabricate into optical components such as lenses and prisms.
The range of infrared transmitting materials that are potentially available for use as

windows, lenses and prisms is shown in Table 3.1.

Type of material A=3to5um A=8to 14 um
Alkali halides - KCL, NaCL, CslI
Other halides BaF,, LiF, MgF, KRS;, PbF,, ThF,

Glasses Si Ge, GaAs, InP, GaP
Chalcogenide glass ———- ZnS, ZnSe, CdS, CaLaS
Oxides, Nitrides and other Al Q,, SiN, SiC, ZrO, Y,0, ———-
refractory materials

Table 3.1. Potentially useful infrared transmitting materials (Burnay et al., 1988).

(a) Although the alkali halides have excellent infrared transmission, they find little use
outside the laboratory environment because of their sofiness and their solubility in
water. Their most important application is to act as a prism material in infrared

spectrometers.

(b) Among the other halides, PbF, and ThF, find applications in coatings rather than
in optical components. This is because PbF, is soft and ThF, is radioactive, and
neither would be suitable in bulk form for use as optical components. Magnesium
fluoride (MgF,) is used for the windows of infrared imaging systems operating under

severe environmental conditions, where high surface temperatures are encountered.
(c) Germanium and silicon glasses have been used extensively as lens materials in

infrared imaging systems. Silicon is usually used in devices operating inthe A =3to 5

pm middle infrared band. It is cheaper than germanium and easier to obtain. However,
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it is not as highly transmittive as germanium in the A = 8 to 14 um thermal band. On
the other hand, germanium possesses most of the characteristics required for thermal
imaging. It can be used either in the middle infrared or in the far infrared band.
However, its refractive index has a high temperature dependence and so the telescopes
or lenses in practical imaging systems using germanium optics may need to be

athermalised.

Germanium is of little use above 100°C. The reason for this is that the transmission of
infrared radiation in this material at these higher temperatures is reduced through the
increase in the number of free carriers generated in the germanium crystalline
material. In this context, gallium arsenide may be used in the A = 8 to 14pm region at
temperatures up to 200°C, although at present, the supply of gallium arsenide in
adequate sizes is severely limited and is very expensive mainly due to the high cost of
gallium. It is however, rare in most industrial applications for the front window of an
infrared imager to become as hot as 100 to 200°C. So germanium optics are widely

used in infrared imagers.

(d) Of the chalcogenides, only three have been developed to any extent. These are
zinc sulphide, zinc selenide and chalcogenide glass. Germanium becomes too
absorbing above about 70°C so that the most favoured candidate materials are gallium
arsenide (GaAs) and zinc sulphide (ZnS). As discussed above, GaAs is useful at
temperatures of up to 200°C but it is very expensive and is only likely to find limited
use in certain special applications. Zinc sulphide is therefore the most likely material
in this group to be used in an infrared optical system, but it does suffer ﬁom
transmittance limitations in the range A = 8 to 10um, particularly when hot (Savage,
1985). Zinc selenide has far better transmission in the range A = 8 to 12um and is the
preferred material for many low-loss infrared applications. However it is softer than
zinc sulphide and is far more expensive, both of which are factors that tend to limit its
general application. Chalcogenide glass has poor thermal shock properties and it is
difficult to make it optically homogenous. For this reason, it has not been exploited to

the extent originally anticipated. The other compound in the list of chalcogenides,

namely calcium lanthanum sulphide, is still under development. It is harder than zinc
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sulphide and has better }opt‘ieal.tfansmission, and could, in the future, become a
replacement for zinc sulphide, although there is some doubt about its thermal shock

properties.

(e) The refractory materials listed in Table 3.1 have been developed mainly for special
purpose high-temperature military applications and, apart from sapphire (aluminium
oxide), they are unlikely to be used in civilian or industrial applications of thermal
imaging. Sapphire is one of the hardest of the oxide crystals and maintains a good
strength at high temperatures. It possesses good thermal properties and excellent
chemical durability. Therefore it would appear to be an ideal candidate for the
windows of infrared i lmagmg systems But there are two main problems associated
with AL0;. One is that the matenal 1s'd1fﬁcult to shape into components because of its |
high strength and hardness, and the other is that its properties are anisotropic because

it has a hexagonal crystal structure.

3.3 Optical Arrangements

The optical arrangements that are ,ueed in infrared imaging systems are, in some ways,

stmilar to the optical arrangements used in visual systems such as a camera or

telescope. In these devices, the optical configuration of the lenses or mirrors that

| initially focus the radiation from the object to form an image on the photosensitive

surface is termed the gbjective. This may need to be supplemented by internal
focussing lenses to achleve a sharp .focus of the image in the image plane - especially
if the objects that have to be 1maéed 11e at different distances from the imager as in
close-range photogrammetry: Alternatlvely and more commonly - the objective itself
may be used as the focussmg element of the imager - in which case, it will affect the
geometric calibration when iti tls reset Thus a complete calibration should give a range
of image distance values eorrespondlng to the range of focus settings of the objective
lens. A potential problem'that can arise comes when the objective lens is shifted

during focussing. If. the movement of the lens i is not true, due to shortcomings in the

manufacture of its housmg and / or\ of the rack and pinion or helical screw thread
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mechanism used to control its motion, then the optical centre of the lens may drift off

the optical axis.

If the telescope is to be used by a human observer, an additional optical arrangement
called the ocular, or eyepiece, is needed to allow the image plane to be seen by the
eye. Such an eyepiece usually contains two components - the field lens and the eye
lens. The field lens serves to divert radiation from the outermost parts of the field of
view to the eye lens. The eye lens, in conjunction with the lens of the human eye,
refocuses the image of the object onto the retina. However the requirements of an
optical system used in an infrared imager are very different to those of a purely optical
telescope such as an astronomical telescope or surveyor’s theodolite where provision
has to be made for direct observation of the image plane by a human observer.
Instead, in an infrared imager, the optical image plane is replaced by a plane of
detectors or a vidicon tube and the visual image generated by an eyepiece is replaced
by a video system that allows both the display of the image and its recording on

magnetic media.

As noted above, the optics of an infrared imaging systems will contain an objective
lens or mirror. Also, a relay lens is often used to enhance the performance of the
system. The objective optics can be grouped into three categories:-

(1) dioptric, or refracting optics;

(i)  reflecting optics; and

(i)  catadioptric, or reflecting-refracting optics.

3.3.1 Refracting Optics

Either a single lens or, more commonly, a lens system will be used as a refracting
optical element in many infrared imaging systems. Those which are commonly used
in optical systems are: the simple lens (or singlet); achromatic doublet; triplet; multi-

element (Petzval); and Fresnel. Amongst them, the simple lens and the achromatic

- doublet are those that have found most application in infrared imagers.
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A simple Jens (or singlet) with two convex surfaces is a positive, or converging
optical element that may be used to focus the radiation from the object field into a
plane to form an image. This simple type of lens was used as an objective lens in the
first telescope built by Galileo and later was used in the Keplerian telescope. Other
simple lens elements having double concave, concavo-convex, plano-convex or other
surfaces (see Fig. 3.1) may also be used as required in an infrared imaging system.
However these various simple lenses exhibit all the commonly encountered aberration
phenomena, especially chromatic and spherical aberration, that result in a
deterioration in the quality of the final image. Thus a simple lens will only be used in
an infrared imaging system when high image quality is not required. Combinations of
these individual lens elements will almost certainly be employed in higher

performance infrared imagers.

J DD

Double Double Concavo Plano- Plano-
Convex Concave Convex Convex Concave

Fig. 3.1. Simple lens types.

In 1733, Hall discovered that the chromatic aberration commonly encountered with
simple lenses could be reduced by the use of an achromatic doublet which is the
combination of two lenses having different indices of refraction. Thus, depending on
the spectral region and the availability of suitable materials, chromatic aberration can
be greatly reduced or eliminated. In the visible region of the EM spectrum,
combinations of suitable crown or flint optical glasses are used; in the near infrared,
calcium flouride and silicon glasses can be combined. Silicon and germanium form a
suitable pair for use in the middle and thermal infrared bands. Small achromatic
doublets are often designed with their inner surfaces having identical radii so that the
two elements can be cemented together. This eliminates surface reflections and allows
a convenient compact construction. It is also possible to use more than two lenses to
achieve the desired characteristics in the optical system. Thus a friplet is sometimes

formed also.
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Fig. 3.2. Separation of the components of incoming radiation by refractive prism.

Turning next to refractive prisms, a simple type triangular prism of glass (see Fig. 3.2)
will produce a deviation of the incident radiation depending upon the angle of the
prism, the angle of incidence of the radiation and the refractive index of the material.
Because the index of refraction of the glass material varies with wavelength, a
separation of the incoming radiation into different wavelengths results from passing
the radiation through a prism of this type. Transmittive prisms of this type have been
used to separate out the different wavelengths used in multi-spectral scanners, whicﬁ
may include ‘one or more channels devoted to the infrared part of the EM spectrum.
For example, both the Landsat MSS (Multi-Spectral Scanner) and TM (Thematic
Mapper) use the refractive / transmittive triangular prism to split the incoming
radiation into a series of spectral channels or bands before reaching the arrays of
detectors, placed in positions behind the prism. The Landsat MSS and TM scanners

produce four and seven spectral channels respectively. They are shown in Table 3.2.

Table 3.2. Spectral channels of Lansat MSS and TM.

40

Detector
Elements

Landsat MSS Landsat TM
Channels Wavelengths (nm) Channels Wavelengths (nm)
Green 500 to 600 Blue 450 to 520 T
Red 600 to 700 Green 520 to 600 Visible
Red 630 to 690 5+
Near Infrared 700 to 800 Near Infrared 760 to 900
Near Infrared 800 to 1,100 Middle Infrared 1,550 to 1,750 Infrared
Middle Infrared 2,100 to 2,350
Thermal Infrared 10,400 to 12,500 1
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The incoming radiation is essentially split into multiple bands, or channels, each of
which is measured independently by a separate detector. Each detector is designed to
have its peak spectral sensitivity in a specific wavelength band. As can be seen from
Table 3.2, by means of a refractive prism, the incoming radiation has been separated
into two visible and two near infrared channels in the Landsat MSS, and into three
visible, one near infrared, two middle infrared and one thermal infrared components in

Landsat TM.

Alternatively, some multispectral scanners use a diffraction grating instead of a
refractive prism. It is used instead of a prism to separate out different radiation bands
whenever more accurate measurements of wavelength need to be made. A diffraction
grating consists of many parallel wires spaced at equal distances apart. A grating with
four wires is shown in cross section in Fig. 3.3. Part of incoming radiation travels
straight through. For each wavelength, some of the radiation will be deflected in each
of several other directions. The angle through which it is deflected is determined by
the requirement that the radiation through each opening should travel an integer
number of wavelengths farther than radiation through the adjacent opening. In Fig.
3.3, the deflected first-order and second-order beams of radiation are shown along
with the undeflected beam. Since the angle deflection depends on the wavelength, the
radiation can be split into the required spectral channels.

First-Order Beam
of Radiation

Second-Order Beam

of Radiation

Wires Spaces

Fig. 3.3. Diffraction gratings.
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3.3.2 Reflecting Optics

The advantages of a reflective system, that is, a system using spherical mirrors instead
of lenses to focus and generate an image of the object, are compact construction and
chromatic independence. This latter property not only means freedom from chromatic
aberration but it is particularly advantageous in infrared systems for other reasons. At
long wavelengths, the infrared optical designer has a limited choice of suitable
refractive materials. This restriction is circumvented by choosing reflective optics,
which will work at all wavelengths Iti is also worth noting that the image produced by
a refractive system operatmg m the mfrared will be focussed at a significantly
different image dxstance from the! objectlve as compared w1th the visible image
produced by the same system. This consideration must be borme in mind by the
designer of the optical system and may lead him to adopt a reflective mirror system to

form the image.

Both single mirror and folded mirror systems are commonly used in infrared imagers.

A simple concave spherical mirror will cause the incoming parallel rays of radiation

to converge and be focussed in the image plane. This configuration is the analobgue to

the simple lens and performs the same functions; however its advantage is the absence

of chromatic aberration. Thus it is often used in infrared imaging systems with small
fields of view. Spherical mirrors are used as the objectives of the afocal telescope
often employed in thermal v1deo frame scanners (TVFS) and sometimes for the front

optics of pyroelectric wdlcons

In folded optical systems;- ; the : raysl afe“eﬁen folded using mirror optics, either to
shorten the overall s1ze of the unager( or to place the focal plane in a more convenient
position. The arrangement of‘mnc_enmng_fql_dmg is often used in infrared imaging
systems. In this arrangement; the focal plane is placed in an accessible position along
the axis of the pnmaty!r_nurorl The concentncally folded systems are broadly named
Gregorian and Cassegram dependmg on :Wh‘ether the folding occurs before or after the
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prime focus. The Gregorian utilizes a concave secondary mirror; the Cassegrain

usually has a convex folding, or secondary, mirror (see Fig. 3.4(a) and (b)).

The disadvantage of these systems is the blocking of radiation by the secondary
mirror, resulting in lowered overall transmission efficiency of the system. The
blocking of radiation in these systems is generally about 25%, but can be
compensated for by increasing the size (diameter) of the primary mirror.

(@

Concave

Secondary

Mirror

(®

Convex

Secondary

Mirror

-< : Image

Plane

Fig. 3.4(a) Gregorian and (b) Cassegrain systems.

Plane mirrors are used in thermal video frame scanners to redirect the incident
radiation without introduction of aberrations. Indeed, a plane mirror can be thought of
as the only aberration-free optical surface (Slama et al, 1980). However, in practice,
mirrors may not actually be mathematically or optically plane. Furthermore, quite
apart from the need to ensure that errors do not arise during manufacture, a plane
mirror needs to be sufficiently rigid and well mounted for its application within the
imager to be effective. Plane mirrors are used to fold the optical path (see Fig. 3.5). As
can be seen from this figure, the changes in the direction of the optical path provided

by these mirrors provides compact construction.
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Unfolded Optical Path FA S ,

Folded Optical Path

Fig. 3.5. Reduction in the overall size of an imager through folding of the optical path

using plane mirrors.

Mirrors are used extensively inside infrared scanners where normally there is a clean
and dry environment. Elsewhere they need a protective coating to perevent them from
tarnishing. So the choice of coating material is an important matter. For the highest
reflectivity in the infrared part of the spectrum, mirror surfaces are coated with thin
films of gold or dielectric multilayers. Mirrors were originally fabricated in glass and
were front silvered or aluminised, but now, for ease of manufacture and reliability, it
is usual to machine reflecting surfaces directly as aluminium components using
single-point diamond machining. The reason for this is that aluminum is yielding
greater than 90% reflectivity. Other components that are manufactured in this way
include the rotating polygons and flapping mirrors used in scanners as well as their

relay optics and fold mirrors.

Reflecting prisms can be used as an alternative to plane mirrors to re-direct the
radiation or may invert, revert or rotate an image in its own plane. The simplest form
of reflecting prism is the right-angle prism as shown in Fig. 3.6. In this case, the
entering ray is normal to one of the sides. A total internal reflection occurs at the
hypotenuse face without loss of energy and without aberrations. The deflected ray is
turned 90 degrees with respect to the initial direction. For use in wide angle systems,
one often requires that the hypotenuse face be silvered to include reflections within
the critical angle and for the minimum loss of reflection. Absorption of some of the
radiation by the glass is of course a disadvantage of the prism as compared with the
plane mirror. Transmission of middle and thermal infrared radiation will of course

require the use of more esoteric and expensive materials such as germanium.
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Fig. 3.6. Reflective prism.

3.3.3 Catadioptric Optics

These well-known systems combine both lenses and mirrors; typical of these are the
Mangin mirror; Schmidt system; and Bouwers-Maksutov system. However the use of
such systems appears to be restricted to astronomical telescopes and satellite tracking
cameras. No example of their use in infrared imagers is known to the author, so they
will not be dealt with here. However as will be seen later, quite other combinations of
lenses and mirrors are used, more especially in those infrared imagers using a

scanning mechanism.

3.3.4 Relay Lens (Auxiliary Optics)

After the infrared radiation has been focussed by the objective lens, it must then be
detected and measured by a detector. It is known that the system sensitivity improves
as the detector is made smaller. The dimensions of the detectors have to be related to
the instantaneous field of view of the imagers. With the use of a relay lens, the
detector size is reduced approximately in the ratio of the f-number of the relay lens to

the f-number of the objective lens.

The second advantage of using relay lens with a detector arises from the fact that
many detectors have non-uniformities of detectability over their surface. The response
of a detector to radiation at one point in the scene will not be the same at another. A
relay lens distributes the radiation more uniformly over the detector surface (Jamieson

et al, 1963). This matter of non-uniformity will be explained in Chapter 10.
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3.4 Anti-Reflection (AR) Coatings

These coatings are applied to the surfaces of lenses, prisms and mirrors to cut down
the loss of radiation through unwanted reflections from these surfaces. The reflectivity

R of an optical glass surface is given by

R=n-1)*/(@n+1)* (3.1)
where n is the refractive index of the reflecting surface. Germanium has a refractive
index of 4, so that 36% of all incident radiation is reflected at each uncoated surface of
a germanium lens. It is therefore essential to put an anti-reflection (AR) coating on all
germanium lenses and windows. The same is true of all the other optical materials
used in infrared imagers, but the lower the refractive index of a material, the lower are

the demands on the coating.

With the AR coatings that have been developed at Royal Signals and Radar
Establishment (RSRE), Malvemn it is possible to coat an anti-reflection layer on an

infrared lens at a specific wavelength by using a single layer provided that

nlz =1, and nd=A/4 3.2)
where n; is the refractive index of the coating and d its thickness, n, is the refractive
index of the substrate and A is the design wavelength (Burnay et al, 1988). From Eq.
3.(2, a coating of refractive index 2 and a thickness of 1.25um is needed for a single
layer anti-reflection coating for germanium optics. Diamond, with its refractive index
of 2, would make a perfect AR coating. Since this coating also improves the scratch
resistance and chemical durability of germanium optics, it is generally used on the

outside surfaces of the germanium lenses used in infrared systems.

For the other surfaces of the optical elements used in an infrared telescope or lens that
need to have higher transmissions, multilayer anti-reflection coatings are often used
(Burnay et al, 1988). The highest efficiencies are obtained by using multilayer
combinations of germanium, zinc sulphide and thorium fluoride. For these, the

average transmission is 98% and the reflection loss is less than 0.3% per surface.
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There could be more than ten' eueh*coated internal surfaces in an infrared optical
system and so a few per cent loss per surface could become significant. It is also
essential to reduce the reflection losses on these elements, particularly for systems
using detectors cooled by liquid nitrogen, since there is a tendency for the cold
detector surround to be reflected back on to the detecting element, creating a cold
region in the centre of the field of view of the infrared imaging system. This is usually
called the narcissus effect and is reduced by careful optical design and the use of the
highest-efficiency coatings. These high efficiency coatings are delicate and difficult to
handle. For those internal surfaces that might possibly be exposed during
maintenance, a special coatlng has ‘been deﬁned which has the low reflection loss of
the high-efficiency coatmg but< notthecessauly the same transmission (Burnay et al,
1988; Savage, 1985).. a '

3.5 Infr Tele S t

Many thermal infrared frame scanners use an afocal telescope to collect and focus the
emitted radiation from the object :and ito collimate this radiation into a narrow beam
which can then be focu'ssed:ehto‘fthe ,\focal plane of the detector. The basic afocal
telescope consists of two lenses separated by a distance equal to the algebraic sum of
“their two focal lengths. Such a system forms its image of an infinitely distant object at
infinity. There are two types of afocal telescopes - the astronomical and Galilean
types. In the astronomical type, there is a real focal plane between two lenses, while in
the Galilean type there is a vu'tual focal plane and the second lens is negative in
power. Fig. 3.7 shows. the reﬂec i g" and the refracting versions of both types of
telescope, the former employmg mllmrs, the latter based on the use of lenses.

Galilean telescopes are much shorterl m length than the astronomical ones. However,
their objective lenses are: larger ml dlameter than those of the corresponding
astronomical type - and they are: not»m(such common use in thermal infrared frame
scanners as the astronomical! type From the diagrams (Fig. 3.7(a) and (b)), it is

obvious that, since. the mdlatlonI emergmg from an afocal telescope is a parallel
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bundle, there is a need for a further internal focussing lens or lens system to focus the

radiation on to the detectors located in the image plane.
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(a) Astronomical Telescope (b) Galilean Telescope

Fig. 3.7. Astronomical and Galilean types of afocal telescope (Amin, 1986).

3.5.1 Examples of Infrared Imager Optical Systems

The Agema 1000 TVFS uses a telescope consisting of an objective lens system and a
collimator. The objective lens collects radiation from the scene and delivers it to a
collimator which supplies a collimated bundle to the scanning system. As can be seen
from Fig. 3.8, the objective lens system uses a number of double concave, double
convex, concavo-convex, plano-convex, plano-concave singlet and doublet lenses.
The collimator typically comprises two or more refractive optical elements. This is
used for both the narrow (5°) and wide field of view (20°) (see Fig. 3.8). The
interchange between these fields of view is provided by a turret that can tumble the
optical elements in the objective lens system. In the narrow field of view, the
successive optical elements are numbered 1 to 5 (see Fig. 3.8), i.e. there are 5 optical

elements present in the objective in this field of view. For the wide field of view,
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these elements are tumbled by the turret and the positions of the previously unused
elements I, II and III will be changed into the optical path while optical elements 3
and 4 will be rotated out of the optical path. There will now 6 lens elements used in

the wide angle configuration.

5° Narrow field
of view

20° Wide field
of view

Fig. 3.8. Dual field of view of the optical design of Agema 1000.

The Barr & Stroud HDTI imager also uses a telescope that gives a dual field of view
(4° and 12.5°) (see Fig. 3.9). In this system, all the optical components are
athermalized and are made of germanium, apart from a zinc selenide colour correcting
component used in the objective. The field of view change is carried out through the
insertion of extra elements into the internal focussing lens system using a turret with

the additional lenses positioned as shown in the Fig. 3.9.
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Objective

/ Relay Lens
/ = Y
/ S

Internal
Focussing
Lens System

P, oSN
o ~

Fig. 3.9. Schematic diagram of the telescope of the HDTI imager when utilizing the
narrow field of view; a turret with additional optical elements is used to change the

field of view and magnification.

3.6 Infrared Lens Quality

It is impossible for a single lens to produce a perfect image; in practice, it will always
be somewhat blurred. Those imperfections which degrade the sharpness of the image
are termed aberrations. Their presence gives rise to the use of combinations of lenses
(comprising a lens system). Through the use of these additional lens elements, lens
designers are able to correct for aberrations and either eliminate them or bring them

within tolerable limits.

The primary lens aberrations are: (i) spherical aberration; (ii) coma, (iii) astigmatism
and curvature of field; and (iv) chromatic aberration (Jamieson et al, 1963; Wolfe,

1965; Wolfe and Zissis, 1978; Slama et al, 1980; Wolf, 1983;).

Spherical aberration, as illustrated in Fig. 3.10, is the degradation of the axial image.
It is caused by faulty grinding of the spherical surfaces of the lens elements and
results in light rays entering near the outer edge of the lens being brought to focus

nearer lens than the rays which enter near the centre of the lens. The image of point
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thus formed is a circle called the circle of confusion. If spherical aberration exists for
a lens, the size of the circle of confusion may be reduced by adjusting the position of
the image plane until the smallest possible circle is obtained. The image plane

position that produces the circle of least confusion is illustrated in Fig. 3.10.

Image Plane

— Producing circle

of least confusion

Fig. 3.10 Spherical aberration.

Coma is similar to spherical aberration, except that it applies to the failure of oblique
rays, instead of axial rays, to come to focus at a point. Instead of the point being a

circle, it is in the shape of a comet.

Astigmatism is a condition in which lines in the object space that are perpendicular to
each other do not come to focus at the same image distance. As shown in Fig. 3.11,
rays 1 and 2 from a vertical object line are focussed at a , while rays 3 and 4, which
are from a perpendicular line in the object, are focused at b. Astigmatism is caused by
imperfect grinding of the lens surfaces. It is common in the human eye. With an
astigmatic lens, images from points of equal object distances; but whose rays make
varying angles with the optical axis, will not come to focus in the same image plane.
Rather, they will form a curved surface. This condition is called curvature of field.
Astigmatism and curvature of field can be minimized by using a combination of

lenses comprising converging and diverging elements.
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Fig. 3.11. Astigmatism.
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Chromatic aberration is ‘gauéed 'by the quite different refractive indexes of the visible
light and infrared raciiatiﬁh that reach the lens. As shown in Fig. 3.12, visible light is
refracted by a glass lens more than infrared radiation, and therefore these two fail to
come to focus at common point or in a common imaging plane. The reason for this is
that infrared radiation has a longer wavelength than visible light. So the plane of sharp
focus of the image has to be altered in position in the case of infrared radiation. For
the near infrared, one might expect to extend the image plane of sharp focus within
the range of from 1/200 to 1/400 of the focal length (Maruyasu and Nishio, 1960).
Camera companies, therefore, have to design and build special lenses for use with
infrared sensitive photographw emulsions; For example, Wild produced the special
series of lenses called the Infragon Sﬁper Inﬂagon and Infratar for use with infrared .

photographic- emulslons m\them actiali cameras as variants of the Aviogon, Super

Aviogon and Aviotar lenses used in the visible part of the spectrum.

Visible  visible Image

Ray  Focus (/‘/ Planes
l

Opﬁc#l Ve :
Axis:

/

| Infrared!
Infrared

Glass i Focus i
Lens Ray

Fig. 3.12. Chromatic aberration of a lens which due to the visible rays undergoing a
greater refraction than the infrared rays.

The aberrations of an: mfrared optlcal system can be given in a general equation as
follows (Jamieson et al, 1963)

Xo =Am +Bw. +‘Cm? + Dm2|w/+Emw2 FFW + e, 3.3)
gm0 o

where:- _ .

X0, Yo are the posmons of the image plane;

AB,CD,Eand F are the coeﬂicxents of the terms used in the equation;
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m is the f-number of the optical system; and

w is the size of the field of view.

Chromatic aberration is a first order term (Am + Bw), increasing linearly with both
the field of view and the f-number of optical system. Since chromatic aberration is a
function of the variation of the refractive index of the material with wavelength, the
effective bandpass of the imaging system should be restricted, especially in those
wavelength regions where the refractive index changes rapidly. Otherwise, this term
can easily become the dominant one for many of the materials with high refractive

indices used in infrared lenses.

Spherical aberration is the only term (Cm3 ) independent of the field coverage. It is,
however, very sensitive to the f-number. Both chromatic and spherical aberration can
be reduced by making a doublet lens that is a combination of two lenses having

materials of different indices.

The introduction of coma (Dm°w) will be observed in an off-axis position, increasing
in extent in direct proportion to an increase in field angle and as the square of the f-

number.

At large angles from the axis of the optical system, the image is often dominated by

the astigmatism and field curvature (see Fig. 3.13) that degrade the image sharpness
as the square of the field angle (Emwz). '

| Image
| Plane
|

Lens Curvature
& of the Field
. Optical
Axis

Fig. 3.13. Field curvature produced by a single lens.
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Barrel and pincushion lens distortions alter the position of the point along the optical

axis by an amount varying as the cube of the field angle.

The aberrations discussed above degrade the quality or sharpness of the image. On the
other hand, lens distortions do not degrade image quality but deteriorate the geometric
quality (or positional accuracy) of the image. So, they have their main impacts on the
geometric fidelity of the infrared imaging systems and have to be corrected and taken
into account in the geometric calibration of the imagers. This important matter will be
discussed in more detail in Chapter 5 together with other distortions that are

encountered with these imagers.

3.7 Resolution

When the optical designs are relatively free of aberration, a ray trace indicates
geometric convergence to a point. However, it is found that the energy does not
converge to a point but is spread over an area, forming a diffraction pattern. This
diffraction phenomenon is explained by the wave nature of light which has been
discussed in the previous chapter. It is only when aberrations have been reduced
sufficiently by suitable design that diffraction is of importance and it then imposes a
fundamental limit on the resolution and therefore on the ultimate accuracy of the

imaging systems.

It was established by the astronomer Airy in 1834 that the image of a point source
produced by an ideal optical system cannot be a mathematical point, but instead it will
consist of a small central disc surrounded by diffraction rings (see Fig. 2.1 in Chapter
2). This central disc of greatest intensity is known as the spurious disc, or more often
as the Airy disc. If the total energy in the image of a point is taken as being of unit
value, the Airy disc contains 84% of the energy, the first bright ring about 6%, and so
on. Airy also found that the diameter of the spurious disc depends on the wavelength

of the radiation and on the aperture-ratio or f-number of the lens.
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The diffraction theory developed by Rayleigh shows that the least separation (d)
between the Airy discs (see Fig. 3.14) is given by

d=0.61A/ sinU’ 3.4
where A is the wavelength of the radiation, and U’ is the absolute value of the slope
angle of the marginal ray passing through the aperture under consideration.

For an object located at infinity,

sinU =h/f @3.5)
where h is the radius of the effective free aperture of the lens and f s the focal length.

Intensity

Fig. 3.14. Distribution of energy in the diffraction pattern (Wolfe and Zissis, 1978)

3.7.1 Aperture and Resolution

This led many years ago to the concepts of relative aperture and of f-number. The

relative aperture is defined as the ratio of the focal length of the lens to the diameter
(2h) of its effective aperture. The symbol for relative aperture is f/ followed by the
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numerical value of the ratio just defined. For example, {/2 signifies that the diameter
of the effective aperture is one-half the focal length. From these definitions and Eq.

3.5, it is obvious that the following relationship exists when the object is at infinity:

f-number = 1/ (2sin U") (3.6)

So Eq. 3.4 can be written in terms of the f-number as

d =1.22 A (f-number) (3.7)

Thus, the total diameter of the central diffraction disc can written as

D =2d =2.44 A (f-number) 3.8)

Eq. 3.8 also describes the width of the point spread function of the diffraction-limited

lens, which has a Gaussian shaped curve (see Fig. 3.14).

However, lenses with the same aperture or f-number could have different resolutions.
For instance, the older and newer versions of the Wild Aviogon lens have the same f-
number of /3.5, but the former has a resolution of 40lp/mm while the latter has
70lp/mm. The reason for this is the improvement in the quality of lens brought about
by the more compact design of lenses, their higher light transmission due to the use of

rare earths and the use of very good anti-reflection coatings.

3.7.2 Wavelength and Resolution

Eq. 3.8 shows that resolution also depends on the wavelength (A) of the incident
radiation which is incoming to the imaging system. If one assumes that the f-number
is constant, then the use of the radiation occuring in the middle and thermal infrared
bands of the EM spectrum would suggest that imagers operating in this part of the
spectrum would have an order of magnitude lower resolution than imaging systems

that operate in the visible region. This relationship between the wavelength and
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resolution could affect: the accuracy of measurement (measurability) that can take

place on the images whlch are obtained by infrared imaging systems.

3.7.3 Depth of Field and Aperture

The depth of field of a lens is the range in object distance that can be accommodated
by a lens without introducing significant image deterioration. In Fig. 3.15, light rays
from object point B are perfectly focused as a point B’ in the image plane. Light rays

from A and C, on the other hand, are imaged as circles of confusion of diameter D.

The larger the circles of confusion become, the more deteriorated is the image.

Fig. 3.15. Depth of field and depth of focus

The basic Newton lens equatlon of 'optlcs for sharp imagery is:

l/a+1/b= llﬁ TR o (3.10)
where:- R
a isthei image dlstance |
b is the object dlstance, and

f is the focal leng‘th.‘ .

From Eq. 3.10
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a=®h/(b-0) ay=0rf)/ (-1 ac=(bc )/ (bc-1) (3.11a)
where:-
bs is the object distance for the point A;
b is the object distance for the point C;
a, is the image distance for the point A; and

ac is the image distance for the point C.
and from the similar triangles,
2h/a,=D/as-a 2h/a.=D/ac-a (3.11b)
can be written.
Introducing Eq. 3.11(a) into 3.11(b) and rewriting, one obtains:

be=2hbf/ (2hf + D(b - f)) b, = 2hbf/ (2hf- D(b - ) (3.12)

If the numerator and denominator are multiplied by f / 2h, so that the f-number or

relative aperture appear in one position with a clear effect:

be=bf / (£ + (f/ 2h)D(b - )) b, =bf* / (f - (£/2h)D(b - f) (3.13)

- As can be seen Eq. 3.13, the depth of field can be increased by reducing the size of the

lens aperture.

3.7.4 Depth of Focus

The depth of focus (see Fig. 3.13), which is akin to depth of field is the range in the
image distance that can be tolerated without introducing a significant or discernable

deterioration of the image in terms of its sharpness.

Real optical systems usually produce blur spot images which are larger than the
diffraction limit described above. Larger blur spots may results from aberrations, that

is, from a failure of the optical system to produce a perfect focus. It can be said that
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the diameter of the Airy dics increases with the aberrations when they are present.
However, in a perfect system (that is, one which has no aberrations or defects of
manufacture), the wavelength of the radiation that reaches and is being focussed by
the optical system will determine the size of the Airy disc, of course, taking into

account the aperture size.

3.8 Conclusion

In this chapter, the main aspects of the optical materials and components that are used
in infrared imaging systems have been fairly fully covered. In addition, their impacts
on the infrared image have been described. Thus, the optical side of the infrared
imagers that are the main concern of this thesis has been dealt with. In the next
chapter, the infrared detectors that have been designed to sense the infrared radiation

being collected by the optical system will be described and discussed in some detail.
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CHAPTER 4: INFRARED DETECTORS
4.1 Introduction

Two of the main elements common to all infrared imaging systems are their optical
components which collect the radiation being emitted or reflected from the object
scene and their detector mechanisms which convert this radiation into the form of an
electrical signal. Basically, these two main parts of the system form the infrared image
that will be used for other stages in the process and, as such, they largely define the
geometric and radiometric characteristics of the infrared imagers which are main
concern of this project. The optical components of these imagers have been fully
discussed in the previous chapter. In this chapter, the various detectors that have been
designed and built to collect and detect radiation in the middle and thermal infrared
bands will be dealt with in some detail on the basis of the account of the fundamental
physics underlying these systems that has already been given in Chapter 2. In
addition, the two-dimensional areal arrays of these detectors that can be used to image
the object scene will be described together with their des.ign structures. This chapter
will conclude with the characteristics of the detectors that can be employed in infrared

imaging systems.

4.1.1 Detectors

A detector may be defined as a device that provides an electrical output that is a useful
measure of the radiation incident on the device. The actual responsive element is
called a radiation_transducer. It changes the incoming radiation into an electrical
signal which is amplified by the accompanying electronics. Detectors can be separated
into two groups:- thermal detectors and photon detectors - based on the type of
transducer used. The responsive element of thermal detectors is sensitive to changes
in temperature brought about by changes in the incident radiation. The responsive
element of photon detectors is sensitive to changes in the number or the mobility of
the free charge carriers, i.e. the electrons and/or holes, that are brought about by

changes in the number of incident photons.
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Thermal detectors employ various types of transducers - including those based on the
measurement of bolometric, thermovoltaic, thermopneumatic and pyroelectric effects.
Similarly, photon detectors employ different types of transducers - including those
based on the measurement of photoconductive, photovoltaic, photoelectromagnetic

and photoemissive effects.

4.2 Definition of Relevant Terms

An infrared imaging system is designed around the characteristics of the infrared
detector. These are defined by certain terms describing the performance of the
detector under specified operating conditions. Although a large number of terms exist,
the most important ones can be defined or described as follows (Burnay et al, 1988;

Jamieson et al, 1963; Kruse et al, 1962; Wiebelt, 1966):

(1) Response: In general, the response of an infrared detector can be defined as the
ratio of the output electrical signal to the incident radiation power. However, usually it
is defined rigorously only for periodically modulated radiation. For this case, the
response is defined as the ratio of the root-mean-square (rms) value of the
fundamental component of the electrical output signal of the detector to the rms value
of the fundamental component of the input radiation power. The units of response are
given in volts per watt or amperes per watt. However, the response tells the user
nothing about the detection ability (detectability) of the transducer, i.e. it tells him

nothing about how small a radiation input is detectable.

(i1) Noise Level: Under conditions where no radiation from the source of interest is
incident upon the detector, the output of the detector is generally classified as noise.
The noise level of a detector is then defined as the output level observed under the
particular conditions of its operation where no source radiation is incident on the
detector. A detailed discussion of the origin and nature of the many types of noise

encountered in infrared detectors will be given in the later part of this chapter.
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(1i1) Signal-to-Noise Ratio (SNR): It is the ratio between the signal generated by the

detector as a result of the incident radiation and the combined noise produced by the
detector. Using this figure, the relative importance of noise in terms of the observed

response can be indicated.

(iv) Noise-Equivalent Power (NEP): To evaluate the detection ability (or

detectability), the characteristics of the electrical noise in the output of the detector
must be known. If one divides the rms voltage of the noise by the response, one

obtains the NEP of the detector. Thus
NEP=N/R' Watt @1y

where N is the noise level, and R is the response. The relationship between the
response and the NEP is an important factor in assessing the performance of detectors.
A detector that produces a greater output from a given radiation signal has a greater
response. But a detector that has a greater detection ability (detectability) has a
smaller NEP. Thus the NEP: value can be considered to be an inverse measure of the

detectability of the detector.

“ (v) Detectability: The reciprocal of the NEP is called the detectability. The
detectability D is defined, in general, as the response divided by the rms value of the
noise voltage. Thus,

D=R/N. Wat!' - 42)

If P is used to denoté:thé;radigtijqn';‘. input power, and S the voltage output, the

following relationships hold:- "
S = RP; and-

S/N=DB" RV “4.3)
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Thus, to determine the electrical signal output, the radiation signal P is multiplied by
R, and to obtain the SNR, P is multiplied by D.

In general terms, the detectability of photon detectors is twice greater than that of

thermal detectors.

(vi) Specific Detectability: In many instances, it has been found that the detectability
varies inversely with the square root of both the detector’s sensitive area and the
electrical bandwidth. In order to simplify the comparison of different detectors, the
term specific detectability, D', has been introduced. This is referred to a bandwidth of

1Hz and a detector area of 1cm?. Hence,
D =D (A AD"? 4.4)

where A is the sensitive area of the detector in cm® and Af is the bandwidth in Hz. The

units of D* are cm.Hz'2. Watt ™.

(vii) Spectral Response: In general, infrared detectors do not respond with equal
effectiveness to incident radiation at all wavelengths. It is therefore necessary to
describe the variation ih the response of the detector with respect to the wavelength of
the incident radiation. This variation, known generally as the spectral response of the
detector, may be expressed in any one of several different forms. One commonly used

method is to plot the response (R) against wavelength ().

(viii) Responsive Time Constants: Many infrared detectors have a response versus
frequency curve that is an approximation to the form (Hackforth, 1960),

R(f) =R, / [1+(2nfr)’]" 4.5)
where R(f) is the response at frequency £, R, is the response at zero frequency; and t

is the response time constant. When this is true, the shape of the response versus

frequency curve is compactly described by giving the value of the time constant . But
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when the shape of the curve departs widely from the above equation, there is no
generally accepted way to define a time constant. However, most materials used in
infrared detectors obey this equation, and so Eq. 4.5 is generally applicable. Eq. 4.5 is
plotted in Fig. 4.1.

Response

Ry,
0.71Rq,} e

1/2nt
Frequency

Fig. 4.1. Frequency dependence of response (Kruse et al., 1962).

At low frequencies such that f<1/2mt, the response is frequency independent.
However, at higher frequencies, it begins to drop, attaining a value R = 0.71R; at f =
1/2nt. At higher frequencies, at which £>1/2n, the response is inversely proportional
to the frequency.

Although the majority of infrared detectors have a single time constant, some
detectors are characterized by two such constants, one much longer than the other. In

this case, the graphical representation of the response has the form shown in Fig. 4.2.

Response

1/ 2nx, 1/2nz,
Frequency

. Fig. 4.2. Response of a double time constant detector (Kruse et al, 1962).
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T is expressed in seconds, or fraction of seconds, depending upon the particular
detector being considered. The frequency-response curve of a detector is dependent
upon its time constant characteristics and this determines the chopping speed or
modulation frequency of the incident radiation required to produce optimum signal

response.

4.3 Thermal Detectors

Thermal detectors utilise materials with a temperature-dependent property. When
incident radiation is absorbed, the temperature of the device increases or decreases
and this produces a measurable physical change. Thermal detectors therefore respond
to the absorbed radiant power, irrespective of its spectral distribution. They usually
suffer from a low thermal sensitivity and a fairly slow response time, but they have

the advantage of operation at ambient temperatures.

As noted in Section 4.1.1, thermal detectors may employ one of four different types of
transducers. These are: (i) bolometers; (ii) thermocouples and thermopiles; (iii) golay
cells; and (iv) pyroelectric detectors. However, amongst these transducers, bolometers
and pyroelectric detectors are those which are actually used in infrared imaging
systems. So the remaining sections of this account on thermal detectors will be

devoted to these.

4.3.1 Bolometers

The bolometer is a sensitive radiation detector which indicates the presence of
radiation by the process of its changing electrical resistance arising from the change in
temperature of the element caused by the absorption of the radiant energy. The
simplest form of bolometer is a short length of fine wire. At the temperature at which
it is operated, it has a given resistance. If radiation is allowed to fall upon it, this is
absorbed, causing the temperature of the wire to rise. The resistance change due to the

change in temperature is a measure of the radiant power absorbed. The detector is
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operated using an appropriate electrical circuit which can provide information about

the resistance changes proportional to the temperature changes.

A typical bolometer structure is shown in Fig. 4.3. Since the physical change
occurring in the bolometer is a resistance change, a supplementary bridge circuit is
required to produce a signal voltage that can be measured. As indicated in the figure,
both an active element and a compensating element are used in the bridge circuit. The
infrared radiation incident on the active element results in a small temperature change,
which in turn causes a corresponding resistance change. In order to convert the
resistance change into a form of a voltage or current variation, it is necessary to pass a
current (called the bias current) through the compensating element. This voltage

variation can be obtained via the lead wires.

Active
Compensating Element
Element \
Window

l l \ Ca;e

Lead Wires

Fig. 4.3. Bolometer (Wiebelt, 1966).

Bolometers may be of two types - metal and semi-conductor bolometers - both of

which are operated at ambient temperatures.

4.3.1.1 Metal and Semi-conductor (Thermistor) Bolometers

A bolometer has a sensitive element composed of a material that has an appreciable
coefficient of resistance with respect to temperature. This condition in bolometers is
satisfied by the use of metals such as platinum or nickel which can be formed into thin

but strong foil strips and by semi-conductor materials that can be made into flakes.
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Whereas metal bolometers - eXhihitf a linear dependence upon the change in
temperature, semi-conductors show an exponential dependence on the temperature
change which is more pronounced. Therefore, semi-conductors are more widely used

than metals for bolometers.

Semi-conductor bolometers are also known as “thermistor” bolometers, the word
thermistor denoting a thermally sensitive resistor. This type of detector has recently
begun to be used in infrared imaging systems. For example, the Sentinel infrared CCD
areal array camera from the Amber company uses an integrated circuit that is made up
of 76,800 small rmcrores1stors set out m a 320 x 240 pixel array. Each detector

(microresistor) is essentlally a small themustor integrated onto a micro-bridge .

structure that is less than' SOpm aeross prov1dmg thermal isolation and mechanical
support for each individual detector element. The thermistors change their
temperature due to the incident radiation from the scene, and the changes in their
temperature create the corresponding changes in the resistances which can be

measured and used to generate a video image.
4.3.2 Pyroelectric Detectors

- This is the other type of thermal detector employed in current infrared imaging
systems along with the semi-conductor bolometer which has been discussed above.
This detector is made of a single crystal of pyroelectric material which has a very high
impedance. It has the property that a change in the material temperature produces a
change in its gle_gtn_c_al_p_glanzangn The matenals generally used are either triglycine
sulphate (TGS) or one of* 1ts 'denvates, Or a*ceranuc -called lead zirconate titanate
(PZT). Fig. 4.4 111ustrates thie: prmclplés of a\pyroelectnc detector. The pyroelectric
crystal in the detector: is: spontaneously, polarized. If the crystal is heated to a
temperature just below the Curle temperature in an electrical field, dipoles line up in
the direction of the 1mpressed electncal field. If opposing electrodes are brought into
contact with the polanzed crystal the crystal surface is electrically charged. This
charge is neutrahzed by the lons m the air. When infrared radiation enters the crystal

and is absorbed, the temperathre f "the crystal changes, altering the spontaneous
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polarization, so that the charge on the crystal surface becomes unbalanced. This effect
known as the pyroelectric effect. This unbalanced charge is output as a voltage

change, and in this way, the amount of infrared radiation falling on the crystal can be

detected.
Incident .
Radiation Polarization Vector
Absorbing
Black Layer l l l l
mompm— 7 O
I .
Electrode aRBRENANERNENRREREN ' yp Temperature Signal
. Difference Voltage
Pyroelectric Material ) ' V,
______ n O
Electrode SINRNANENRNENNANRE
1
|
Thermal
Insulation
Layer

Fig. 4.4. Operating principles of the pyroelectric detector (Burnay et al, 1988).
4.4 Physics of Semi-conductors

Semi-conductors have a special prominence in infrared detector systems. Their most
important application in infrared imaging technology is found in photon detectors,
where semi-conductors are more widely used than any other material. In order to
understand their detection mechanisms, this part of the chapter will be devoted to a

brief account of the physics of semi-conductors .

4.4.1 The Periodic Lattice

Solids can be divided according to their electrical properties into three classes: metals,
insulators (dielectrics), and semi-conductors. In terms of their electrical resistivities, it
is generally considered that metals have resistivities less than 10° ohm/cm and
dielectrics more than 10'2 ohm/cm, while semi-conductors occupy a range

intermediate between metals and dielectrics. Another criterion by which solids can be
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classified depends on whether their atoms are arranged in a regular array, termed a
periodic lattice, or in a disorganized manner. The former are termed crystalline solids;

the latter, amorphous solids.

Semi-conductors, metals, and some dielectrics have a periodic lattice; thus they are
crystalline solids. The existence of the periodic lattice is basic to their electrical
properties. This periodicity - which refers to the repetitive nature of the structure
found in a crystalline material - can exist in microscopic localized regions, or it can
exist in large, macroscopic regions. The former, comprising an array of crystallines, is
referred to as a “ polycrystalline solid “; the latter comprises a “ single crystal “.
Obviously, the polycrystalline solid is composed of an aggregate of small single
crystalline regions. The electrical and physical properties of semi-conductors are
influenced by their crystallinity - the degree to which they approach being a single
crystal. The widespread use of semi-conductor materials in solid-state devices today
has been largely due to the development by scientists of an ability to produce large

single crystals of high purity.

4.4.2 Energy Bands in a Perfect Crystal

Electrons in an atom are forced to have only certain discrete energies; so also
electrons in a crystal are allowed only discrete energies. The discrete levels of shell
electrons in an atom are broadened into energy bands by the proximity of the other
atoms in the periodic lattice. The allowed energy bands of interest in electronic
conduction phenomena are two: the valance band and the conduction band. They are
separated by a region of forbidden energies referred to as the forbidden band. This

band structure is represented schematically in Fig. 4.5.

To give an approximate order of magnitude to the energies involved; the width of the
forbidden band in semi-conductors ranges from about 1/1,000 of an electron volt to a
few electron volts. The distance between levels is of the order of 10 ev (electron

volts). Thus the levels form practically a continuum.
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Conduction Band

Energy I Forbidden Band

Valence Band

Fig. 4.5. Band structures in a semi-conductor (Kruse et al, 1962).

Electrons having energies in the conduction band are referred to in various ways -
either as electrons in the conduction band, conduction band electrons or fiee electrons.
Their energies are sufficiently great such that they are not attached to any atom. Since
the uniform character of the lattice does not obstruct their movement, they wander

freely through the crystal. The number of free electrons and their ease of movement

account for the magnitude of the electrical conductivity.

The absence of an electron in a lattice is termed a hole. It is possible for an electron in
a bond on an adjacent atom to move into the bond from which the electron is missing.
Thus, the original bond is complete, but the hole appears in the adjacent bond. This
bond in turn can be filled by an electron from a bond on a neighbouring atom. This
motion of electrons in one direction can be represented by the motion of holes in the
opposite direction. Holes not in motion are termed ““ bound holes “. Holes in motion
are “ free holes “ and have energies in the valance band. Free electrons and holes,
contributing to the conductivity of the semi-conductor are called “ current carriers “ or
simply “ carriers . In the presence of an electric field, holes flow in the direction of
the field, whereas electrons flow against the field. Since the flow of holes is opposite
in direction to the electron flow, the hole has a positive charge, in contrast to the

negative charge of the electron. Thus holes also contribute to the conductivity.

At any temperature above absolute zero, the atoms comprising the lattice, which are
bound to each other by the electron bonds, are undergoing rapid vibrational motion
about their lattice sites. The energy of these vibrations is sufficient to free some

electrons and holes, the number of which is dependent upon the forbidden energy gap
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and upon the temperature. In pure semi-conductors, this process, known as thermal
excitation, produces simultaneously a free electron and a free hole, termed an

electron-hole pair. The number of free electrons and holes determine to a large extent

the electrical conductivity of the material. It can be seen that materials with wide
forbidden bands that require large energies for excitation, have fewer free carriers
(electrons and holes), thus lower conductivity, than materials having a smaller band
gap. In accordance with this, dielectric materials with very low conductivity must
have wide forbidden gaps. Metals having very high conductivity must have small
gaps. As a matter of fact, most metals have no forbidden band, their conduction bands

touching the valence bands.

4.4.3 Imperfections in the Lattice

Semi-conductors can be divided into two general categories called intrinsic and
extrinsic (impurity) semi-conductors. The intrinsic form is characterized by the
presence of 6nly the valance band and the conduction band, with no additional energy
between. Electron excitations may take place only with sufficient energy to traverse
the forbidden energy gap. In cases where the semi-conductor is not a pure, perfect
crystal but contains imperfections such as impurities, lattice defects, or dislocations,
additional energy levels may occur within the forbidden gap. This type of semi-
conductor material is called an extrinsic detector. Where the impurity levels occur
nearer the conduction band than the valence band, they are called n-type (negative
type) semi-conductors. Those with impurity levels occurring nearer the valence band
are known as p-type (positive type) semi-conductors. |

4.5 Photon (Quantum) Detectors

Infrared radiation may be detected by means other than the effects arising from
thermal heating. These other phenomena result from the direct reaction of the energy
condition of matter to the incidence of radiation photons. In general, the photon
detector, as distinct from the thermal detector, does not respond equally well to all the

wavelengths of the incident radiation. They réspond only to photons with an energy
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equal to or greater thanthe ‘:enefgy,v gap between the carriers, and consequently have a
long wavelength (A,) or short frequency cut-off, according to Eq. 2.1. The spectral
response of a photon detector is compared with that of a thermal detector in Fig.4.6.

>

Relative

. Photon
S 1
1ena Detector Thermal
Detector

Wavelength Ac
Fig 4.6. Spectral rgqunség i(})f\;pl\igt@pfand thermal detectors (Burnay et al., 1988).

>
»

In providing an indication ‘of the ‘relative effectiveness of the photons incident on the
detector element in producing a response, it is convenient to define the so-called
quantum efficiency. This is defined as the ratio of the number of incident photons per

time interval to the number of output events occurring over the same time interval.

As discussed in Section a‘4.’~l‘}.1‘?,:‘there are - four différent types of photon detectors
available. They are: (i)’ photdcbﬁdﬁcﬁve detectors; (ii) photovoltaic detectors; (iii)
_photoelectromagnetic detectors; and (iv) photoemissive detectors. However, amongst
~ them, the photoconductive and photovoltaic types are those used in infrared imaging

systems. Therefore, they will be described in the next sections.
4.5.1 Photoconductive Detectors, - . -

Ina photoconductive"’dété’(':'tbrgftlié 4ﬁﬁ6ﬁ6¥generated carriers produce an increase in the
conductivity of the dewce If atoonstant bias current is passed through the detector,
there will be a correspondmg/décrease in the output voltage. Alternatively, a constant
voltage applied to the dewce wﬂl produce a change in the current. Fig. 4.7 illustrates
the basic operatmg pnnmplen oﬂ a: photoconductor Both intrinsic and extrinsic

photoconductors are m .use
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Fig. 4.7. Operational principle of photoconductive detector (Burnay et al., 1988).

4.5.2 Photovoltaic Detectors

Photovoltaic detectors are also known as photodiodes and junction detectors, and are
almost always intrinsic devices. Electrical contact is established between two semi-
conductors of the same material, but of different impurity content such that one is p-
type and the other, n-type. This will produce an energy configuration as indicated

schematically in Fig. 4.8.

Ohmic Incident Radiation
Contact \
p-type semi-conductor

Signal O v

Voltage O : n-type semi-conductor

l HEENEEEENUEREEEENENENEEEE R
~~~ Ohmic
Contact

Fig. 4.8. Operational principle of photovoltaic detector (Burnay et al., 1988).

The energy bands in the p-type region are displaced upward in relation to those in the
n-type region, because of the space charge established at the boundary. As a result,
when electron-hole pairs are produced by photon absorption in the boundary region,

the current carriers are separated by the local electric field at the junction. This
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produces a voltage across a junction, which can cause a current to flow in a closed

circuit containing the junction.

4.5.3 Materials Used for Photon Detectors

Table 4.1 gives the principal photon detector materials currently used in infrared

imagers, together with their mode of operation, operating temperature and cut-off

wavelengths.
Material Mode of Operation Operating Cut-off
Photoconductive (PC) or Temp. (K) Wavelength
Photovoltaic (PV) (um)
InSb PC 196 6.0
InSb PC, PV 77 52
PbSe PC 196 5.1
PbSe PC 77 6.6
PbTe PC 77 54
Pb,,Sn,Te
x=0.85 PV 77 10.0
x=0.83 PV 77 11.0
x=0.81 PV 77 12.0
x=0.80 PV 77 13.0
Hg ,,Cd, Te
x=0.219 PC, PV 77 10.0
x=0.212 PC,PV 77 11.0
x=0.206 PC,PV 77 12.0
x=0.201 PC,PV 77 13.0
x=0.314 PC, PV 196 4.2
x=0.297 PC, PV 196 4.6
x=0.282 PC, PV 196 5.0
PtSi Schottky 77 5.1

Table 4.1 Principal photon detector materials (Burnay et al., 1988).

Middle
Infrared

Thermal
Infrared

|
;

Thermal
Infrared

Middie
Infrared

Among them, InSb (indium antimonide), PbSe (lead selenium), PbTe (lead telluride)

and PtSi (platinum silicide) Schottky barrier detectors have narrow bandgaps.
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Therefore, they cannot respond to incident radiation with a wavelength greater than
about 7um and generally operate in the middle infrared region of EM. However, to
cover the thermal infrared band, the wavelength range has been extended considerably
through the development of ternary alloy systems. The two most important systems
are compounds of mercury telluride (HgTe) and cadmium telluride (CdTe) (cadmium
mercury telluride or CMT), and of lead telluride (PbTe) and tin telluride (SnTe) (lead
tin telluride or LTT). The compositions of these alloys Hg,; ,Cd,Te and Pb, ,Sn, Te,

may be varied to give a wide range of cut-off wavelengths, as illustrated in Table 4.1.

As can be seen from Table 4.1, various types of Cadmium Mercury Telluride
(HgCdTe) detector are available for operation either in the middle or in the thermal
infrared region. The reason for this unusual phenomenon is that the crystal of HgCdTe
alters its bandgap depending upon the compositional ratio of HgTe to CdTe. This
means that altering the compositional ratio of the two compounds allows for the
production of this detector having a maximum response at various wavelengths. Fig.

4.9 illustrates the spectral response of the Hamamatsu HgCdTe infrared detectors that

have different bandgaps.
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Fig. 4.9. Spectral responses of CMT detectors (Hamamatsu, 1993).
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4.5.4 The SPRITE Detector

This is a special type of photoconductive detector devised specifically for use in a
scanned thermal imaging system. The name of this detector is an acronym derived
from the words Signal PRocessing In The Element (SPRITE). It performs the same
function as a row of serial detectors, with the time delay and integration operation
taking place within the detector element. Thus it operates using the serial scanning
technique that will be described later in Chapter 9. It consists of a strip or filament of
n-type CMT, typically 700mm long, 60mm wide and 10mm thick, with three ohmic

contacts. The operating principle is illustrated in Fig. 4.10.

Incident Radiation Readout
Ohmic Region
Contact j’ i ll' _ L) 8hn:';°t
< ontac
s | 5 - Signal
Vi voltage

—‘ir——/\’Y\/\‘O@

Fig. 4.11. Operating principle of the SPRITE detector (Burnay et al., 1988)

A constant current bias is applied across the filament, and this causes the
photogenerated carriers to drift along the filament to the readout region. The drift
velocity is equal to the product of the electric field and the ambipolar mobility, and if
it is made equal to the image scan velocity, then the signal will be integrated along the
filament. Integration continues until the photocarrier recombination rate equals the
generation rate. When the photogenerated carriers enter the readout zone, the
conductivity is decreased and this modulates the voltage on the readout contact. If a
mumber of these SPRITE detectors are used in parallel, then a small areal array is
formed and the serial/parallel scan that will be explained in Chapter 9 can be
implemented. Thus the advent of the SPRITE detector made the serial/parallel

scanning technique the preferred one in many thermal imaging systems. The
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complexity of the tequited electronic circuitry was drastically reduced, since the TDI
circuits were eliminated altogether and the number of amplifying channels was
reduced. With this came a reduction in the cost, weight, size and complexity of the

thermal imager.

4.6 Noise In Detectors

Noise may arise in the detector itself, in its associated circuitry, or as statistical
fluctuations in the incident radiation. There are three main types of noise that may be

encountered in a photon detcctgx_‘. o

i) The first: typeresults from! the random thermal motion of the carriers. In a
photoconductor, this is known as Johnson noise, Nyquist noise, or thermal

noise, analogous to that observed in a resistor.

(ii)  The second noise source arises from fluctuations in the rates of the thermal
generation and recombination of carriers. In photoconductors, it is known as

ggng:atmnmgmhngmn_(g:[)_mm_q In junction (photovoltaic) devices,
thermal and g-r noise taken together are known as shot noise.

((iii)  The third type of noise occurs at low frequencies and is less well understood. It
is associated with surface and contact effects, and is known as 1/f noise

because its- power spectrum has approximately an inverse dependence on

frequency. Itis also called mment.mgdulangn._qr_exms_mxs:

Johnson noise and pQ'SSi_blyu lili’ffnoi's.ejvs"ill‘ b.e}:)resent in thermal detectors employing
electrical readout mechaﬁisms' T‘:liérhal‘detectors will also exhibit temperature noise,
«due to random temperature: changes that arise from fluctuations in the rate of heat

transfer from the detector to 1ts surroundmgs

‘Statistical fluctuations i m the 1nc1dent background radiation will set the fundamental
limit to any detector s performance,,and are known as photon noise or radiation noise.
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These fluctuations will produce variations in the generation and recombination rates
of a photoconductor. In junction detectors, the carriers are swept across junctions, and
there are no fluctiations in the recombination rate. Junction detectors therefore have an
ultimate noise level having a factor of 1.4 lower than that of photoconductors. In
thermal detectors, the fluctuations in the incident flux will produce additional

temperature noise.

A detector whose performance is limited solely by radiation noise is known as a
Background Limited Infrared Ph nductor (BL tor. Its D value will
depend on the background temperature and on the area of background viewed by the
detector. This latter should be minimised by limiting it to the field of view required
for imaging. With a cooled detector, this is achieved by surrounding the detector by a
cold-shield, with an aperture just large enough to admit the required cone of radiation.
The cold shield may be either a cold surface or a reflective spherical surface centred
on the detector. The radiation noise that is produced is proportional to the f-number of

the aperture.

4.7 Detector Cooling

In order to reduce the thermal generation of carriers and minimise noise, photon

detectors must be cooled and must therefore be encapsulated in a Dewar flask or other

similar type of cooling device. In thermal infrared applications, the method of cooling

varies according to the operating temperature and the system’s logistic requirements.

These cooling methods can be divided into four:-

1) Cryogenic Dewar cooling using liquid nitrogen,

(i1)  Joule-Thompson cooling;

(i)  Mechanical-refrigerator cooling systems based on the Stirling-cycle or
Gifford-McMahon/Solvay-cycle; and

(iv)  Thermoelectric cooling based on the Peltier effect.

Of the four, the first three are basically mechanical in operation; the last one is purely

electrical in terms of its function.
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As was set out in Table 4.1, most detectors operating in the thermal infrared band (A=
8 to 13um) operate at about 77K (-196°C), and can be cooled by liquid nitrogen. As
the author can testify, this is a messy and inconvenient procedure to implement,
needing frequent refilling of the liquid as it boils off. Thus, in practice, its use is
limited to laboratory operations where reasonable access to stored liquid nitrogen is
possible. In field conditions, however, it is more convenient to use compressed air and
a Joule-Thompson mini-cooler. Nowadays the use of small refrigerators, in particular
those employing the Stirling cycle, is becoming a practical possibility. Alternatively,
refrigerators based on the Gifford-McMahon/Solvay cycle, which consist of a
compressor to maintain the cooling system at the necessary temperature, are also

becoming more readily available.

As shown in Table 4.1, in the middle infrared (A=3 to 5um) waveband, most of the
detectors operate at 196K (-77°C), and this temperature is conveniently achieved by
the use of thermoelectric coolers based on the Peltier effect. However, in this region,
there are some detectors such as InSb, PbSe and PbTe that operate at 77K (-196°C),
hence they are cooled by one of the mechanical cooling systems, especially by liquid

nitrogen when operated in a laboratory situation.

4.8 Detector Arrays

Ideally, to achieve maximum thermal sensitivity, a two-dimensional array of detectors
should be used, with a sufficient number of detectors to give a one-to-one
correspondence with desired number of picture points in the scene. Such an array is
called a staring array (see Fig. 4.11). These arrays have recently became available for
the middle infrared part of the spectrum. Due to the complexity involved in their
manufacture and the high cost incurred in fabricating these arrays so that they can
operate in the middle infrared region, current technology does not allow sufficiently
large arrays to be produced to give the fields of view demanded in many imaging
applications. Thus the detectors are often made as linear arrays or as small areal

arrays, which are scanned over the object scene to generate the complete field of view.
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However there are now quite a large number of infrared imagers on the market which
use small areal arrays with comparatively low resolution (e.g. 256 x 256 or 240 x 320
pixels) that can carry out useful work. As the technology and fabrication of areal
arrays develops further to produce larger arrays, these may be expected to take over
more of the infrared imager market, since they dispense with the need for the optical

and mechanical scanning elements required in frame scanners.

Object Space

&

Lens /& ..~

o
,~‘

;‘ *11°  Image
":H: Space

Focal Plane

Fig. 4.11. Mapping of the object space onto a staring array (Mooney et al, 1989)

4.8.1 Read Out Mechanisms of Detector Arrays

Detector arrays are categorized by the readout mechanisms that are used to transfer
the charge at each detector out of the array. Three schemes of detector arrays with
different readout mechanisms are in use. They are:

(i) the MOS capacitor;

(i)  Charge Injection Devices (CID); and

(i)  Charge Coupled Devices (CCD).

For instance, CID and CCD detector arrays both use photoconductive and
photovoltaic detectors, however they employ different readout mechanisms. In this
section, only detector arrays with a CCD readout mechanism will be discussed since
they are the type mainly used in infrared imaging applications. Charge coupling,
‘which is used in CCD detector arrays, refers to the process by which pairs of

electrodes are used to transfer the charge between adjacent potential wells. Voltages
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of these electrodes are manipulated in a sequence that passes the accumulated charge
from one well to the next. At the end of the line of detectors, the charge is transferred
to output registers and scanned by an amplifier which has the same capacitance as a

detector element, thereby reducing noise.

In Fig. 4.12, the operation of a three-phase CCD (consisting of three electrodes
(gates)) is shown. At time t = t,, the charge is stored in the potential well underneath
the @&, electrode because of the higher positive values of the voltage on &, than on &,
and ;. At time t = t,, the same voltage is present on &, and &,. However, the
potential well is initially deeper under &, than under &, since the latter is partially
collapsed as a result of its stored charge. This initiates the charge transfer process
from the &, to the &, electrode. As the voltage on the J; electrode decreases, t; <t <
t;, the charge continues to spill into the region under the &, electrode. At time t = t;,
the charge is isolated under the &, electrode, and thus a shift of one-third of a cell has
been effected. As the phase drive pulses continue to change periodically with time, the

charge will be shifted from &, to &; and so on through the device.
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Fig. 4.12. Longitudinal section showing charge transfer using charge coupling

principles (Shortis and Beyer, 1996).
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4.8.2 Organization of Different Detector Types in Areal Array CCDs

CCD detector arrays have different types of logical organization for imaging and read
out. Frame transfer (FT) CCD detector arrays have imaging areas that are composed
only of detector elements. They can be differentiated into those arrays with an
imaging zone and a storage area, called field FT CCDs and arrays containing only
sensitive elements, called full frame FT CCDs. A third type called interline transfer
detector arrays are more complex, since this type employs additional columns of non-
imaging detectors to read out the image (Shortis and Beyer, 1996).

() Field Frame Transfer CCDs |

The field FT CCD consists of an imaging area, a field storage area and a horizontal
read out register (Fig. 4.13). The imaging and storage areas are composed of columns
of detector elements which are defined by a gate structure (Fig. 4.14). The columns
are separated by channel stops which laterally confine the charge. After a charge
integration period deﬁning_;@single field, the charges representing the image are
transferred from the imaging to the storage area. The charges are transferred in the
column direction using the gates. From the storage area, the charges are then
transferred row by row to the serial read out register and then counted at the output

- amplifier.

The method of ensuring the mt_eﬂa_qmg of full frame images is unique for the field FT
CCD. The imaging and'’ storage,areas each contain only as many rows of detector
elements as is required: to, hold one ﬁeld Interlacmg is achieved by integrating the
different gate electrodes. w1th speclﬁc arrangements dependent on the number of
‘phases in the charge couplmg. The loglcal detector elements of the two fields overlap
due to the effective shift of half the element spacing in the column direction (Fig.
4.14).
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Fig. 4.13. Field (left) and full (right) frame transfer CCD (Shortis and Beyer, 1996)
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Fig. 4.14. Detector element layout for a four phase field frame transfer CCD (Shortis
and Beyer, 1996).

(b) Full-Frame Frame Transfer CCDs

Full frame FT CCDs have the simplest structure of any CCD areal array. The detector

comprises only an imaging area and a serial read out register (Fig. 4.13). The charges
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are read out directly after the integration period for each field or for the full frame.
The charge transfer process for both types of FT array requires that steps must be
taken to prevent significant smearing of the image. This phenomenon will be
discussed in some more detail in Section 4.8.4. Interline transfer CCDs that use

techniques to minimize smear are described in the next section.

(c) Interline Transfer CCDs

The interline (IL) transfer CCDs overcome the potential problem of smear by using
different elements to accumulate and transfer the charge. IL detector arrays have twice
as many elements as are required for a full frame image, since the columns of detector
elements are interspersed by columns of transfer elements and rows of full frame (Fig.
4.15). After the charges have accumulated in the columns of detector elements, they
are then shifted into the columns of transfer elements and finally transferred row by

row into the horizontal read out register.

L _ 12pm J
18pm
Iy . VJj Opaque
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Aluminum Register Scan
. -m[-Shield
Register =[-Shields Axis
Shields
3pm
.
18pm 15pm
Typical . 3pm
Photosite
Photosite
Separation
30pm Harrier

Horizontal Scan Axis

Fig. 4.15. Interline transfer CCD (El-Hakim et al., 1989)
The more complicated structure of the IL CCD detector array and transfer elements

requires a significantly more complex fabrication process and results in a greater

variation in the microtopography of the surface. IL CCDs typically use a single phase
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transfer gate to shift the charge horizontally from the detector element to the transfer
elements, and a two phase transfer to shift the charge vertically within the transfer

elements.

Interlacing cannot be performed by shifting the sensitive area because of the structure
of the interline transfer and the discrete nature of the individual detector elements.
Each detector element is defined by channel stops on three sides and the transfer gate
on the fourth side. The detector elements in each row are also separated by the transfer
elements, leading to an area utilization factor as low as 35%. This results in problems
with aliasing, which is the phenomenon where patterns of high spatial frequency are

imaged at lower frequencies.

IL. CCDs currently dominate the broadcast and domestic markets for video imaging
systems. Despite problems with aliasing and the greater complexity of fabrication, IL
CCDs are favoured because of their relatively better vertical resolution and their
elimination of smear, and because high volume production of this type of detector

array has reduced manufacturing costs.

4.8.3 Geometric Properties of Arrays of CCD Detectors

The geometric performance that can be expected from CCD detector arrays is of
major interest. The uniformity of the detector element spacing and the flatness of the
detector surface can be used to help assess the geometric accuracy that can be
achieved. However manufacturers do not provide specifications regarding the

regularity of the spacing or the surface flatness of the detector elements.

4.8.3.1 Geometry of Detector Elements

CCD detector arrays are fabricated by the deposition of a series of layers on the
silicon substrate. Each layer serves a particular purpose, such as acting as insulation or
as a series of gates. The geometry of the deposited layers is controlled by a

photolithography process which is common.to the manufacture of all integrated
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circuits based on silicon wafers. Photolithography uses masks (as is done with colour
separations in cartographic work). These are prepared at a much larger size than that
of the finished product and they are then brought to the correct size using an optical
and photographic reduction process. The unmasked area is sensitized to deposition
using doping material, and the vaporized material which is introduced is then
deposited only onto those sensitized areas. Alternatively, the surface is exposed to

vapour etching and material is removed only from the unmasked areas.

One of the common photolithographic tools for production of high performance
circuits is the step-and-repeat system, or wafer stepper. The most obvious measure of
this system is the minimum feature size that can be printed, also called the design
rules. In the early 1970s, typical design rules of 6-8um were employed, while today’s
commercial optical steppers meet the requirements for sub-micrometre design rules
which approach 0.2um. However, especially for large CCD detector arrays, design
rules of 1.2 to 2um are typical (Seitz et al, 1995). The overall capability of a wafer
stepper depends on the column errors, the precision of the alignment system, and the
wafer stage stepping precision. It has been reported in Pol et al (1987), that to reach
0.5um design rules, allowing for column errors and stage stepping errors, it is

necessary that the alignment precision be well within + 0.1pm.

The spacing of the detector elements has been verified by measurements. For
example, Curry et al (1986) measured the detector spacing and found that it was

within £0.2pum of the manufacturer’s specification for a 45.54pm detector spacing.

4.8.3.2 Surface Flatness

The flatness of the CCD detector array is a matter of concern both in terms of the
overall shape of the silicon substrate and the microtopography of its surface. Early
CCD arrays were of low resolution and, more importantly, had small formats.
Therefore overall surface flatness was a matter of little concern. With increases in
array resolution have come increases in the format size, so the maximum angles of

incidence near the edge of the format have risen to values as great as 45°. With one or
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two exceptions, very few CCD manufacturers actually specify the flatness of the array
surface, largely because most detector arrays are prepared for broadcast or domestic

markets that are not concerned overly with geometric quality.

Thompson CSF specify an flatness tolerance of +10um, corner to corner, for their
1,024 x 1,024 detector array. With an element spacing of 19um, the diagonal of this
array is equal to 27.5mm. Using a lens with 14mm focal length, an angle of incidence
approaching 45° would be expected. Flatness errors of this order of magnitude are
certainly significant and require correction for very precise applications of CCD

detector arrays (Shortis and Beyer, 1996).

Microtopography is caused by the lack of flatness in the detector array surface and the
structure of the gates used for the charge coupling. The surface roughness of the array
material can be measured using an electron microscope. Lee et al (1985) showed that
it is of the order of +0.5um. The deposition of several layers of electrodes and
insulators leads to additional local surface variations of the order of +1um. The effects
of microtopography, especially when combined with low fill factors and large angles

of incidence, have yet to be theoretically quantified or experimentally investigated.

4.8.4 Spurious Signals

Spurious signals from CCDs are systematic or transient effects that are caused by
faults in the fabrication of the CCD detector arrays or deficiencies in the technology
of the CCDs. The most important effects are dark current, blooming, smear, traps and
blemishes. All of these effects result in the degradation of the image quality and can
be minimized by radiometric calibration of the CCD array (Shortis and Beyer, 1996).

(a) Dark Current

The thermal generation of electrons produced in any semi-conductor is known as dark
current. In CCDs, dark current cannot be distinguished from the charges generated by
the incident radiation falling on the detector array. It is produced at different rates
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depending on the depth within the detector and the absolute temperature of the

detector material.

Dark current is strongly correlated with operating temperature, and a reduction of 5 to
10°C can decrease the generation of noise by a factor of 2. Middle infrared CCDs
operating in the 3 to Sum wavelength region incorporate cooling systems to reduce
the operating temperature to around -77°C in order to improve dynamic range and
therefore the radiometric sensitivity of the detector array. The cooling methods that
are used by imaging systems operating in the middle (3 to Spm) and thermal (8 to
14pum) infrared parts of the spectrum have already been discussed in detail in Section
4.7.

(b) Blooming

When too much radiation falls onto a detector element or group of detector elements,
the charge capacity of the wells can be exceeded. The excess charge then spills over
into neighbouring elements. This effect is known as blooming.

Although blooming cannot be totally eliminated from CCD detector arrays, the
inclusion of so called anti-blooming drains has dramatically reduced the problem in
the current generation of CCDs, as compared to the first CCDs. There are two types of
anti-blooming structure that can be incorporated in CCDs to reduce the blooming.
Vertical anti-blooming structures use a special deep diffusion to produce a potential
profile which draws the extra charge into the substrate. Horizontal anti-blooming
methods use additional gate electrodes and channel stops to drain off excess charge
above a set threshold potential. Horizontal anti-blooming drains are placed adjacent to

the transfer gates in IL CCDs and parallel to the channel stops in FT CCDs.

(c) Smear

Smear describes the phenomenon that an intense radiation source influences the

brightness in the column direction. The apparent effect of smear in the acquired image
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is very similar for all detector types, but the physical source of the smearing may be
different in different types. Smear is usually defined as the ratio between the change

in image brightness above or below a bright area in the column direction.

Smear in FT CCDs originates from the accumulation of charge during the transfer
from the imaging to the storage zones. Therefore smear can be reduced dramatically
in FT CCDs by reducing the transfer time. However, the smear for IL CCD detector

arrays is a result of radiafion penetration during the charge transfer period.
(d) Traps

Traps are defect sites caused by a local degradation in the efficiency of the charge
transfer process. Traps capture charges from charge packets being transferred and
release the trapped charge slowly once there is an equilibrium of charge in the trap.
Traps originate from design flaws, material deficiencies and defects induced by the
fabrication process. Trap defects can be reduced by improving the quality of materials
and the fabrication process. An alternative method is to always keep the traps filled
with charge. This technique has the disadvantage of reducing the dynamic range of the

detector array.
(e) Blemishes

Blemishes on images acquired from CCD detector arrays are often caused by material
deficiencies, such as crystallographic defects in the silicon, or defects induced by the
fabrication process. Such defects introduce dark current or other effects which exceed
the specification for the CCD detector array and are manifest as a spurious signal in

the image.

Blemishes are characterized by type as single point, area or column and row defects;
these affect a single detector element, a group of adjacent elements or a column and a
row respectively. Single point and area blemishes are most often caused by small

sources of dark current or shorts between gates or between gates and the substrate.
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Detector elements with exceptionally high dark current give rise to dark current spikes
and produce white spots or areas. Area blemishes can take different shapes, such as
“swirl patterns”, “white clouds” or “swiss cheese”. Column defects in IL CCDs are
usually due to fabrication deficiencies in the channel stops. Detectors with row defects
are generally culled by the manufacturer. A blemish compensation circuit is included
in some CCD cameras to remove defects in the images that are output by the detector
arrays. The addresses of these defects are stored in read only memory (ROM) as a
table of locations. The detector elements ahead of each blemish are read twice by the

scanning circuits and then output as sequential elements to disguise the defect.

4.8.5 Infrared CCD (IR-CCD) Areal Arrays

Generally IR-CCDs can be classified into two main categories: monolithic and hybrid
devices (Wolfe and Zissis, 1978).

4.8.5.1 Monolithic IR-CCDs

"The monolithic IR-CCD category comprises those devices in which both the photon
detection and charge generation, as well as the charge transfer, are achieved in a
structure built around semi-conductor detector material. Monolithic devices generally
use the basic CCD concept and structure, in conjuction with an IR sensitive substrate
consisting of either a narrow bandgap semi-conductor or an extrinsic semi-conductor

having an appropriate impurity energy level.
(@) Extrinsic IR-CCDs

By monolithically integrating extrinsic-silicon IR detectors with silicon circuits, one
can use integrated circuit technology in the development of sophisticated IR detectors.
"The main drawback of extrinsic silicon IR-CCD is the low temperature required for its
operation. For operation in the 8 to 14pm wavelength region, a temperature between
15 and 30°K is generally required, while for the 3 to Sum wavelength region, the
temperature range is typically between 40 and 65°K. This represents a serious
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problem in certain applications and results in a higher cooling system cost in most
applications. The extrinsic silicon also inherits the relatively low quant