Chapter 1
Fundamentals of Infrared Thermal Imaging

1.1
Introduction

Infrared (IR) thermal imaging, also often called thermography for short, is a
very rapidly evolving field in science as well as industry owing to the enormous
progress made in the last three decades in microsystem technologies of IR detec-
tor design, electronics, and computer science. Thermography nowadays is applied
in research and development as well as in a variety of different fields in industry,
such as nondestructive testing, condition monitoring, and predictive mainte-
nance, reducing energy costs of processes and buildings, detection of gaseous
species, and many more areas. In addition, competition in the profitable industry
segment of camera manufacturers has recently led to the introduction of low-cost
models at a price level of just several thousand dollars or euros, and smartphone
accessories even below five hundred dollars, which has opened up new applica-
tion fields for the cameras. Besides education (obviously schools’ problems with
financing expensive equipment for science classes are well known), IR cameras
will probably soon be advertised in hardware stores as “must-have” do-it-yourself
products for analyzing building insulation, heating pipes, or electrical compo-
nents in homes. This development has both advantages and drawbacks.

The advantages may be illustrated by an anecdote based on personal experi-
ences concerning physics teaching in school. Physics was, and still is, considered
to be a very difficult subject in school. One of the reasons may be that simple phe-
nomena of physics, for example, friction or the principle of energy conservation
in mechanics, are often taught in such an abstract way that rather than being at-
tracted to the subject, students are scared away. One of us clearly remembers a
frustrating physics lesson at school dealing first with free-falling objects and then
with the action of walking on a floor. First, the teacher argued that a falling stone
would transfer energy to the floor such that the total energy was conserved. He
only used mathematical equations but stopped his argument at the conversion
of initial potential energy of the stone to kinetic energy just prior to impact with
the floor. The rest was a hand-waving argument that, of course, the energy would
be transformed into heat. The last argument was not logically developed; it was
just one of the typical teacher arguments to be believed (or not). Of course, at
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those times, it was very difficult in schools to actually measure the conversion
of kinetic energy into heat. Maybe the students would have been more satisfied if
the teacher had at least attempted to visualize the process in more detail. The sec-
ond example — explaining the simple action of walking — was similarly frustrating.
The teacher argued that movement was possible owing to the frictional forces be-
tween shoe and floor. He then wrote down some equations describing the under-
lying physics, and that was all. Again, there were missing arguments: if someone
walking has to do work against frictional forces, there must be some conversion
of kinetic energy into heat, and shoes as well as the floor must heat up. Again,
of course, at those times, it was very difficult in school to actually measure the
resulting tiny temperature rises of shoes and floors. Nevertheless not discussing
them at all was a good example of bad teaching. And again, maybe some kind of
visualization would have helped. But visualizations were not a strength of this old
teacher, who rather preferred to have Newton’s laws recited in Latin.

Visualization refers to any technique for creating images, diagrams, or anima-
tions to communicate an abstract or a concrete argument. It can help bring struc-
ture to a complex context, it can make verbal statements clear, or it can give clear
and appropriate visual representations of situations or processes. The underlying
idea is to provide visual concepts that help to better understand and better recol-
lect a context. Today, in the computer age, visualization is finding ever-expanding
applications in science, engineering, medicine, and other fields. In the natural sci-
ences, visualization techniques are often used to represent data from simulations
or experiments in plots or images in order to make analysis of the data as easy as
possible. Powerful software techniques often enable the user to modify the visu-
alization in real time, thereby allowing easy perception of patterns and relations
in the abstract data in question.

Thermography is an excellent example of a visualization technique that can be
used in many different fields of physics and science. Moreover, it has opened up a
totally new realm of physics in terms of visualization. Nowadays, it is possible to
visualize easily the (to the human eye) invisible effects of temperature rise of the
floor upon impact of a falling object or upon interaction with the shoe of a walk-
ing person. This will allow totally new ways of teaching physics and the natural
sciences starting in school and ending in the training of professionals in all kinds
of industries. Visualization of “invisible” processes of physics or chemistry with
thermography can be a major factor creating fascination for and interest in these
subjects, not only in students at school and university but also for the layperson.
Nearly every example described later in this book can be studied in this context.

The drawbacks of promoting IR cameras as mass products for a wide range of
consumers are less obvious. Anyone owning an IR camera will be able to produce
nice and colorful images, but most will never be able to fully exploit the potentials
of such a camera — and most will never be able to correctly use it.

Typically, the first images recorded with any camera will be the faces of people
nearby. Figure 1.1 gives an example of IR images of the two authors. Anyone con-
fronted with such images for the first time would normally find them fascinating
since they provide a totally new way of looking at people. The faces can still be
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Figure 1.1 IR thermal images of (a) K-P. M&llmann and (b) M. Vollmer.
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Figure 1.2 Various signal contributions entering an IR camera due to external influences.

recognized, but some parts look strange, for example, the eyes. Also, the nostrils
(Figure 1.1b) seem to be distinctive and the hair to be surrounded by an “aura.”

For artists who want to create new effects, such images are fine, but thermog-
raphy — if it is to be used for the analysis of real problems like building insulation,
for example — is much more than this. Modern IR cameras may give qualitative
images, colorful images that look nice but mean nothing, or they can be used as
quantitative measuring instruments. The latter use is the original reason for de-
veloping these systems. Thermography is a measurement technique that, in most
cases, is able to quantitatively measure surface temperatures of objects. To use this
technique correctly, professionals must know exactly what the camera does and
what the user must do to extract useful information from images. This knowledge
can only be obtained through professional training. Therefore, the drawback in IR
cameras is that they require professional training before they can be used prop-
erly. A multitude of factors can influence IR images and, hence, any interpretation
of such images (Figure 1.2 and Chapters 2 and 7).

First, radiation from an object (red) is attenuated via absorption or scattering
while traveling through the atmosphere (Section 1.5.2), IR windows, or the cam-
era optics (Section 1.5.4). Second, the atmosphere itself can emit radiation owing
to its temperature (blue) (this also holds for windows or the camera optics and
housing itself), and third, warm or hot objects in the surroundings (even the ther-
mographer is a source) may lead to reflections of additional IR radiation from the
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Table 1.1 Several parameters and factors affecting images recorded with modern IR cameras

systems.

Parameters affecting IR images gen-
erated from raw detector data within
camera that can usually be adjusted us-
ing camera software; quantitative results
can strongly depend on some of these
parameters! They can often be changed
while analyzing images (after recording)
if proper software is used (this may not
be possible for the cheapest models!)

Emissivity of object

Distance of camera to object (usually in
meters, feet in the USA)

Size of object

Relative humidity

Ambient temperature (usually in degrees
Celsius or Kelvin, degrees Fahrenheit in the
USA)

Atmospheric temperature

External optics temperature

External optics transmission

Parameters affecting how data are plot-
ted as an image; if chosen unfavorably,
important details may be disguised

Temperature span AT
Temperature range and level
Color palette

Some parameters that can significantly
affect quantitative analysis and interpre-
tation of IR images

Wavelength dependence of emissivity
(wavelength range of camera)
Angular dependence of emissivity (angle of

observation)

o Temperature dependence of emissivity

« Optical properties of matter between cam-
era and object

o Use of filters (e.g., high temperature, nar-
rowband)

o Thermal reflections

« Wind speed

e Solar load

« Shadow effects of nearby objects

e Moisture

o Thermal properties of objects (e.g., time
constants)

object or windows, and so on (pink arrows). The contributions from the object or
windows may, furthermore, depend on the material, the surface structure, and so
on, which are described by the parameter emissivity. These and other parameters
are listed in Table 1.1; they are all discussed in subsequent sections.

Even if all of these parameters are dealt with, some remaining open questions
will need to be answered. Consider, for example, someone who uses IR imaging
in predictive maintenance doing electrical component inspections. Suppose the
recording of an IR image shows a component with an elevated temperature. The
fundamental problem is the assessment criterion for the analysis of IR images.
How hot can a component become and still be okay? What is the criterion for
an immediate replacement, or how long can one wait before replacement? These
questions involve a lot of money if the component is involved in the power supply



1.1 Introduction

of an industrial complex, the failure of which can lead to a shutdown of a facility
for a certain period of time.

Obviously, buying a camera and recording IR images may shift the problem
from not knowing anything at all to the problem of understanding the IR technol-
ogy being used and all aspects of IR image interpretation. This book deals with the
second problem. In this respect, it is addressed to at least three different groups of
people. First, it will benefit interested newcomers to the field by giving an intro-
duction to the general topic of IR thermal imaging, by discussing the underlying
fundamental physics, and by presenting numerous examples of the technique in
research as well as in industry. Second, it will benefit educators at all levels who
want to include IR imaging in their curriculum in order to facilitate the under-
standing of physics and science topics as well as IR imaging in general. Third, it is
addressed to all practitioners who own an IR camera and want to use it as a quan-
titative or qualitative tool for business. The text complements any kind of modern
IR camera training/certification course as is offered by nearly every manufacturer
of such camera systems.

The authors sincerely hope that this text will help reduce the number of color-
ful, but often quite wrongly interpreted, IR images of buildings and other objects
in daily newspapers. In one typical example, a (probably south) wall of a house
that had been illuminated by the sun for several hours before the IR image was
taken was — of course — showing up as being warmer than the windows and other
walls of the house. The interpretation that the wall was obviously very badly in-
sulated was, however, pure nonsense (Chapter 7). In addition, we hope that in the
future trained specialists will no longer call up their manufacturer and ask, for
example, why they are not able to see any fish in their aquarium or in a pond with
a long-wave (LW) camera. When that happens, there will be no more complaints
about system malfunctions because the IR camera measures skin temperatures
well above 45°C. Or, to give a last example, people will no longer ask whether
they are also able to measure the temperature of hot noble gases or oxygen using
IR imaging.

We next come to the reason for bringing out the second edition of our book on
IR thermal imaging. Of course, various handbooks have been published [1-6] that
contain articles on several related topics, a number of books are available on cer-
tain aspects like the principles of radiation thermometry [7-9], detectors and de-
tector systems, and their testing [10-16], IR material properties [17, 18], the fun-
damentals of heat transfer [19, 20], and an overview of the electromagnetic (EM)
spectrum in the IR and adjacent regions [21], and, finally, some concise books on
practical applications have also been released [22—24]. However, not only the de-
tector technologies but also the range of applications have increased enormously
over the past decade and since the first edition of this textbook. Therefore, an up-
to-date review of the 2017 state of the art in technology and applications seems
overdue.

This text uses the international system of units. The only deviation from this
rule concerns temperature, probably the most important quantity for thermog-
raphy. Temperatures in science should be given in Kelvin; IR camera manufac-
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Table 1.2 Relation between three commonly used temperature scales in thermography.

T(K) T(°Q) T (°F)

0 (absolute zero) —273.15 —459.67
273.15 0 32
373.15 100 212

1273.15 1000 1832

AT (K) = AT(°C); AT (°C) = (5/9) - AT (°F);
T (K) = T (°C) +273.15; T (°C) = (5/9) - (T (°E) — 32);
T CE) = (9/5)- T (°C) + 32.

turers, however, mostly use the more common Celsius scale for their images. For
North American customers, there is the option of presenting temperatures on the
Fahrenheit scale. Table 1.2 gives a short survey of how these temperature readings
can be converted from one unit to another.

1.2
Infrared Radiation

1.2.1
Electromagnetic Waves and the Electromagnetic Spectrum

In physics, visible light (VIS), ultraviolet (UV) radiation, IR radiation, and so on
can be described as waves — to be more specific, as EM waves (for some properties
of IR radiation, e.g., in detectors, a different point of view with radiation acting
like a particle is adopted, but for most applications, the wave description is more
useful).

Waves are periodic disturbances (think, e.g., of vertical displacements of a wa-
ter surface after a stone has been thrown into a puddle or lake) that keep their
shape while progressing in space as a function of time. The spatial periodicity is
called wavelength, A (given, for example, in meters, micrometers, nanometers),
the transient periodicity is called the period of oscillation, T (in seconds), and its
reciprocal is the frequency, v = 1/ T (in s™! or Hertz). Both are connected via the
speed of propagation c of the wave by Eq. (1.1):

c=v-A (1.1)

The speed of propagation of waves depends on the specific type of wave. Sound
waves, which exist only if matter is present, have typical speeds of about 340 m s~!
in air (think of the familiar thunder and lightning rule: if you hear the thunder 3 s
after seeing the lightning, it has struck at a distance of about 1 km). In liquids, this
speed is typically at least three times higher, and in solids, the speed of sound can

reach about 5 km s™1. In contrast, EM waves propagate at the much higher speed
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Figure 1.3 Three snapshots of a sinusoidal function of time. The snapshots startat t = 0

wave traveling from left to right. Part of the then show the wave after half a period and
wave (one wavelength) is marked (red line) to  a full period. In one period T, the wave has
demonstrate how the wave propagates as a traveled one wavelength A.

of light, which is ¢ = 299 792 458 m s~! ~ 300000 km s~! in a vacuum and v = ¢/n
in matter, with # being the index of refraction, which is a number of the order of
unity.

In nature, the geometric form of a disturbance is very often sinusoidal, that is,
it can be described by the mathematical sine function. Figure 1.3 schematically
depicts snapshots of a sinusoidal wave traveling from left to right in space. The
bottom snapshot refers to a starting time of £ = 0. One wavelength A is marked
by a red bold line. After half a period of oscillation (when ¢ = T'/2), the wave has
moved by 1/2,and when ¢ = T, it has moved by one wavelength in the propagation
direction.

Disturbances, which resemble waves, can be of a great variety. For example,
sound waves in gases are due to pressure variations and water waves are verti-
cal displacements of the surface. According to the type of disturbance, two wave
types are usually defined: in longitudinal waves (e.g., sound waves in gases), the
disturbance is parallel to the propagation direction, whereas in transverse waves
(e.g., surface-water waves), it is perpendicular to it. With springs (Figure 1.4), both
types of waves are possible (e.g., sound waves in solids). In transverse waves, the
disturbances can oscillate in many different directions. This is described by the
property called polarization. The plane of polarization is the plane defined by the
disturbance and the propagation direction.

Light and IR radiation are EM waves. In EM waves, the disturbances are electric
and magnetic fields. They are perpendicular to each other and also perpendicular
to the propagation direction, that is, EM waves are transverse waves (Figure 1.5).
The maximum disturbance (or elongation) is called the amplitude.

The polarization is defined by the electric field and the propagation direction,
that is, the wave is polarized in the x—z plane in Figure 1.5. Sunlight and light
from many other sources like fire, candles, or light bulbs is unpolarized, that is,
the plane of polarization of these light waves can have all possible orientations.
Such unpolarized radiation may, however, become polarized by reflections from
surfaces or on passing a so-called polarizer.
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Figure 1.4 lllustration of longitudinal (a) and transverse waves (b). The latter have the addi-
tional property of polarization.

Figure 1.5 IR radiation involves a special
kind of EM waves. In EM waves, the elec-
tric field and the magnetic induction field
are perpendicular to each other and to
the direction of propagation (here the z-
direction).

Wire grid
polarizer

Polarized
waves

Unpolarized waves

Figure 1.6 Microscopic wire grids can act as polarizers for IR radiation. The transmitted electric
field oscillates perpendicular to the direction of the wires.

For VIS and IR radiation the simplest polarizer consists of a microscopically
small conducting grid (similarly, a metal wire grid can polarize microwave radia-
tion). If unpolarized radiation is incident on such a grid, only those waves whose
electric field is oscillating perpendicular to the grid wires are transmitted (Fig-
ure 1.6). Such polarizing filters can help suppress reflections when taking photos
with a camera (for more details, see [25, 26] and Section 3.4).

Figure 1.7 gives an overview of EM waves, ordered according to their wave-
length or frequency. This spectrum consists of a great variety of different waves.
All of them can be observed in nature, and many have technical applications.

Starting from the top of the figure, for example, y-rays have the highest fre-
quencies, that is, the shortest wavelengths. X-rays are well known from their med-
ical applications, and UV radiation is important in the context of the ozone hole
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since less ozone in the upper atmosphere means more UV radiation from the sun
reaches the surface of the earth, which can cause skin cancer. The visible light,
defined by the sensitive range of the light receptors in our eyes, only covers a very
small range within this spectrum, with wavelengths from 380 to 780 nm. The ad-
jacent spectral region with wavelengths from 780 up to 1 mm is usually called
infrared, which is the topic of this book. This range is followed by microwaves,
RADAR, and all EM waves that are used for radio, TV, and so on. Recently, new
sensing developments in the frequency range from 0.1 to 10 THz have led to the
newly defined range of terahertz radiation, which overlaps part of the IR and mi-
crowave ranges.

For IR imaging, only a small range of the IR spectrum is used. It is shown in an
expanded view in Figure 1.8. Typically, three spectral ranges are defined for ther-
mography: the long-wave (LW) region from around 8 to 14 pum, the mid-wave
(MW) region from around 3 to 5 um, and the short-wave (SW) region from 0.9
to 1.7 pm. Commercial cameras are available for these three ranges (note that the
limiting wavelengths for these ranges, also called bands, can vary depending on
the actual detector sensitivities (Figure 2.71) and additional optical filter elements;
for most simple estimates we use the aforementioned values). The restriction to
these wavelengths follows firstly from considerations of the amount of thermal
radiation to be expected (Section 1.3.2), secondly from the physics of detectors
(Chapter 2), and thirdly from the transmission properties of the atmosphere (Sec-
tion 1.5.2).

The origin of naturally occurring EM radiation is manifold. The most impor-
tant process for thermography is the so-called thermal radiation, which will be
discussed in detail in the next section. In brief, the term thermal radiation im-
plies that every body or object at a temperature T > 0K (—273.15 °C) emits EM
radiation. The amount of radiation and its distribution as a function of wavelength
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Figure 1.8 Infrared (IR) and adjacent spectral regions and expanded view of so-called thermal
IR. This is the region where IR imaging systems for short-wave (SW), mid-wave (MW), and long-
wave (LW) cameras exist. Special systems have extended ranges.

depend on temperature and material properties. For temperatures in the range of
natural and technological processes, this radiation is in the thermal IR spectral
region.

1.2.2
Basics of Geometrical Optics for Infrared Radiation

1.2.2.1 Geometric Properties of Reflection and Refraction

From the observation of shadows or the use of laser pointers, it is an everyday
experience that visible light propagates more or less in straight lines. This behavior
is most easily described in terms of geometrical optics. This description is valid if
the wavelength of the light is much smaller than the size of the objects/structures
on which the light is incident. IR radiation has a behavior very similar to that of
visible light; hence, it can also often be described using geometrical optics:

» In homogeneous materials, IR radiation propagates in straight lines. It can be
described as rays whose propagation follows from geometrical laws. Usually
the rays are indicated by arrows.

o At the boundary between two materials, part of the incident radiation is re-
flected, and part of it is transmitted as refracted IR radiation (Figure 1.9).

o The optical properties of homogeneous materials, for example, those of a lens
of an IR camera, are described by the index of refraction x. This index # is a
real number larger than unity for nonabsorbing materials and a complex math-
ematical quantity for absorbing materials. The properties of materials for the
thermal IR spectral range are described in detail in Section 1.5.
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Figure 1.9 Laws of reflection and refraction in geometrical optics. The examples given in the
figure refer to IR radiation, which is incident from the air on a germanium surface.

o The orientation between the incident radiation and surface normal of the
boundary between two materials is called the angle of incidence, a,. The cor-
responding angle between the reflected ray and the surface normal is the angle
of reflection, a). The law of reflection — which is the basis for mirror optics —
states that

a) =a; (1.2)

o The orientation between the transmitted refracted radiation and surface nor-
mal of the boundary between two materials is called the angle of refraction, a,.
If the index of refraction of the two materials are given by #; and n,, the law of
refraction (also called Snell’s law) — which is the basis for lens optics — states
that

nysina; = n,sina, (1.3)

The propagation of radiation in matter can be described using these two laws.
Nowadays, this is mostly done using ray-tracing programs, which make it possi-
ble to follow the path of radiation through many different materials and a large
number of boundaries, as are usual, for example, in complex lens systems used in
optical instruments such as IR cameras.

Refraction is also the basis for studying spectra and defining the IR spectral
region. In the seventeenth century, Isaac Newton demonstrated that the index
of refraction of materials depends on the wavelength of visible light. The same
holds for IR radiation. Typical optical materials show a normal dispersion, that
is, the index of refraction decreases with increasing wavelength. If radiation is
incident on a prism, the angles of refracted light within the prism are determined
from the law of refraction. If the index of refraction decreases with increasing
wavelength, the radiation with longer wavelength is refracted less than the short
wavelength radiation. The same holds for the second boundary of the prism. As a
result, the incident EM radiation is spread out into a spectrum behind the prism.
If thermal IR radiation is incident and the prism is made of an IR transparent
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Figure 1.10 Generating a spectrum from a collimated narrow beam of EM radiation using a
nonabsorbing prism.

material, the LW radiation will end up on top and the SW radiation on the bottom
of the spectrum in Figure 1.10.

1.2.2.2 Specular and Diffuse Reflection

Finally, IR imaging is often used to study objects with rough surfaces. In such
cases, reflection need not be directed but can also have a diffuse component. Fig-
ure 1.11 illustrates the transition from directed reflection, also called specular re-
flection, to diffuse reflection.

1.2.2.3 Portion of Reflected and Transmitted Radiation: Fresnel Equations

Equations 1.2 and 1.3 give the directions of reflected and transmitted radiation.
The portions of reflected and transmitted light, which depend on angle of inci-
dence, can also be computed from the so-called Fresnel equations of wave op-
tics [25, 27]. For the purpose of this book, graphical results will be sufficient. Fig-

Incident light ~ Specularly reflected Mostly specularly
light Incident light reflected light

Diffuse
scattering

Reflecting surface with

Very smooth reflecting surface .
some micro roughness

Only
diffuse
scattering

Surface with a lot of
micro roughness

(0

Figure 1.11 During the transition from smooth to rough surfaces, optical reflections change
from specular mirrorlike (a) to diffuse reflection (c). The most common case is a combination of
both types of reflection (b).
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Figure 1.12 The portion of reflected visible light from an air-glass boundary (a) or of IR radia-
tion from an air-silicon boundary (b) depends on the polarization of the radiation.

ure 1.12 shows representative results for the reflection of visible light (1 = 0.5 pm)
for a boundary between air and glass and for IR radiation (A = 10 pm) for a bound-
ary between air and silicon.

Reflected light consists of two contributions: the first is light that is polarized
parallel (R,) and the second is light that is polarized perpendicular (R,) to the
plane of incidence. The latter is defined as the plane made up by the surface nor-
mal of the boundary and the propagation direction of the EM radiation. In Fig-
ure 1.9 and the inset in Figure 1.12, the drawing plane is the plane of incidence.
For the perpendicular component, the portion of reflected radiation, called reflec-
tivity, slowly increases from 0.04 for the VIS case (and about 0.3 for IR) at normal
incidence (@ = 0°) up to the maximum value of 1.0 at grazing incidence (a = 90°).
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In contrast, the parallel component first decreases from the same starting value
at a = 0°, reaches a specific angle, called the Brewster angle, with zero reflectivity,
and then steeply rises to the maximum value of 1.0 at grazing incidence.

In general, the Brewster angle ap, for a transition from a transparent, that is,
nonabsorbing material A (e.g., air) to a transparent material B (e.g., glass) is de-
fined by the condition

sin(ag,) ng

tan(ap,) = (1.4)

cos(ay,) My
which, for the preceding examples, gives ap, = 56.3° for air—glass (VIS) and ap, =
75° for air-silicon (IR). For absorbing materials, the general form of the curves
stays the same; however, the minimum may not reach zero and the Brewster angles
may shift.

Thermal reflections are important in many applications of thermography. For
quick numerical estimates, we mention Eq. (1.5), which gives the reflectivity R
(portion of reflected radiation) in terms of the refractive indices for the case of
normal incidence (& = 0°). The material A from which radiation is incident is
considered to be transparent (e.g., air), whereas the material B from which radia-
tion is reflected can be transparent or opaque to the radiation. In the latter case,
the index of refraction, which can be found as a function of wavelength in tables
of several handbooks [18], is mathematically a complex number ny = 1, +in, and

2, 2
(n; —np)" +n;

R(a =0°% ny, ng = ny +iny) = (1.5)

(ny +ny)* + n}
In the preceding examples, n, = 1.0, n; = 1.5, and n, = 0, which gives R = 0.04
for air—glass at A = 0.5 um and n, = 1.0, n; = 3.42, and 1, = 6.8 - 107>, which
gives R = 0.30 for air—silicon at A = 10 pm. Some applications of these results are
discussed in the section on suppression of thermal reflections (Section 3.4).

1.3
Radiometry and Thermal Radiation

In any practical measurement with an IR camera, an object emits radiation in the
direction of the camera, where it is focused on the detector and measured quan-
titatively. Since thermography is mostly done with solid objects, which are, fur-
thermore, opaque to IR radiation, the emission refers to the surfaces of the objects
only (the most important exception — gases — will be treated separately in Chap-
ter 8). Let us consider a small surface area element dA that emits thermal radiation
in the specific direction of the detector, which occupies a certain solid angle. To
characterize the emission, propagation, and irradiance of any kind of radiation —
that is, also the thermal radiation discussed here — with respect to the detector, a
set of several radiometric quantities has been defined, which will be introduced in
Section 1.3.1. As will become evident, a certain class of emitters — so-called black-
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do Figure 1.13 The total energy flux, d ®, emitted by a surface
area element, dA, is emitted in a hemisphere above dA.

Surface area
element dA

bodies — has unique properties concerning the total amount of emitted radiation
as well as their geometrical distribution. This will be discussed in Section 1.3.2.

1.3.1
Basic Radiometry

1.3.1.1 Radiant Power, Excitance, and Irradiance
Consider an element dA of the radiating surface of an object. The total energy flux
d® from this surface element dA into the hemisphere is called power, radiant
power, or energy flux with the SI unit W (watt) (Figure 1.13). This quantity can
only be measured directly if the detector collects radiation from the hemisphere
completely. This is usually not the case.

If this radiant power is related to the emitting surface area, we find the excitance,
M, in W m~2, using

_do

M=

(1.6)
Obviously excitance (sometimes also called emittance or emissive power [16,
20]) characterizes the total radiant power within the hemisphere divided by the
surface area. It contains the contributions of all emitted wavelengths (for the
sake of simplicity, we write total derivatives; note, however, that these are partial
derivatives, since the radiant power depends also on angles and wavelength).

If, in contrast, we consider the total incident power from a hemisphere on a
given surface dA, the same definition leads to the irradiance E = d®/ dA. Obvi-
ously, excitance and irradiance refer to the same units of measurement, namely,
watts per meter squared (W m™2), but the corresponding energy flux is either
emitted or received by a particular surface area dA.

1.3.1.2 Spectral Densities of Radiometric Quantities

So far, radiant power, excitance, and irradiance for an area dA refer to the to-
tal power emitted to or received from a hemisphere. In practice, all radiometric
quantities do, however, also depend on wavelength. Therefore, one can easily de-
fine the spectral densities of the various radiometric quantities. As an example,
Figure 1.14 illustrates the relation between radiant power @ and its spectral den-
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\ Figure 1.14 Relation between radiant

power @ and its spectral density: The to-
tal radiant power @ (red area) is found by
summing up the contribution of @, (blue

e curve) over the whole wavelength range.
O = [ ddA
0

®, (W pm™)

Y

Wavelength (um)

Table 1.3 Overview of important radiometric quantities.

Name Symbol  Unit Definition
Energy flux or D W Emission of energy per time in
radiant power hemisphere
do
Excit M W m—2 _ &7
xcitance m 1A
dA: emitting surface, into hemi-
sphere
do
Irradi E W m™2 E=—
rradiance m 1A
dA: receiving surface, from hemi-
sphere
Radiant intensit 1 W (sr)~1 I= do
Y Tdo
d“o
Radiance L W (K‘I’l2 SI')71 L= C()dsmm
X
Spectral density X, (unit of X) (um)~! or X, = o
X of any cho- (unit of X) (nm)~! or
sen radiometric (unit of X) m™!
quantity X
sity @,.
do
Dy = — 1.7
VS @ (1.7)

Similar relations hold for all other radiometric quantities (Table 1.3). The exci-
tance, that is, emissive power, would then be called, for example, spectral excitance
or spectral emissive power.

1.3.1.3 Solid Angles

Most often, surfaces of objects do emit radiation, but not uniformly in the hemi-
sphere. To account for this directionality of emitted radiation, we must introduce
angles in three-dimensional coordinate systems and the concept of the solid angle.
Figure 1.15a depicts the geometry: the emitting area is located in the x—y plane,
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Zenith angle:
§=0°-180°

0 .
*\/-\ z-axis

(b)

Figure 1.15 (a) Definition of angles in space and visualization of solid angle, which, (b) at a
given distance from the surface, is related to the area dA,,,, which is normal to the chosen
direction.

that is, the z-axis is perpendicular to the area. Then, any direction in space (bro-
ken arrow) can be defined by two angles, the azimuth angle ¢, which is measured
from the x-axis to the projection line of the chosen direction onto the x—y plane,
and the zenith angle .

Usually, the direction itself is not important; rather, radiation is emitted toward
a detector of a given surface area. For simplicity we assume an area dA . that is
oriented perpendicular to the chosen direction at a distance R from a chosen point
on the emitting surface. The area can be characterized by the small increments of
angles dg and dJ, as shown in Figure 1.15b. This leads to the definition of the
solid angle element dQ (for details, see textbooks on mathematics):

dAl'lO['
(1.8)

dQ(5, ) =sind-dd-de = 2

The unit of solid angle is the steradian (sr), similar to the radian (rad) for the
planar angle. The full solid angle is 4m. Using §, ¢, and dQ(J, @), any emission of
radiation in any given direction can be characterized using the quantities radiant
intensity and radiance.

1.3.1.4 Radiant Intensity, Radiance, and Lambertian Emitters

The radiant intensity / is the radiant power that is emitted from a point source of
a radiating object into a solid angle element d.Q in a given direction, character-
ized by (6, ). Mathematically it is given by I = d @/ d.Q, with unit watt/steradian
(W sr1).

Radiant intensity (which, by the way, is the only quantity in optics where in-
tensity is properly defined [28]) is related to the most often used quantity in ra-
diometry, the radiance L. Radiance is used to characterize extended sources. It is
defined as the amount of radiant power per unit of projected source area and per
unit solid angle:

L= dz—(p , e, d*®=LcosddQdA (1.9a)
cosddQ dA
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Figure 1.16 For a given direction, only the projec-
tion dA - cos 6 can be seen from the emitting area

Direction
of emission

The significance of this slightly more complicated definition of radiance may
become obvious if Eq. (1.9a) is written in such a way as to calculate the total radiant
power from the radiance:

D = H LcosddQdA (1.9b)

The total radiant power results from summing up radiance contributions over
the area and solid angle of the hemisphere. If only integration over a solid angle is
done, one ends up with the excitance:

M= — =
dA

J LcosddQ (1.10a)

hemisphere
whereas only integration over a surface area results in radiant intensity:

I=— =
dQ

J LcosddA (1.10b)

source area

The geometrical factor cos § can be easily understood from Figure 1.16. Any
emitting surface area dA is observed to be largest for a direction that is perpen-
dicular to the surface. For any other direction, only the projection of dA perpen-
dicular to it can contribute to the emitted radiation.

Hence, radiance is a measure of the radiant power of an emitter with surface
area dA that passes through a surface that is normal to the emission direction.
Since this surface defines a solid angle in this direction, radiance is a true measure
of the amount of radiation that is emitted in a certain direction and per unit solid
angle.

A summary of important radiometric quantities is listed in Table 1.3. ST units are
used; however, for the spectral densities the wavelength interval is often given in
micrometers or nanometers. This helps to avoid misinterpretations. Consider, for
example, the spectral density of the excitance, which is the total radiant power per
area and wavelength interval. Its unit can be expressed as W (m? um)~! or also as
W m~3, The first choice is much better since it avoids any misunderstanding. For
example, a quantity with unit W m=3 could be wrongly interpreted as the power
density per volume.

The difference between radiant intensity and radiance will become most obvi-
ous for so-called Lambertian radiators (after ].H. Lambert, an eighteenth-century
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Radiance L Radiant
intensity /
Lambertian radiator Lambertian radiator

Figure 1.17 Lambertian radiators have constant radiance, but the radiant intensity depends
on the direction of emission.

scientist who made significant contributions to the field of photometry). A Lam-
bertian radiator is one that emits or reflects a radiance that is independent of an-
gle, that is, it emits uniformly into the hemisphere. Lambertian radiators are theo-
retical constructs that can be approximated in the real world by blackbody sources
(Section 1.4.6) or perfect diffusely scattering surfaces. In this case, L = constant
and/ =L-A-cosd = I, cosd. This angular dependence of radiant intensity and
radiance is schematically depicted in Figure 1.17.

Why is constant radiance important? As stated earlier, radiance describes the
amount of radiation emitted by an emitting area in a given direction and per unit
solid angle; therefore, a Lambertian source appears to emit equal amounts of radi-
ation in every direction. A typical example of such behavior is known from visual
optics. Diffusely scattering surfaces like, for example, a tapestry, reflect the same
amount of radiation in every direction. This means that, visually, the illuminated
surface has the same brightness irrespective of the direction of observation. Sim-
ilarly, IR cameras detect radiance from objects since the area of the camera lenses
defines the solid angle, which is used for detection in the direction of the camera.
If an object emits like a Lambertian source, the detected IR radiation will there-
fore be independent of the direction of observation. More practically speaking,
the detected radiation relates to the temperature of an object. Therefore, a Lam-
bertian source observed with an IR camera will appear to have the same tempera-
ture irrespective of the observation direction — which is, of course, a prerequisite
for useful and accurate temperature measurements. Conclusion: objects studied
with IR cameras should ideally behave like Lambertian sources; otherwise, com-
plicated angle-dependent corrections would be needed.

For Lambertian surfaces, the relation between the excitance M and radiance
L of a surface is given simply by M = nL. This also holds for the corresponding
spectral densities, that is, in general, the excitance of Lambertian radiators equals
1t times their radiance. A summary of properties of Lambertian radiators is given
in Table 1.4.

Table 1.4 Some relations holding for Lambertian radiators or reflectors.

Radiance L = constant Isotropic

Radiant intensity I=1Iycosd ¢ angle of direction to
surface normal

Relation of excitance to radiance M=m-L;,MQA)=m-LA)
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Distance r

Figure 1.18 Geometry for radiation transfer between two surfaces dA, and dA,.

1.3.1.5 Radiation Transfer between Surfaces: Fundamental Law of Radiometry and
View Factor
The concept of radiance helps to formulate radiation exchange between two sur-
faces. This will become important later when we discuss practical examples such
as building thermography, where neighboring buildings or objects have a signif-
icant influence on the measured surface temperature of a wall or a roof (Sec-
tion 7.4). The basic relations are introduced here.

Consider two surface area elements, dA; and dA,, that are arbitrarily posi-
tioned and oriented in space (Figure 1.18).

According to Eq. (1.9a), the radiant power d”® that is emitted by area dA, and
intercepted by dA, can be written

d’® =L, cos 8, dA, dQ, (1.11)

where L, is the radiance from dA,, and d(2, is the solid angle under which dA4,
is seen from dA ;. The latter is given by (cos §,) dA4, /r?, which leads to the funda-
mental law of radiometry:

o= Lo le cosdy dA, dA, (1.12)
The radiant power that is emitted by dA; and received by dA, depends on the
distance and relative orientation of the two areas with respect to the connecting
line. Equation 1.12 makes it possible to calculate the portion of the total radiant
power of a finite area A, of an emitting object that is incident on a finite area A,
of a receiving object (Figure 1.19).
From Eq. (1.12), the total radiant power @,, from area A, that is incident on

area A, is given by

cos §; cos d,
O, =1, || ——2dA,d4A, (1.13)
r
ApA,
Since the total radiant power @, that is emitted by A, into the hemisphere can
be computed to be @; = 1L, A, one needs to find the portion of @, that is inter-
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Distance r

Figure 1.19 Geometry for definition of view factor. For simplicity, areas A, and A, are plotted
as planar, but any kind of arbitrarily curved surface would also work.

sected by A,, the so-called view factor:

D, 1 “’ cos §; cos J,
?, TA, r?
Ay,A,

F,= dA, d4, (1.14a)

Similarly, one may define the view factor F,; that describes the portion of @,
that is intersected by A ;. From these definitions it follows that

AF,, = A,F,, (1.14b)

For any practical situation, one usually deals with at least two objects (the ob-
ject under study and the IR camera itself) at different temperatures; hence, view
factors will be used to help analyze the total net energy flux from an object to
an IR camera. We return to the topic of view factors when discussing radiation
exchange between objects (Section 7.4.4).

1.3.2
Blackbody Radiation

1.3.2.1 Definition

On the basis of fundamental physics, every object at any given absolute tempera-
ture above 0 K emits radiation. The maximum radiant power that can be emitted
by any object depends only on the temperature of the object. Therefore, this emit-
ted radiation is called thermal radiation. For real bodies, an additional material
property, the emissivity, comes into play (Section 1.4).

In this section, we only deal with perfect emitters (see also Section 1.4.5) of
thermal radiation, that is, those that emit the maximum radiant power. These
are called blackbodies. Blackbodies resemble ideal surfaces having the following
properties [20]:

1. A blackbody absorbs all incident radiation, regardless of wavelength and di-
rection.

2. For a given temperature and wavelength, no surface can emit more energy
than a blackbody.
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€) (b)

Figure 1.20 A shoebox-like container, made of black cardboard with a small hole and a lid
(a) resembles a cavity. Similar cavities are used as blackbody sources. The hole looks very black
in the VIS, nicely illustrating the name blackbody (b).

3. Radiation emitted by a blackbody depends on wavelength; however, its radi-
ance does not depend on direction, that is, it behaves like a Lambertian radi-
ator.

As perfect absorbers and emitters, blackbodies serve as standards in radiome-
try.

Experimentally, the most simple commercial blackbodies are cavities whose
walls are kept at constant temperature. The notion of black (as defined by prop-
erty 1) can easily be understood from an optical analog in the visible spectral
range. If one observes a distant building with an open window, the inner part of
the window looks black indeed. A small box, preferably with inner black surfaces,
with a small hole serves the same purpose (Figure 1.20).

1.3.2.2 Planck Distribution Function for Blackbody Radiation

Very precise spectral measurements of thermal radiation of cavities, that s, exper-
imental blackbodies, existed by the end of the nineteenth century. However, it was
not before 1900, when Max Planck introduced his famous concept of the Planck
constant /1, that measured spectra could be satisfactorily explained. Planck’s the-
ory was based on thermodynamics, but with the quantum nature of the emission
and absorption of radiation, he introduced a totally new concept not only in the
theory of blackbody radiation but in the whole world of physics. In modern lan-
guage, the spectral excitance, that is, total radiant power into the hemisphere, of a
blackbody of given temperature 7" in wavelength interval (A, A + dA) can be writ-
ten as

2mthc? 1

MyD A = === 1

(1.15)

The corresponding radiance is L, (T) = M, (T)/m. Here, h = 6.626 - 10734 ] s is
Planck’s constant, ¢ = 2.998 - 108 ms™! is the speed of light in a vacuum, 1 is the
wavelength of the radiation, and T is the absolute temperature of the blackbody
given in Kelvin. The currently accepted values for the fundamental physical con-
stants such as ¢, /, and others can be found on the NIST web site [29].
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Figure 1.21 Radiance of blackbodies of temperatures between -20 and 1000 °C. Radiance is
given in the same arbitrary units for (a) and (b).

Figure 1.21 depicts a series of blackbody spectra for various temperatures. The
spectra refer to either radiance or excitance (the scale has arbitrary units; for ab-
solute values see Figure 1.22). They have several characteristic features:

1. In contrast to emission from spectral lamps, these spectra are continuous.

2. For any fixed wavelength, radiance increases with temperature (i.e., spectra of
a different temperature never cross each other).

3. The spectral region of emission depends on temperature. Low temperatures
lead to longer wavelengths, high temperatures to shorter wavelength emission.

The wavelength of peak transmission in this representation is found by locating
the maximum via the condition dM,(T")/ dA = 0. This leads to Wien’s displace-
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ment law:
Anax © T =2897.8 um K (1.16)

For blackbodies at 300, 1000, and 6000 K, maximum emission occurs around 10,
3, and 0.5 um, respectively. The first case resembles environmental radiation, the
second, for example, a hot plate from an electric stove, and the third, the apparent
average temperature of the outer layers of the Sun. From daily experience, hot
plates start to glow red because the short-wavelength part of the thermal emission
enters the red part of the visible spectrum. Radiation from the Sun appears white
to us since it peaks in the middle of the visible spectrum.

1.3.2.3 Different Representations of Planck’s Law
Besides the usual textbook representation of Planck’s law in terms of radiance or
excitance as a function of wavelength (Eq. (1.15)), other equations can be found
illustrating the same phenomenon. Many spectrometers that are used to measure
the spectra of blackbody radiation measure, for example, signals as a function of
frequency v = ¢/A (in Hz) or wavenumber # = 1/ (in cm™). The corresponding
representation of spectra reveals important differences compared to the wave-
length representation. For example, Eq. (1.17) gives the frequency distribution of
blackbody radiation:
2mhv? 1

Figure 1.22 compares a set of blackbody spectra in terms of excitance (i.e., spec-
tral emissive power) as a function of wavelength M, dA and as a function of fre-
quency M, dv in double log plots. Similar to Wien’s displacement law for wave-
length (Eq. (1.16)), a displacement law also exists for the frequency representation:

12
% =5.8785 - 10" Hz/K (1.18)

A note of caution: obviously the two representations have their peaks at differ-
ent parts of the spectrum at the same temperature since the distribution functions
include dA and dv, which are related via a nonlinear equation [30]. For example,
M) dA for T' = 5800 K peaks in the VIS range at 500 nm, whereas M, dv peaks at
3.41 - 10* Hz, which, according to ¢ = v\, corresponds to a wavelength of 880 nm.
This behavior is a consequence of using distribution functions. One needs to be
very careful when arguing about the maxima of Planck blackbody spectra. The
position of a maximum actually depends on the chosen representation. For IR
cameras, this has no effect, of course, since we are always interested in the total
radiant power within a certain spectral interval; and, of course, in the total radi-
ant power within a certain spectral range, for example, the VIS for 7' = 5800 K
(or the range 8—14 pm for 300 K radiation or any other range) is the same in both
representations.

Blackbody radiation is one of the few topics that have inspired several Nobel
Prizes in physics. First, Wilhelm Wien received the prize in 1911 for his work
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Figure 1.22 (a,b) Comparison of two repre- of the variable. The dotted line in the wave-

sentations of Planck’s law for blackbody radia- length representation (a) gives the position of
tion. The maxima of the curves lie at different  the maxima according to Wien'’s displacement
spectral positions, depending on the choice law.

on thermal radiation, although it was Max Planck who finally solved the theo-
retical puzzle of correctly describing blackbody radiation. Nevertheless, Planck
received the prize in 1918 for his general concept of the quantum nature of radia-
tion, which had consequences reaching far beyond thermal radiation in the entire
field of physics. The third prize in this field was awarded in 2006 to George Smoot
and John Mather. They succeeded in recording the most famous blackbody radi-
ation spectrum in astrophysics. This spectrum of cosmic background radiation is
thought to resemble a kind of echo of the Big Bang of our Universe. It was recorded
in the early 1990s by the NASA satellite COBE. Figure 1.23 depicts the results of
this spectrum, which can be fitted with very high accuracy to a Planck function
of temperature 2.728(+0.002) K.
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Figure 1.23 Cosmic ray background spectrum measured with COBE satellite. The theoretical
fitrefers to T = 2.728 K (Courtesy NASA).

Usually, only part of the spectrum of blackbody radiation is utilized in IR imag-
ing. In the following two subsections, we deal with the total amount of radiation
within certain spectral limits. The Stefan—-Boltzmann law deals with the whole
spectrum, extending from zero to infinity, whereas band emission is slightly more
complicated.

1.3.24 Stefan-Boltzmann Law
The excitance of a blackbody source is calculated from

M(T) = JM)L(T)d/l = JMV(T)dV =oT* (1.19)
0 0

Here, 0 = 5.67 - 1078 W m~2 K~* denotes the Stefan—Boltzmann constant.

The area under the spectral excitance (spectral emissive power) curve (Fig-
ure 1.24) gives the excitance (emissive power), which depends exclusively on the
temperature of the blackbody. Hence, the total radiance associated with black-
body radiation is M /m. In astrophysics, the Stefan—Boltzmann law is used to cal-
culate the total energy production of stars, for example, of the sun, from its known
surface area and surface temperature.

1.3.2.5 Band Emission

In IR imaging, one never detects radiation of the whole spectrum, but rather the
radiation in a predefined spectral range, which is determined by the detector and
material properties of the optics and the atmosphere. Unfortunately, the integral
of Eq. (1.19) does not have analytical solutions for arbitrary values of lower and
upper limits. To simplify the results, one defines a blackbody radiation function
Fy_) as the fraction of blackbody radiation in the interval from 0 to A, compared
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Figure 1.24 Visualization of Stefan-Boltzmann law.
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Figure 1.25 Definition of blackbody function: fraction of emitted excitance in spectral band
(see text for details).

to the total emission from 0 to oo (Figure 1.25):

[ M, dd
F(0—>/1) = J~oo

> M, d)

(1.20)

We note that, unfortunately, view factors F;; and this blackbody radiation func-
tion F_,,, are denoted by the same letter F, the only difference being the sub-
scripts. The context of the two quantities is, however, quite different and can be
easily guessed from the subscripts. We therefore adopt this general similar nota-
tion for both.

The mathematical analysis shows that the integrand only depends on the pa-
rameter A - T; therefore, integrals can be evaluated numerically for this parameter,
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Figure 1.26 Fraction F,_,,) of excitance of blackbody radiation in wavelength interval 0—A
as function of AT (a) and how it can be used to estimate the fraction F; _,,, ) in a wavelength
interval A, —A, (b).

and hence, F, . is tabulated as a function of A T (e.g., [20]). Figure 1.26a depicts
the corresponding results.

Obviously, the function F,_,,, can be easily used to calculate the fraction of
blackbody radiation in an arbitrary wavelength interval (1, 1,):

Fo,-1, = Foony — Fooay (1.21)

Figure 1.26b illustrates an example of how quick graphical estimates of F; _,) ,
are possible for T = 500 K and a wavelength range between 8 and 14 um. In gen-
eral, a given temperature and wavelength range 1, — 1, defines A - T values (ver-
tical broken lines). They intercept the F(0, 1) curve at two specific values. Their
difference (the distance between the horizontal broken lines) gives F; _,) ).

We present three examples for object temperatures of 300, 500, and 2800 K (Ta-
ble 1.5). The fraction of blackbody radiation within the hemisphere of an object of
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Table 1.5 Examples of band emission.

Range VIS Sw MW LW

T F0.38—0.78 um F0.9—1.7 um F3—5 Mm F8—14um
300K ~ 10722 ~3-107 ~1.3-1072 ~ 37.6-1072
500 K ~ 10712 ~4-107° ~14.9 -1072 ~ 32.7-1072

2800 K ~9.9-1072 ~43.6 - 1072 ~9.2-1072 ~ 0.84-1072

500 K in the LW wavelength interval is approximately 32.7%, but only 14.9% in the
MW range. A very hot object, for example, a filament of a light bulb at a temper-
ature of 2800K, leads to a fraction of approximately 10.0% in the VIS wavelength
interval, more than 43% in the SW infrared, and, similarly, approximately 9.2% in
the MW range and less than 1% in the LW.

More examples of band emission and detection and further relevant radiomet-
ric quantities for complete IR camera systems will be discussed in Section 2.3.2.

1.3.2.6 Order-of-Magnitude Estimate of Detector Sensitivities of IR Cameras
Usually, blackbody radiators are used to calibrate IR cameras (Chapter 2). Using
the concepts of radiometry and the laws of blackbody radiation, we can estimate
the typical order of magnitude for the sensitivity of thermal radiation detectors,
that is, how many watts of input power on a detector element are needed to de-
tect, for example, a 1 K temperature difference between two objects. Consider, for
example, a blackbody radiator of temperature T at a distance of R =1 m in front
of a LW IR camera at ambient temperature T,,,. The blackbody radiator has a cir-
cular shape and diameter 2rgz = 5 cm, and the front lens of the IR camera should
also have a diameter of 2r_,,, =5 cm. The camera detects radiation in the spectral
range from 8 to 14 pm.

The total radiant power that is incident on the camera from the object is given
by Eq. (1.11):

d*® =L, cos 8, dA, dQ,

Here, cos §; ~ 1, the integral over the blackbody area gives A, = nry,, L, =
Mpg/m, and dQ, = nr?,  /R?. Therefore the spectrally integrated radiant power

incident on the camera is given by

r%B ’ r?am T
Pppcam = MBB(TBB)T (1.22)
Of course, there is also a similar radiant power emitted from the detector toward
the blackbody source; however, the corresponding contributions to @ due to the
detector temperature cancel since we are dealing only with changes in radiant
power with object temperature. Therefore, this argument should also hold for all
detector types (cooled as well as room-temperature ones).
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In the following numerical example, we consider a LW camera system (a similar
calculation can also be done for a MW or SW system). The emitted energy flux
from a blackbody of temperature Ty in the detector wavelength range is given
by

3 5 14 um
® = Tam T (Tam)d) 123
BB—cam — T BB( BB) ( . )
8pum

The integral is given by F; _, AZ)OT‘*. Any further calculation requires numerical
temperature values. For simplicity, let us assume T, =303 K, T, = 302K, since
most detector sensitivities are rated at 7' = 30 °C. The integral values can be easily
derived from F(, -1, For 303 and 302K, they are very similar (0.378 and 0.377);
therefore a single value of 0.38 is assumed.

In this case, the difference in incident radiative power for a variation from 303
to 302 K of the blackbody temperature is given by

r%B ’ r?am T

~ 4
AD~ R2 “Fy, 0 (T

Inserting the preceding values, we find A®/AT =2.9-107° W K-! (the total
radiative power @pp (8—14 pum) due to a blackbody of 303 K is about 2.2 - 107+ W/).

A typical standard lens of an IR camera has an acceptance angle of 24°. At a dis-
tance of 1 m, the blackbody source will only occupy an angular diameter of 2.86°.
If 24° corresponds to the 320 pixel width of the detector, the blackbody source will
be imaged on an angular diameter of about 38 pixels, corresponding to a circular
area with about 1140 pixels. This means that each pixel will receive on average a
difference in radiant power of 2.54 nW K-1.

These numbers are probably still a factor of at least 3 too large since, first, part of
the radiation may be attenuated within the atmosphere on its way from the source
to the camera (Section 1.5.2), second, the camera optics has a transmission smaller
than 100%, and third, the active detector area is only about 50% of the complete
pixel area. As a final result, one may expect values on the order of 1 nW K~ for the
difference in radiative power received by each detector pixel for a 1 K difference.
For a camera with the same 24° optics, but a 640 pixel width of the detector, values
would be smaller by a factor of 4. We return to this estimate when discussing
detectors and relate it to the noise-equivalent temperatures (Section 2.2.2).

One may gain confidence in this kind of estimate by similarly deriving the solar
constant, that is, the total radiant flux onto an area of 1 m? outside of the (attenu-
ating) atmosphere of the earth. Starting again with Eq. (1.11) and using A, = 17?2

sun’

—_ T

) (1.24

Ly =M;/m,anddQ, =1m*/R? . we find
R
(Dsolar constant — MBB(Tsun)RZ— (125)
sun—earth

wn = 6.96-10°km, R, coen = 149.6-10°km, and T = 5800K gives
~ 1390 W m~2, which, considering that the sun is not a true blackbody emit-
ter, is a very good approximation for the solar constant.

Y,
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1.4
Emissivity

1.4.1
Definition

Blackbodies are idealizations, and no real object can emit the maximum thermal
radiation at a given temperature. The real emission of thermal radiation from any
object can, however, be easily computed by multiplying the blackbody radiation
by a quantity that describes the influence of the object under study, the emissivity
&. In other words: the emissivity of an object is the ratio of the amount of radia-
tion actually emitted from the surface to that emitted by a blackbody at the same
temperature.

Differing definitions of emissivity are possible (Eq. 1.26), depending on which
quantity is used to describe the radiation. In radiometry, four definitions are used
based on radiance L and excitance M. The relevant radiometric quantities are
(i) spectral directional emissivity, (ii) spectral hemispherical emissivity, (iii) total
directional emissivity, and (iv) total hemispherical emissivity.

They are defined as follows:

Spectral directional emissivity (L, spectral radiance)

LA, 8,9,T)

o D=—1"01

(1.26a)

Spectral hemispherical emissivity, directionally averaged (M, spectral excitance):

M@, T) )
1) = ———— h M= L 0 1.2
eA, T) Moy, 1) wit J cosdd (1.26b)

hemisphere

Total directional emissivity (wavelength averaged):

LS, ¢, T)
€06,¢,T) = ———— (1.26¢)
4 Lpp(T)
Total hemispherical emissivity (wavelength and direction averaged):
M(T M(T
&(T) (D _ MD (1.26d)

T Mgy(T)  oT%

Unfortunately, none of these definitions refers to the required conditions for
practical IR imaging, where one first usually deals with objects that are observed
near normal incidence or at small angles. Hence, a directional quantity, averaged
over the desired angular range, is needed. Second, IR cameras operate at prede-
fined wavelength ranges. Obviously, the required emissivity needs to be averaged
over the desired wavelength range. Symbolically, we need an emissivity € (A4,
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AQ, T). In practice, mostly the directional, near-normal emissivity is used, which
is furthermore assumed to be independent of wavelength and temperature. We
will return to the consequences of this for practical work at the end of this chap-
ter.

1.4.2
Classification of Objects according to Emissivity

From the definition of emissivity it is clear that 0 < ¢ < 1. Figure 1.27 illustrates
spectral hemispherical emissivities and corresponding spectra of emissions of
thermal radiation at given temperatures first for a blackbody, second for a so-
called gray body with constant ¢ value, that is, ¢ is independent of wavelength,
and third for a so-called selective emitter where ¢ varies as a function of wave-
length.

For most practical applications in thermography, ¢ is independant of wave-
length resembling a gray body. Whenever substances are studied that have ab-
sorption and emission bands in the thermal IR spectral range, for example, gases
or plastic foils, one must deal with selective emitters, which may complicate the
quantitative analysis.

143
Emissivity and Kirchhoff’s Law

The emissivity can be guessed from Kirchhoff’s law (e.g., [20, 31]), which states
that the amount of radiation absorbed by any object is equal to the amount of
radiation that is emitted by this object. This is usually written in the form

e=a (1.27)

where ¢ and the so-called absorptivity a denote the fraction of radiation that is
either emitted or absorbed. Energy conservation requires that any radiation ()
incident on any object must be reflected (@) (whether it is directed according to
the law of reflection or diffusely scattered from rough surfaces), transmitted (D)
through the object, or absorbed (@) within the object:

Dy =Dy + D + Dy (1.28a)

Considering the fraction of the incident radiation (e.g., in excitance or radiance),
this law reads

1=R+T+a (1.28b)

where R and T denote the fraction of radiation that is either reflected or trans-
mitted. Combining Egs. (1.27) and (1.28b) allows for estimates of the emissivity €.
The simplest examples are opaque solids with 7" = 0. In this case,

e=1-R (1.29)
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Figure 1.27 Spectral hemispherical emissivities (a) and corresponding thermal radiation
(b) spectra for blackbodies, gray bodies, and arbitrary selective emitters.

that is, the emissivity follows directly from known values for the total reflectivity.
It is important to note that R includes not only directed reflectivity (Figure 1.9),
as is usual for polished surfaces, but also diffuse reflectivity (Figure 1.11), which
additionally occurs for rough surfaces. Equation 1.29 makes it possible to guess
€ values. For example, glass, which is more or less opaque in the IR with reflec-
tivities in the IR range of a small percentage, will have emissivities of ¢ > 0.95. In
contrast, metals with high reflectivities above 90% will have emissivities below 0.1.
Some very well-polished metal surfaces can have the lowest possible emissivities
of order 0.01, which practically render IR imaging impossible.
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Table 1.6 Parameters that affect emissivity €.

Intrinsic object properties Variations due to other parameters
Material (e.g., metal, insulator) Regular geometry (e.g., grooves, cavities)
Surface structure (rough/polished) Wavelength (e.g., LW/MW/SW)
Observation direction (viewing angle) Temperature (e.g., phase changes)

14.4

Parameters Affecting Emissivity Values

As a material property, the emissivity depends on the following parameters (Ta-
ble 1.6).

1.4.4.1 Material

The major parameter is the kind of material. Depending on the measurement
techniques used, averages are taken over certain angular and spectral ranges as
is useful in thermography. In a simplified classification, one can separately dis-
cuss nonmetals and metals, because — fortunately — most nonmetallic materials
that are needed for practical thermography applications like skin, paper, paints,
stones, glass, and so on are gray emitters and have fairly high emissivity values of
above 0.8. In contrast, metals and, in particular, polished metals pose problems
owing to their often very low emissivities with values below 0.2.

1.4.4.2 Irregular Surface Structure

For any given material, the emissivity may vary considerably as a result of the
surface structure. This leads to the unfavorable situation where, for the same ma-
terial, many different values for emissivity are reported. This effect is most pro-
nounced for metals. Whereas some polished metals can reach values of ¢ as low
as 0.02, the emissivity can be much larger and even reach values above 0.8 if
the surfaces are roughened. The highest values for originally metallic parts are
found where the surfaces are modified via oxidation/corrosion over the course
of time. Imagine, for example, a metallic bolt of an electrical connection that is
operated for many years while being exposed to the elements, oxygen from the
air, water from rain, and so on. A value as high as 0.78 has been reported for
strongly oxidized Cu and 0.90 for some steel compounds owing to such chem-
ical modifications of the surface. This factor is most important for any inspec-
tion of, for example, bolts, nuts, electrical clamps, and similar parts in electrical
components since a thermographer must have criteria for determining whether
a components fails or passes. Therefore, a quantitative analysis is necessary, that
is, one must know the exact temperature difference of these components com-
pared to their surroundings of known emissivity, and the measured temperature
will very strongly depend on the actual value of emissivity.
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To illustrate the effect of material as well as surface structure on emissivity, we
used a so-called Leslie cube. This is a hollow copper metal cube (with a side length
ofaround 10 cm) whose side faces are treated in different ways. One side is covered
with a white paint, one with black paint, one is not covered but just resembles
polished copper, and the fourth side consists of roughened copper.

The cube is placed on some Styrofoam as thermal insulation and then filled
with hot water. Owing to the good thermal conductivity of the metal, all the side
faces of the cube will quickly have the same temperature. The emission of thermal
radiation by each side face can easily be analyzed with an IR camera. Figure 1.28
depicts some results (for details of how temperatures are calculated within the
used LW camera, see Section 2.3).

For the two painted side faces, the chosen ¢ value of 0.96 produced more or less
the correct temperature (as can be verified by a contact probe). The rough cop-
per surface had much less emission of thermal radiation and the polished copper
surface even less. Using the camera software, one can adjust the emissivity values
such that the copper surfaces also give the correct value of the wall temperatures.
For our example we find emissivities of the polished copper surface to be around
0.03 and of the roughened copper surface to be about 0.11.

Figure 1.28 illustrates one way of finding correct values for emissivities: measure
object temperatures with a contact probe, then adjust the emissivity in the camera
until the camera shows the correct temperature reading (assuming, of course, that
all other camera parameters are chosen correctly; see Section 2.3).

1.4.4.3 Viewing Angle

We have defined emissivity as the ratio of the amount of radiation actually emitted
from a surface to that emitted by a blackbody at the same temperature. In partic-
ular, the spectral directional emissivity (Eq. 1.26a) is the ratio of the radiance of
the radiation, emitted at given wavelength A and in a direction defined by the two
angles & and ¢ (Figure 1.15), to the radiance emitted by a blackbody at the same
temperature and wavelength.

Blackbodies behave like perfect isotropic emitters, that is, the radiance of any
emitted radiation is independent of the direction in which it is emitted (compare
the discussion of Lambertian radiators, Figure 1.17). Unfortunately, any real sur-
face shows a different behavior, that is, its radiance shows variations depending
on the direction of emission. This is schematically illustrated in Figure 1.29. In
addition to the fact that any real surface emits less radiation than a blackbody
at the same temperature (left side: red solid line), the radiance from a real gray
object usually also depends on the angle of emission. In Figure 1.29, this mani-
fests itself as a deviation between the real radiance (right side: solid blue line) and
the Lambertian behavior of a gray object (right side: red broken line). Azimuthal
symmetry is assumed in Figure 1.29, hence only the angle ¢ is shown.

This behavior can strongly affect any contactless temperature measurement us-
ing IR cameras, since an object that is observed from a direction normal to its
surface (6 = 0°) will emit more radiation than when observed at oblique angles.
This means that the emissivity depends on the angle of observation with respect

35



36 | 7 Fundamentals of Infrared Thermal Imaging

94.0 °C

20.6 °C

94.0°C

20.6 °C

(0

Figure 1.28 (a,b) Leslie cube, filled with hot  white paint (T = 84.3°C). (b) Black paint
water and viewed at an angle of 45° with re- (T = 83.4°C), roughened copper (T = 29.3°C).
spect to the side faces. The emissivity of the The knob on top is a stirrer for reaching ther-
whole image was set to € = 0.96, resulting mal equilibrium faster. (c) Visible image of

in the following temperature readings (left such a cube.

to right). (a) Polished copper (T = 22.6°C),
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Figure 1.29 Schematic illustration of angle-
independent radiance for blackbodies
(left/red) and directionally dependent ra-
diance of real surfaces (right side/blue).

Real surface
radiance

Blackbody v
radiance

7

Emitting area

to the surface normal. Fortunately, many measurements have been performed and
a wide variety of materials has been studied in relation to their directional emis-
sivities. A typical setup for such an experiment is shown in Figure 1.30a.

1.0
0.8 -
0.6 -1
0.4 -/
0.2

Object Surface

normal

02
0.4
06
08 -
1.0 oo

(b)

Figure 1.30 A Leslie cube with a painted side
face (high emissivity) was used as object to
measure the directional emissivity (averaged
in the LW range) as a function of the view-
ing angle from 0 to 85° with respect to the
surface normal. The cube was rotated with

respect to the camera (a) and temperatures
recorded. (b) The emissivity as a function of
the viewing angle was then found by varying
the emissivity in the camera software until the
temperature readings of the rotated side face
gave correct values.
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Figure 1.31 Overview of typical directional de-
Blackbody pendence of emissivities of nonconductors and

conductor with respect to blackbodies.
33’ Nonconductor>
5 9

Conductor

0 4
Angle § (°)

0

An angular scale from 0 to 180° is attached to a table with 90° pointing to the IR
camera. The (warm or hot) object to be studied is placed on top of the scale with
its surface normal facing 90°, that is, the IR camera. Then measurements of the
emitted radiation are recorded as a function of the angle while rotating the object.
In Figure 1.30b, we show an example for the white paint side of a Leslie cube
that was filled with hot water. The actual surface temperature can be measured
by contact thermometry, which gives the correct value of the normal-direction
emissivity. The angle-dependent values are found by changing the emissivity value
in the camera software until the real temperature is shown (for details of signal
processing in the camera, see Chapter 2). Another experiment on &(9) is discussed
in Section 5.5.5.

Figure 1.30b nicely demonstrates an effect that fortunately holds for nearly all
practically important surfaces: the emissivity is nearly constant from the normal
direction 0° to at least 40° or 45°. The behavior at larger angles differs for metallic
and nonmetallic materials (Figure 1.31). For nonconductors, one observes a char-
acteristic drop of ¢ for larger angles, whereas metallic surfaces usually show first
an increase toward larger angles before decreasing again at grazing incidence [7,
20, 32].

Neglecting diffuse reflections for the moment, this behavior can already be un-
derstood from the characteristic properties of directed reflection for different po-
larizations of radiation. Figure 1.32 schematically depicts plots for the portion R
of directly reflected radiation in the IR spectral region for nonmetals and metals
with polished surfaces (similar to Figure 1.12) as a function of the angle of inci-
dence.

The directed reflectivity depends on the polarization of the radiation. Unpo-
larized radiation is characterized by the broken line, which represents the aver-
age of both polarizations. Obviously, the reflectivity for nonconductors exhibits
a monotonous increase with angle of incidence, whereas metals show first an de-
crease before increasing again at larger angles. This characteristic feature (which
can be explained theoretically by the Fresnel equations) explains the observed
angular plots of emissivity, since ¢ = 1 — R for opaque materials according to
Eq. (1.29). However, we also note that most metallic objects have rough surfaces,
which induce additional contributions to the emissivity and which can also induce
changes in the observed angular distributions.
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Figure 1.32 Schematic plot of reflectivities of polarized and unpolarized IR radiation of metals
(a) and nonmetals (b) as a function of the angle of incidence.

1444 Regular Geometry Effects

The geometry of a surface is related to the surface structure; however, in contrast
to irregular surface roughness (Section 1.4.4.2), here we refer to well-defined geo-
metric structures like grooves, which are used to systematically change emissivity.
Cavities are discussed in detail separately in the context of blackbody calibration
sources (Section 1.4.6).

Consider a polished metal surface (of, for example, €, ,,,,.; = 0.04) with a well-
defined surface structure in the form of grooves of a given slope angle (Figure 1.33,
here with an apex angle of 60°).

The grooves enhance the emissivity in the vertical direction, that is, perpendic-
ular to the macroscopic surface, as can be understood from the following argu-
ment.
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A

Emission from 1
Direct Emission from 2 reflected from 2
emission from 1 reflected from 1 reflected from 1

Y 1\2 1\2

Figure 1.33 V-groove model of a polished metal surface with low emissivity (a). The macro-
scopic surface is horizontal. There are three contributions to radiance and, hence, emissivity for
the groove surface in the vertical direction (b).

Radiation that is emitted from spot 1 in a direction normal to the macroscopic
groove surface is composed of three radiance contributions:

1. Direct radiation emitted from spot 1: this contribution is characterized by
£(60°) with regard to the real groove surface;

2. Radiation emitted from spot 2, which is then reflected from spot 1 in the nor-
mal direction: this contribution is characterized by £(0°) - R(60°) = £(0°) - [1 —
£(60°)] with regard to the groove surface;

3. Radiation emitted from spot 1 in direction of spot 2, reflected back from spot 2
to spot 1, and then reflected in the normal direction: this contribution is char-
acterized by £(60°) - R(0°) - R(60°) = £(60°) - [1 — &(0°)] - [1 — &(60°)] with
regard to the groove surface.

Adding up these radiance contributions and dividing by the blackbody radiance,
one can easily see that the normal emissivity of the grooved surface has increased.
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0°

Surface with grooves, 60°

Figure 1.34 Polar diagram for expected dependence of emissivity as a function of observation
angle for 60° V-groove model of a polished metal surface with flat surface emissivity of 0.04
(after [33]).

For a numerical estimate, we assume a polished surface emissivity of £(0°) = 0.04
and €(60°) = 0.05. In this case, the total normal emissivity of the grooved surface
Etotalnormal = 0-04+0.04 - (1= 0.05) +0.05 - (1 — 0.04) - (1 — 0.05) = 0.124, that is,
the emissivity has increased by a factor of nearly 3 owing to this surface structure.
The basic idea behind this enhancement explains why any rough surface has a
higher emissivity than polished flat surfaces.

Regular surface structures often lead to nonuniform angular distributions of
emissivity. Repeating the preceding calculation for different emission angles [33]
with respect to the macroscopic groove surface (Figure 1.34) reveals strong vari-
ations of emissivity as a function of observation angles.

1.4.4.5 Wavelength
As is well known in optics, material properties usually depend on wavelength.
Consider, for example, the reflectivity of the noble metals gold (Au), silver (Ag),
and copper (Cu). Au and Cu have electronic interband transitions in the VIS
range, which give rise to the wavelength-dependent reflectivities, finally result-
ing in the characteristic golden-yellow as well as red-brown color of these metals.
Reflectivity is strongly related to the emissivity of materials, so any wavelength
dependence on reflectivity will also show up in emissivity. Detailed theoretical
arguments are beyond the scope of this book, so we refer the interested reader to
the corresponding literature [20, 31, 34, 35] and give schematic diagrams of how
the emissivities of certain materials change in general (Figure 1.35).

As can be seen from Figure 1.35, the emissivity of metals usually decreases with
wavelength (an effect opposite to that of reflectance), whereas oxides and other
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Figure 1.35 Examples of wavelength dependence of normal emissivity for different materials
(after [20, 31]).

nonmetals can show increases as well. The examples of aluminum alloys clearly
emphasize the effect that increasing surface roughness from polished surfaces to
those roughened by grid paper or finally being sand blasted leads to drastic in-
creases of emissivity. Whenever dealing with substances that have wavelength-
dependent emissivity, one must first determine whether emissivities are constant
in the IR camera spectral range being used. If not, it is advisable to use narrow-
band filters or another wavelength band for thermography where emissivities are
nearly constant. If this is not possible, one must be aware that any quantitative
analysis will be much more complicated since signal evaluation must then use the
known variation of emissivity.

We finally mention that in addition to these slowly varying emissivities as a
function of wavelength, there are several examples of selective absorbers and
emitters such as plastic foils or many gaseous species. These have special ap-
plications in IR imaging and are treated in detail in other chapters (Chapter 8,
Section 10.8).

1.4.4.6 Temperature

Material properties usually change with temperature, and it is no surprise that this
also holds for emissivity. Figure 1.36 gives some examples. Some materials show
fairly strong variations, so it may be necessary for practical purposes to know
whether the temperature of a process under IR observation will remain within a
certain temperature interval such that the emissivity for this study can be con-
sidered constant. In addition, if the literature values for emissivity are used, one
must know the corresponding temperatures. Particular care should be taken when



1.4 Emissivity |43

1 .0 | T | T | T |
L Si carbide i
0.8 - —
2 | /Strongly oxidized i
5, stainless steel
(%]
€ 06 —
[0}
g i Al oxide ]
5] _
2 041 gjightly oxidized
g stainless B
[ steel
0.2 -
Al alloy W
L i
0.0 | ! ! | ! |
1500 2000

!
500 1000
Temperature (K)

Figure 1.36 Examples of temperature dependence of emissivity for different materials (af-
ter [20, 31]).

studying materials that undergo phase changes, for example, when observing the
melting of metals.

1.4.4.7 Conclusion

The material property of emissivity, which is essential in IR imaging, depends
on many parameters. Accurate temperature measurement with thermography re-
quires precise knowledge of this quantity. Several sets of tables of emissivities for
various materials are available in books [1, 10, 23, 31] and from the manufacturers
of related camera systems. Unfortunately, these cannot be used without a word
of caution. Measurements always refer to specific experimental conditions, for
example, temperature range, wavelength range (LW, MW, SW), or angles (direc-
tional or hemispherical measurement). These three factors are usually not critical
since, for most (not all) practical cases in thermography, wavelength and temper-
ature dependencies are not relevant. Furthermore, most practical emitters show
directional dependencies only for observation angles larger than 45° with respect
to the surface normal. This means that we mostly deal with gray objects of nearly
Lambertian behavior whose emissivity can be guessed within a certain range of
accuracy.

Unfortunately, however, metallic objects pose severe problems. Polished met-
als have very small values of emissivity. Small variations in & can cause large er-
rors in temperature; therefore, the smaller the emissivity, the more precisely must
its value be determined (see also discussion in Section 2.3.3). This poses serious
challenges since polished metals have ¢ values that are quite different compared
to roughened or oxidized ones. In electrical inspections, one may often deal with
highly oxidized or corroded metallic parts. In such cases, guessing the emissiv-
ity from tables may lead to results that are quite erroneous [36, 37]. In addition,
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the metal industry (e.g., aluminum or steel production) may also need to consider
variations of emissivity with temperature.

1.4.5
Techniques to Measure/Guess Emissivities for Practical Work

Owing to the problems in guessing accurate values for emissivity, it is common
practice to measure ¢ directly. This can be done in various ways; some of those
often used are listed in Table 1.7. In all cases, by “emissivities” we mean directional
near normal emissivities, which are integrated over the selected wavelength range
of the IR camera.

The easiest method is to attach tape or paint of known emissivity to the ob-
ject under study. In the analysis, the surface temperatures of the tape or paint
follow from their known e. Assuming good thermal contact and waiting until
thermal equilibrium is established, adjacent surface temperatures of the object
are assumed to be the same; hence, the object emissivity is found by varying ¢ in
the camera software until the object temperature is equal to known tape surface
temperature. The accuracy of this method depends on the accuracy of the known
emissivity. Owing to the lab measurements, they are related to the temperature
accuracy of the contact probe (thermocouple).

One may also directly measure several spot surface temperatures with thermo-
couples and use them to calibrate the IR images. In this case, one must make sure
that good thermal contact is achieved, thermal equilibrium is established, and —
which is crucial for small objects — that the thermocouple itself does not change
the object temperature via heat conduction. A useful condition is that the heat
capacity of the thermocouple must be much smaller than that of the object. This
method need not, but may, be more time consuming if objects made of many

Table 1.7 Some practical methods of adjusting normal emissivities in thermography.

Method Tape Paint, correc- Contact ther- Hole drilling
tion fluid, and mometer
soon
Equipment needed Tape Paint Thermocouple  Electric drill
Idea behind Known emissivity from lab Spot measure-  Known in-
method experiments, calibrated with ments with creased emis-
contact probe (usually thermo- contact probe  sivity due to
couple) cavity effect
Advantage/ Nondestructive, Nondestructive, Nondestructive, Destructive,
disadvantage removable, problem in may be time independent
problem of removing consuming of object sur-
good thermal paint, works face structure
contact for also for rough
very rough surfaces

surfaces
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different materials are investigated. Also, one must make sure that no thermal re-
flections are present in IR images (Section 3.4) since these would introduce errors
into the analysis.

Sometimes, in building thermography, one may have the chance to drill a hole
in the wall, thereby creating a cavity with very high emissivity values that can then
be used in images for a correct temperature reading. In a manner similar to the
tape method, emissivity can then be estimated for adjacent regions.

1.4.6
Blackbody Radiators: Emissivity Standards for Calibration Purposes

In IR imaging, all commercial camera manufacturers must calibrate their cameras
such that the user will be able to obtain temperature readings in IR images when-
ever the proper emissivity is chosen. In addition, some research cameras must be
calibrated by the users themselves.

Calibration is usually done by observing the best available experimental approx-
imations to blackbody radiation, so-called blackbody calibration standards. The
national institutes that are responsible for standards (e.g., in the USA, NIST, in
Germany, PTB) have developed standards (e.g., € > 0.9996 in the form of heat
pipe cavity-type blackbodies [38]). Commercial blackbody radiators, in particular,
large area instruments, are used as secondary standards by IR camera manufactur-
ers and other users in laboratory experiments (Figure 1.37). They can be tracked
back to the primary cavity-type standards but usually have smaller emissivities
of around ¢ = 0.98. They are made of high-emissivity materials with additional
surface structures (e.g., pyramids) whose surfaces are temperature stabilized.

The principle for achieving high emissivities for primary standards is based on
Kirchhoff’s law (Eq. (1.27)). One needs to construct an object that has high ab-
sorptivity. As mentioned earlier, when introducing blackbody radiation, an open
window of a distant building usually looks very black. The reason for this is illus-
trated in Figure 1.38.

Radiation is directed into the hole of an otherwise opaque cavity whose walls
are stabilized at a given temperature. There is a certain absorption per interac-
tion with the wall, and the radiation will be gradually attenuated. Usually, the in-
ner surface is not polished, that is, it is not a reflecting surface according to the
law of reflection (Eq. (1.2)) but rather it is diffusely scattering (Figure 1.11). If the
hole is small compared to the total surface area of the cavity, the radiation will
undergo many absorption losses before there is a chance of its leaving the cavity
again through the entrance hole. For example, if & = 0.5 (absorptivity of 50% per
interaction), the radiation will be attenuated after 10 reflections already to (0.5)!°,
which is less than 1073, This means that the overall absorptivity is larger than
99.9%, and therefore the corresponding emissivity has the same value.

The same thing happens, of course, to any radiation that is thermally emitted
within the cavity. It interacts with the inner walls many times before leaving the
cavity through the only hole. This is why such cavities are considered to be perfect
emitters of thermal radiation. As a matter of fact, attempts to explain the results of
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(0

Figure 1.37 Photograph of two commercial secondary standard blackbody source with € =
0.98. (a,b) With circular symmetry structures, which are visible at grazing incidence. (c) Without
structures.

very accurate cavity measurements of thermal radiation led Planck to his famous
radiation law.

Many different geometries and sizes of cavities and holes have been studied
(Figure 1.39) for a variety of different materials over the years [1, 31]. The simple
geometries of sphere and cylinder are usually replaced by either conical shapes
or at least cylinders with conical end faces. For high-emissivity sources, the inner
surfaces are rough and of materials with high emissivity (see also Section 5.5.4).

It is now easy to generate very high emissivities, but it has also been shown
that, using low € wall materials, it is possible to design cavities with intermediate
emissivity values in the range 0.3—0.7 [39]. As an example, Figure 1.40a shows the
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Figure 1.39 Various geometries for cavity blackbody radiators.

(a)

geometry of a polished metal cavity. Figure 1.40b depicts the resulting theoretical
emissivity as a function of material emissivity, and Figure 1.40c demonstrates the
effect of cavity geometry on the resulting emissivity. The latter result is easy to
understand: the larger the inner surface area, the lower the chance of radiation
hitting the small-opening hole, hence the larger the emissivity.

Polished wall materials within well-defined geometries do, however, have the
side effect of angular dependence of emissivity. As illustrated in Figure 1.34, there
are specific angles at which more (or less) radiation is emitted with regard to
other angles. These so-called geometrical resonances are illustrated in Figure 1.41,
which depicts IR measurement results from the heated cavity shown in Figure 1.40
for L = 5mm.

In conclusion, for cavity blackbody sources, whenever the inner surfaces are
made of polished metals, it may be possible to obtain low and medium emissivi-
ties in the range 0.2—0.6; however, the directional character of emissivity usually
still shows up, that is, the cavities do not yet resemble Lambertian sources. The
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Figure 1.40 (a-c) Design of a blackbody radiator cavity and theoretical expectations for cavity
emissivities as function of wall material and geometry.

best high-emissivity Lambertian blackbody sources are made of cavities with wall
materials of high emissivity in the first place, perhaps additionally roughened.

Finally, a rather recent new development of a large area, high-emissivity black-
body was developed for in-flight blackbody calibration of an interferometer on
research airplanes. It consists of 49 aluminum pyramids having a Nextel coating
with & > 0.967 from 5 to 12 um and covering an area of 126 - 126 mm?. Three dif-
ferent pyramid base types — all with steep angles of around 80° — were arranged to
form light traps. In this way, a large area blackbody with an emissivity exceeding
0.9996 could be designed (Figure 1.42) [40].
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Figure 1.41 Geometrical resonances in emissivity of metallic cavities. The black circle indicates
the size of the aperture.
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Figure 1.42 Pyramid-based blackbody calibration source for airborne instruments (after [40].
Image courtesy F. Olschewski).

1.5
Optical Material Properties in IR

In any practical contactless temperature measurement with either pyrometry or
IR imaging, the radiation from an object under study must reach the detector.
However, this requires the IR radiation to pass through the space between object
surface and detector within the camera housing (Figure 1.43). The radiation is
usually attenuated on this path since it must pass through various kinds of mat-
ter, usually at least the gaseous atmosphere and the solid focusing optics materials.
Additional solid materials, for example protection windows, can lead to additional
attenuation and thermal reflections and — if at elevated temperatures — to addi-
tional emission of thermal radiation, which may contribute to the object signal.
Certain special applications may include additional matter between object and
detector, such as other gases, liquids, or additional solid filters.
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Figure 1.43 Typical setup for thermogra-
phy. The object is observed through matter,
which can be a gas, a liquid, or a solid mate-
rial, so it can become attenuated. The same
holds for the camera optics in front of the
detector.

camera

Object

Here, we summarize optical material properties due to the atmosphere and
common solid window or lens materials in the thermal IR spectral range. Ad-
ditional materials, for example special gases or plastics, are dealt with separately
in Chapter 8 and Section 10.8. More information can be found in the literature [1,
4,12,13,17, 31, 41-43].

1.5.1
Attenuation of IR Radiation while Passing through Matter

The most common case is the study of objects already present in the atmosphere,
that is, objects and the camera already immersed in a gas. IR radiation is emitted
from the object surface into the atmosphere. Once the scattering, absorption, or
emission processes within the gas are known, one may calculate the modification
of the object IR radiation.

Similarly, for any kind of solid material, incident radiation will be modified as it
is regularly reflected, diffusely scattered, absorbed, or emitted (Figure 1.44).

In most cases, emission can be neglected. A general treatment of attenuation
of IR radiation must therefore be able to compute absorption/scattering within
matter as well as reflection losses at material boundaries.

Attenuation of radiation along its original direction within matter is described
by the Bouguer—Lambert—Beer law (Eq. (1.30)), which yields the transmitted por-
tion T of the radiance as a function of traveled distance d within matter:

10,d) _ _ya
1(1,0)

Here, y(1) = a(1) + (1) denotes the total attenuation coefficient, which is due
to the absorption () of radiation as well as scattering (o), that is, a change in the
direction of radiation. Both absorption and scattering can be calculated from first
principles. In gases, both are due to electronic, vibrational, or rotational excita-
tions, and y can be expressed as

Ygases(A) =n- (O'abs(A') + Usca(/l)) (131)

where 7 is the volume concentration of the gas (in number of particles/volume),
and o, and o, are the so-called absorption and scattering cross sections. Re-

T, d) = (1.30)
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Figure 1.44 IR radiation that is incident on matter with flat surfaces can be reflected, ab-
sorbed, or emitted. For rough surfaces, diffuse scattering may take place.

sults for atmospheric gases — in the thermal IR range these refer more or less
exclusively to ro-vibrational excitations — are known from many laboratory ex-
periments (Chapter 8).

For solid matter, attenuation is due to excitations within electronic bands and
lattice vibration processes. The attenuation coefficient in nondiffusely scattering
solids (e.g., glasses or crystalline materials with polished surfaces) can be related
to a macroscopic well-known quantity, the imaginary part of the index of refrac-
tion n = ny + in, (Eq. (1.32)):

41 - ny
A

The index of refraction has been measured for many solids and is tabulated in
a series of handbooks [18].

ysolids(’l) = asolids(/l) = (1-32)

1.5.2
Transmission of Radiation through the Atmosphere

The dry atmosphere is composed of several natural gases (Table 1.8). In addition,
there is a varying amount of water vapor of several percent volume concentration.
Atomic gases (e.g., Ar) and diatomic gases of the same atomic species (N, and O,)
cannot absorb IR radiation in the thermal IR range. However, molecules, made
up of two or more different atomic species, for example, NO, CO, CO,, CH,, and,
of course, H,O, are, in principle, able to absorb IR radiation. Figure 1.45 depicts
two overview transmission spectra of horizontal atmospheric paths of lengths 10
and 1000 m, demonstrating that mostly CO, and H,O dominate attenuation in
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Table 1.8 Composition of dry air (for CO,, August 2016: http://www.esrl.noaa.gov/gmd/ccgg/
trends/).

Gas Symbol Volume (%) Concentration (ppm)
Nitrogen N, 78.08 -

Oxygen O, 20.95 -

Argon Ar 0.93 -

Carbon dioxide CO, 0.040 2 402

Neon Ne 0.0018 18

Helium He 0.000 5 5

Methane CH, 0.000 19 1.9

otherwise pure air. Aerosols and clouds can induce additional attenuation (see
also Section 11.5.1).

Several characteristic absorption features are present, in particular, some bands
around 2.7 um (H,O and CO,), around 4.2 um (CO,), between 5.5 and 7 pm
(H,0), and above 14 pm (H,O, CO,). These absorption bands are important for
defining the spectral bands of IR cameras (Figure 1.8).

In addition to Table 1.8, there are gases with lower concentrations like krypton
(Kr), hydrogen (H,), nitrous oxides (N,O, NO), xenon (Xe), ozone (O5), and so
on. The composition depends on the height above sea level. Some gas concentra-
tions vary with time, e.g. the current increase in CO, is about 2 ppm/year, and for
methane it is about 7 ppb/year.

Several computer models compute very precise transmission spectra of IR radi-
ation within the atmosphere, the best-known being the Low Resolution Transmit-
tance (LOWTRAN), Moderate Resolution Transmittance (MODTRAN), or High
Resolution Transmittance (HITRAN) codes. These radiative transfer models for
the atmosphere incorporate absorption and scattering constants for all relevant
gaseous species in the atmosphere, and they also include vertical distributions of
the constituents in order to provide an adequate modeling for the gas attenua-
tion. LOWTRAN is a low-resolution propagation model and computer code for
predicting atmospheric transmittance and background radiance. MODTRAN is
similar to LOWTRAN, but with better spectral resolution. Similarly, HITRAN
works with even higher resolution. The 2004 HITRAN model included 1734469
spectral lines for as many as 37 different molecules. For IR imaging, however, we
mostly deal with two species and a few spectral bands, as shown in Figure 1.45.

Two aspects are particularly important for practical IR thermography. First, at-
tenuation depends on the concentration of the absorbing gas species (Eq.(1.31)).
For most gases of the atmosphere, concentrations are constant or slowly varying
with time; water vapor, however, can have strong fluctuations; therefore, the rel-
ative humidity is an important quantity that needs to be measured for accurate
compensation of water vapor attenuation between object and camera. Second,
attenuation depends on the distance from an object to the camera (Eq.(1.30)), so
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Figure 1.45 Atmospheric transmission T(A) for (a) 10 m and (b) 1000 m horizontal atmospheric
paths. The spectra are nearly identical for the meanwhile slightly changed CO, concentration
(400 rather than 380 ppm).

this quantity also needs to be known. Both humidity and distance are input pa-
rameters within the camera software packages.

Finally, for long atmospheric paths (e.g., hundreds of meters to kilometers) that
are not usually encountered in thermography, additional effects due to aerosol
scattering may become important, and the corresponding modeling must then
include aerosol size and height distributions. If particles are small, as is the case,
for example, in typical haze with water droplets of, say, 500 nm, visible light is scat-
tered very effectively, whereas longer IR radiation is much less affected (Chapter 6,
Section 10.9.2).
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1.5.3
Transmission of Radiation through Slablike Solid Materials

1.5.3.1 Nonabsorbing Slabs
The attenuation of IR radiation in solid materials happens, for example, for lenses
in IR cameras, but quite often objects are also observed through some windows.
Mostly, flat (polished) surfaces are used such that scattering from surface rough-
ness is neglected. The attenuation is then due to reflection at the boundaries as
well as to absorption within the material. For the sake of simplicity we now discuss
planar geometry, that is, slabs of material of a given thickness and well-defined
index of refraction and IR radiation at normal incidence. For camera lenses with
curved surfaces, one should redo the argument for finite angles of incidence. In
this case, reflection coefficients will change according to the Fresnel equations,
giving rise to polarization-dependent effects (Figures 1.12 and 1.32). However, if
the distance from the object to the lens is large compared to the diameter of the
lens, then the angles are small, and the general argument will still be valid.
Consider first a slab (coplanar plate) of a nonabsorbing material surrounded
by a nonabsorbing material, usually the atmosphere (Figure 1.46). IR radiation
of radiance L is incident at normal incidence (in Figure 1.46, the propagation is
drawn at oblique angles in order to visualize the various contributions separately).

In the simplest description (Figure 1.46a), there will be reflection losses Ly
(characterized by the reflectivity R = Ly/L,) of the radiation at the first inter-
face. If the losses are small, the wave encounters similar losses at the second
interface, that is, the total losses amount to about 2RL,, and the total transmis-
sion Tyora = Liyans/Lo can be written as Ty & 1 — 2R, with R from Eq. (1.5).
A typical example for visible light and a glass plate in air would be n,, = 1.0,
Mglass = 1.5 +10.0, R = 0.04, and Ty, ~ 0.92. This means that a typical glass
plate transmits about 92% of incident visible light, which is why we can see quite
clearly through windows. Before turning to IR windows, let us briefly generalize
this result.

Incident 1 Reflected Incident Reflected
radiation radiation radiation radiation
2 1234...

Slab Slab

Transmitted

o Transmitted
radiation

radiation

@) (b)

1234...

Figure 1.46 Scheme for calculating transmis-  gating radiation is drawn as oblique lines for
sion of a slab in air. (a) Simplest approximation clarity. In the calculation, however, they are
for small losses. (b) Complete analysis includ-  assumed to be at normal incidence.

ing all reflection contributions. The propa-



1.5 Optical Material Properties in IR

If the reflection losses upon hitting the first interface become larger (which will
be the case for most IR transparent materials in the IR region), the derivation for
the transmission must take into account all contributions of multiple reflections.
Figure 1.46b depicts the idea behind the calculation. Part of the incident radia-
tion is reflected at the first encounter with the slab. Using the symbols R = L /L,
and T = Lt/L, = (1 — R) for reflectivity and transmission at a single interface,
this first reflection contribution (1) is given by L, - R. The transmitted part L, - T
enters the medium, which is initially assumed to be nonabsorbing. After the sec-
ond transmission, and exiting the material, the radiance has decreased to L, - 7>
(transmitted beam number 1). Following the beam, which is internally reflected
within the slab, and subsequently studying more reflections and transmissions
upon interactions with the slab surfaces, we end up with a number of rays (1, 2,
3,4, ...) contributing to the total reflected radiance and to the total transmitted
radiance. For nonabsorbing materials, 7' = 1 — R; hence, the sum of all reflected
contributions can be written as a geometrical sum

_Q-Rry

Ty =1 =R - (1+R*+R*+R°+..) TR

(1.33)

Using Eq. (1.5) again for the air—glass example (1, = 1.0, ng = 1.5 + i0.0), the
transmission can easily be evaluated to give

2
" (1.34)

slab = @
For ny = 1.5 this gives T, = 0.923, which is only slightly higher than the pre-
viously estimated 0.92 value.
In contrast, a material like germanium at a wavelength of 9 um has n; ~ 4.0 +
i0.0. The simple derivation of a Ge slab in air would give T, =1 —2-0.36 =0.28,
whereas the correct treatment according to Eq. (1.34) gives 7' = 0.47.

1.5.3.2 Absorbing Slabs
The propagation of radiation within an absorbing slab has the same type of contri-
butions as in Figure 1.46b, the only difference being that during each successive
passage through thickness d of the slab, there will be an additional attenuation
described by Eq. (1.30).

Repeating the preceding calculation of the transparent-slab transmission and
inserting R from Eq. (1.5) we finally find the transmission of an absorbing slab
(ng1) = ny(A) +in,(A)) in air (ny, = 1):

1612 - e—(4m12d)//1

Ty, d) = (1.35)

2
1
[(n, + 12+ n2]" = [(1, = 12 + 2] e-Emma)/d

Equation 1.35 makes it easy to compute slab transmission spectra, provided the
thickness d of the slab as well as the optical constants 7, (1) and n,(1) of the slab
material are known.
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154
Examples of Transmission Spectra of Optical Materials for IR Thermal Imaging

1.5.4.1 Gray Materials in Used IR Spectral Ranges
A number of common materials are available in the thermal IR spectral range [4,
9, 17]. These include crystals like BaF,, NaCl, CdTe, GaAs, Ge, LiF, MgF,, KBr, Si,
ZnSe, and ZnS, and inorganic as well as organic glasses like fused silica IR grade
or AMTIR-1. The materials can be characterized according to the corresponding
wavelength range in which they are used. A number of examples are presented in
what follows.

Figure 1.47a depicts the transmission, reflection, and absorption spectra for a
7.5 mm slab of NaCl. Obviously, NaCl has an excellent IR transmission of greater
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Figure 1.47 Experimental (black) and theoretical (red) transmission spectra of a 7.5 mm thick
slab of NaCl (a) as well as the reflection and absorption contributions (b).
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than 0.90 up to about 12 pum, and it still has a transmission of about 0.87 at 14 pm.
The transmission depends on the slab thickness wherever absorption plays a role,
here for A > 12 um. However, NaCl — as well as other alkali halides — has the dis-
advantage of being hygroscopic, that is, it must be protected from water moisture
and humidity. Therefore, alkali halides are not used to manufacture lenses for IR
camera systems. They are, however, sometimes used as special windows.

As is the case with all literature data, a word of caution is necessary for the
theoretical spectra. Accurate measurements of optical constants of materials are
difficult, and those collected over the years were subsequently refined after better
sample preparation techniques became available. All of the following theoreti-
cal plots are based on the collection of data of optical constants from the liter-
ature [18]. Often, several slightly different sets of data are available. This is due
to the fact that such measurements are usually made under ideal conditions, for
example, clean samples, very good crystal or sample film quality, very few surface
defects, scratches, and so on, with little sideways scattering. Hence, when com-
paring these data to real-world windows or lenses of the same materials, several
percent deviations are common; in the case of severe surface damage with con-
siderable side scattering, even larger deviations are possible. Hence, theoretical
spectra should be regarded as order-of-magnitude expectations, and experimen-
tal spectra should be recorded for comparison whenever quantitative analysis is
needed. In Figure 1.47b, the comparison of experimental spectra, recorded with
Fourier transform infrared (FTIR) spectroscopy, and theoretical spectra based on
tabulated optical constants shows very good agreement.

All data presented here refer to normal incidence. Spectra for obliquely incident
radiation must take into account polarization-dependent effects described by the
Fresnel equations (Figure 1.32). Lenses, windows, and filters for IR cameras are
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Figure 1.48 Overview of typical theoretical transmission spectra for 1 mm thick slabs of vari-
ous materials that are used in the MW IR spectral region.
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often manufactured from materials like BaF,, CaF,, MgF,, Al,O; (sapphire), and
Si for a wavelength range up to 5 um and Ge, ZnS, and ZnSe for the LW region.
Some of these ideally suited materials for IR imaging are manufactured by spe-
cial hot-pressing techniques and have special names like Irtran (acronym for IR
transmitting).

Figures 1.48 and 1.49 show some examples of transmission spectra of materials
that are used in the MW range.

Similar to the NaCl results (Figure 1.47), absorption features become impor-
tant for longer wavelengths. In this case, the transmission spectra depend on the
material thickness, as shown for BaF, and MgF, in Figure 1.49. Therefore, it is
important to know the exact thickness of windows made of such materials if the
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Figure 1.49 Transmission spectra depend on the thickness of the slabs owing to the onset of
absorption.
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Figure 1.50 Transmission spectra of silicon slabs for different thicknesses. Absorption features
are prominent for wavelengths above 5 um.

IR camera used is sensitive in the corresponding spectral range of absorption fea-
tures. Obviously, BaF, may also be used for LW cameras; however, one must take
care to keep the thickness of window materials small.

Figure 1.51 provides an overview of spectra for materials that can be used in the
LW range.

Figure 1.48 proves that the transmission for silicon is rather flat in the MW
range; however, absorption features dominate the spectra in the LW range. This
is illustrated in Figure 1.50, which presents a closer look of a silicon plate for differ-
ent thicknesses. In the last few decades, the purity of silicon crystals has improved
considerably. This means that high-quality oxygen-free silicon crystals may have
appreciably less absorption than the sample shown here, which is based on a com-
pilation of measured optical data from 1985 [18].
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Figure 1.51 Overview of typical theoretical transmission spectra for 1 mm thick slabs of vari-
ous materials that are used in the LW IR spectral region.
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Figure 1.52 Transmission spectra of Ge (a) and ZnS (b) depend on slab thickness owing to
onset of absorption.

It is should be mentioned that some of these materials have special trade names
if manufactured in a certain way. For example, hot-pressed polycrystalline ZnS
with about 95% cubic and 5% hexagonal crystals was called Irtran-2 by the man-
ufacturer Eastman Kodak. Similar other trade names exist, like Irtran 4 for ZnSe,
and so on. Since optical properties depend on crystalline structure, mixtures of
different crystal forms can lead to differences in optical transmission spectra.
ZnSe can be used throughout the LW range; for ZnS or Ge, however, thick sam-
ples show significant absorption features even below wavelengths of 15 pm (Fig-
ure 1.52). This effect is less pronounced for GaAs; however, GaAs is very expensive
compared to the other materials, which affects its commercial use for lenses.

For comparison, Figure 1.53 depicts the respective spectra for regular labora-
tory glass BK7 (Schott) or fused silica, that is, amorphous silicon dioxide. Obvi-
ously, common glass cannot be used in either MW or LW IR cameras. Synthetic
fused silica can, in principle, be used for MW systems, acting as bandpass filters.
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Figure 1.53 Transmission spectra of common laboratory glass BK7 and fused silica. There are
usually batch-to-batch variations in the range around the water absorption band at 2.7 um
owing to fluctuations in the OH chemical bond contents in these materials.

1.5.4.2 Some Selective Absorbers

A common misconception among beginners in IR imaging is the expectation that
they will be able to observe warm or hot objects immersed in water. This is more or
less impossible, as can be seen from Figure 1.54, which depicts theoretical trans-
mission spectra of thin slabs of water. For direct comparison with Figures 1.47—
1.53, the slabs are assumed to be surrounded by air. Obviously, only the very
thinnest layers of water still allow the transmission of radiation in the thermal
IR spectral range.

Water that is 1 mm thick is sufficient to completely suppress any IR transmis-
sion in the MW and LW spectral range. In principle, SW IR imaging (A < 1.7 um)
seems possible; however, the thermal radiation of objects at temperatures less
than 600K is very low in this spectral range (Figures 1.21 and 1.22).

Water

Thickness:
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Transmission
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Wavelength (um)

Figure 1.54 Transmission spectra of slabs of water of varying thickness.
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Figure 1.55 Experimental IR transmission spectrum of a plastic foil.

In principle, other liquids like oils or organic compounds can have finite IR
transmission; they are, however, only used for special applications and are not
treated here.

A final example of another frequently encountered material in IR imaging is
shown in Figure 1.55, which depicts the IR transmission of a plastic foil. Plastics
are complex organic compound materials that, depending on their type, show a
huge variety in chemical composition. Therefore, they can also have large vari-
ations in their IR spectra. Obviously, the chosen example may be used for MW
cameras. It has several absorption features in the LW range but could perhaps be
used as band filter material for special investigations.

1.6
Thin Film Coatings: IR Components with Tailored Optical Properties

Many IR transparent optical materials have transmission values much lower than
100%, some of them being in the range of 70% and others like Ge or Si even in the
range of only 50% (Figures 1.48-1.52). These transmission losses are mostly due
to the reflection losses from air to the material, with a high index of refraction.
Obviously, any optical system using such materials would suffer from substan-
tial losses of IR radiation reaching the detector. To reduce these losses, the lenses
and optical components of IR cameras are usually treated with antireflection (AR)
coatings. In addition, the coating technique can also be used to tailor desired op-
tical properties like, for example, band filters for IR radiation. The technique to
modify optical properties by deposition with thin film coatings is well known from
the visible spectral range [25, 27, 44—46] and also has been successfully applied to
the IR spectral range [2, 4, 17].
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1.6.1
Interference of Waves

The principle behind AR coatings is based on the wave nature of radiation, in
particular the phenomenon of interference. Figure 1.56 illustrates interference
schematically. IR radiation is an EM wave, which may be described by the oscil-
lation of the electric field vector (Section 1.2.1). Whenever two individual waves
(e.g., light waves, sound waves, water waves) meet each other at the same time
and location, their elongations (here the electric field) superimpose, that is, they
add up to give a new total wave elongation and a new maximum elongation, or
wave amplitude. In Figure 1.56a, the two waves superimpose in such a way that
the first wave is just shifted by half a wavelength, that is, it is out of phase with the
second wave. In this case, the adding up of the two elongations results in com-
plete cancellation of the electric field, and the new total elongation is zero. This is
called destructive interference. In Figure 1.56b, the two waves superimpose in such
a way that the first wave has no shift, meaning it oscillates in phase with the second
wave. In this case, the adding up of the two elongations results in a larger elon-
gation of the electric field, that is, the new total amplitude is twice as large as the
one from each individual wave. This is called constructive interference. The overall
energy transported by a wave is then proportional to the square of the amplitude
of the wave, that is, in the first case, there is no net energy flux, whereas in the
second case, there is twice as much energy flux with regard to the two individual
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Figure 1.56 Destructive (a) and constructive (b) interference of waves as observed at a fixed
location.
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waves. Whenever interference happens, the energy flux of waves is redistributed
such that in certain directions, destructive interference reduces the flux, whereas
in other directions, there is constructive interference with larger flux. Of course,
energy conservation is satisfied overall.

1.6.2
Interference and Optical Thin Films

Interference can be utilized to tailor the optical properties of materials by de-
positing thin films on top of the desired optical material. The idea behind this is
schematically illustrated in Figure 1.57. Suppose IR radiation is incident on an op-
tical component made up of a certain material, for example, Ge, Si, or ZnSe. This
component material is called the substrate. For the sake of simplicity, we assume
the substrate to be thick, that is, we only treat the first reflection from the top sur-
face (Figure 1.57a). We can easily calculate the reflectivity for normal incidence
from Eq. (1.5).

If a thin transparent film is deposited onto the substrate (Figure 1.57b), there
are at least two dominant reflections, one from the top surface of the film and the
other from the interface between film and substrate (for the sake of simplicity of
argument, we neglect additional reflections). For normal incidence, the two con-
tributions overlap spatially, and at the top surface of the film, the two reflected
waves can interfere with each other. With regard to the top reflection (1), the ra-
diation (2) reflected from the interface has traveled an additional distance of twice
the film thickness before interfering with the first wave. In this way, a phase shift
is induced. For proper film thickness and index of refraction, the phase shift can
be chosen such that the two waves interfere destructively. In this case, the thick-
ness of the film needs to be 1 /4, with A being the wavelength of the EM radiation
within the film material. If in addition the amplitudes of the two reflected waves
can be made equal, destructive interference can lead to a total suppression of re-
flected radiation. Alternatively, it is possible to enhance the reflected portion of
the radiation using constructive interference. Five parameters determine the opti-
cal properties of reflected or transmitted radiation: first, the index of refraction of

Incident 1 Reglfect:.ted
i radiation radiation
Inc_| deﬁt Reflected 2
radiation A
radiation
Film
Substrate Substrate

@) (b)

Figure 1.57 (a,b) Idea behind optical coatings (see text for details).
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Figure 1.58 Schematic of a multilayer thin film optical coating. In a simplified overview (a),
there is a reflection component from each interface; in reality, there are multireflection contri-
butions from each film (b) that need to be summed up.

the substrate material; second, the index of refraction of the film material; third,
the thickness of the film material; fourth, the angle of incidence; and finally, the
wavelength of the IR radiation.

Optical interference coatings have been studied for many decades in the visible
spectral range, the most common and well-known example being AR coatings
for eyeglasses. Research has shown that single layers work only for one specific
wavelength but are less effective for neighboring wavelengths. If special proper-
ties like AR coatings, mirrors, or bandpass filters are needed for broader wave-
length ranges, multilayer coatings are used (Figure 1.58). They can range from
a few (like three) to several hundreds of layers. Matrix formulations have been
developed to analytically treat such multilayer films [44—46]; however, it is obvi-
ous that such solutions become very complex, and nowadays computer codes are
used to compute the optical properties. We show a few selected results in what
follows. However, a word of caution is needed when theoretically discussing thin
film properties. Besides the aforementioned theoretical parameters that influence
optical properties, one also needs to consider the availability of transparent film
materials as well as their growth properties on the given substrate materials. If the
lattice constants of the selected film material deviate too much from those of the
substrate, it may be that the coating cannot be manufactured.

1.6.3
Examples of AR Coatings

The effectiveness of thin film optical coatings is first illustrated by an example
with visible light. Figure 1.59 depicts the reflectivity for normal glass as well as
for the same glass substrate coated with either a single layer of MgF, (thickness
~ 90 nm, corresponding to A /4 for the chosen reference wavelength of 500 nm) or
atriple layer using MgF,, ZrO,, and Al,O5. The typical glass reflectivity of a single
interface is reduced from around 4% to a minimum of about 1.5% for a single-
layer coating and to less than 0.1% for an appropriate three-layer coating. The
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Figure 1.59 Optical antireflection (AR) coatings for glass in the visible spectral range, op-
timized for a reference wavelength of 500 nm. Multilayer coatings can lead to a broadband
reduction of reflectivity (computed with the commercial program Essential McLeod [46]).

multilayer coating has the additional advantage of a very broadband reduction of
reflectivity within the visible spectral range. Nowadays such AR coatings are of
standard use in eyeglasses and glass lenses (of course, both glass surfaces must be
treated).

Similarly, AR coatings can be applied to materials used for IR optical compo-
nents like IR cameras. For example, silicon has a reflectivity well above 40% and
a corresponding low transmission in the MW range. Again, a simple two-layer
coating made of MgF, and ZrO, could easily reduce the reflectivity to below 10%
(Figure 1.60), that is, enhance transmission to over 90% (the sum of both is slightly
less than 100% because of absorption). Similar AR coatings can be applied to other
materials in the LW range. In practice, all component surfaces are treated with AR
coatings, not just the front surface.

In conclusion, AR coatings of IR optical components can be easily produced.
The exact multilayer composition of manufacturers is usually not known, but the
principle behind the method is obvious. Figure 1.61 depicts transmission spectra
of a simple single-layer AR coating made of 530 nm ZnS on a silicon wafer. The
model result (blue solid line) corresponds quite well with the corresponding real
system, which was produced by evaporation techniques in a vacuum chamber and
subsequently analyzed using FTIR spectroscopy.

1.6.4
Other Optical Components

Finally, some applications in IR imaging require special optical coatings. There
are several common examples. First, one might want to use high-pass or low-
pass filters, that is, either only long or only short wavelengths are transmitted
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Figure 1.60 Example of antireflection (AR) coatings for silicon in MW IR spectral range (com-
puted using commercial program Essential McLeod [46]).
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Figure 1.61 Example of a modeled (blue curve) and experimental single-layer antireflection
coating of ZnS on top of a silicon wafer.

with respect to a defined reference wavelength. This may be useful if background
radiation of well-defined wavelengths need to be suppressed. Second, so-called
neutral density filters may be useful if the total radiance incident on a camera
is attenuated in a well-defined way. These filters can have a transmission (which
can be chosen more or less arbitrarily over a wide range) that is independent of
wavelength. Third, several applications require bandpass filters. Such filters are
similar to interference filters known from the visible spectral range. Figure 1.62
depicts a typical commercial filter whose transmission corresponds to the CO,
absorption lines at 1 ~ 4.23 pm. It is characterized by maximum transmission, a
bandwidth at half maximum, and sometimes the slope of the curve. Commercially,
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Figure 1.62 Typical example for transmission spectrum of commercially available narrowband
IR filter at 4.23 um.

a wide variety of broadband or narrowband filters are available for nearly every
wavelength in the thermal IR range (e.g., [47]).

In conclusion, using thin optical film coatings, it is possible, within certain lim-
its, to tailor desired optical properties of IR optical components. The only impor-
tant issue to keep in mind is that the materials for the thin films must not absorb in
the respective spectral range. Otherwise, they would behave in a manner similar
to absorbing windows, that is, absorb part of the radiation, thereby heat up and
emit IR radiation, which would introduce an error in the measurement of object
temperatures.

Interference filters in the IR are usually a combination of a cut-on and a cutoff
filter (Figure 1.63). The use of filters is discussed in Section 3.2.1 and Chapter 8.
Many filter materials transmit short IR waves and start to absorb wavelengths
larger than a certain wavelength. Ideally, a filter substrate material should absorb
only at wavelengths larger than the filter cutoft wavelength. However, in this case,
it is important to choose the direction of IR object radiation through the filter.
It should pass first through the cutoff filter such that longer wavelengths are re-
flected, that is, cannot be absorbed in the filter. If radiation passed through the
filter in the wrong direction, the filter itself would absorb longer wavelengths and
thereby heat up, leading to an additional source of thermal radiation, which would
affect the signal-to-noise ratio (Chapter 2). Unfortunately, however, whenever a
filter substrate material is absorbing in the used spectral range, it is itself also a
source of IR radiation (Eq.(1.27)). Therefore, any warm filter (irrespective of be-
ing potentially heated up by absorbing object radiation) will also emit additional
broadband background radiation toward the detector. Therefore, the selection of
available filters does depend on the application. IR radiation emitted from a filter,
in particular if uncooled, may still be tolerated in IR spectroscopy. In contrast, the
additional filter radiation — if used as warm filters (Section 8.3) — would dramati-
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cally reduce the signal-to-noise ratio in IR imaging. As a remedy, absorbing filters
are cooled or filters from nonabsorbing materials must be used. Both absorbing
and nonabsorbing filter materials for IR are available [47].

1.7
Some Notes on the History of Infrared Science and Technology

Nowadays, science and technological developments often go hand on hand, stim-
ulating each other. Concerning the beginning of IR thermal imaging, science and
technology developed more or less independently. Therefore, we will begin dis-
cussing the science alone up to about 1900 before dealing with developments in
IR technology.

1.7.1
Infrared Science

Table 1.9 gives a brief overview of early IR science. It may be subdivided into three
parts: the discovery of IR radiation, the introduction of the concepts of blackbod-
ies and their radiation, and the development of the laws of radiation. Some con-
cepts and laws were discussed earlier in the introductory sections to provide a
scientific basis of the discussed topics; here, however, we focus on the historical
perspective.

1.7.1.1 Discovery of Heat Rays and Atmospheric Absorption

The modern history of IR science started around 1737, when Emilie du Chatelet
first predicted IR radiation. Chéatelet was a French mathematician and physicist
who, for example, also translated Newton’s Principia. In 1737, she entered a con-
test sponsored by the French Academy of Sciences on the nature of light, heat,
and fire. Although she did not win the contest, her work was later published. In
this paper, “Dissertation sur la nature et la propagation du feu,” she suggested that
different colors of light carried different heating power, that is, she anticipated the
existence of what is now known as IR radiation [48, 49].
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Table 1.9 Timeline of important early IR science discoveries.

Year Person Important eventin IR science

1737 E. du Chételet Prediction of IR radiation

1786 B. Thompson Transport of heat through vacuum

1800 W. Herschel Discovery of IR radiation

1804 J. Leslie Emissivities of different surfaces, Leslie cube

1830s M. Melloni Absorption spectrum of liquids and solids

1840 J. Herschel Atmospheric windows

1859 G.R. Kirchhoff Blackbody theorem: absorption < emission

1879 J. Stefan Stefan—Boltzmann law  Empirical

1884 L. Boltzmann Derived from thermodynamics

1893/1896 W. Wien Wien radiation and displacement laws

1898 O. Lummer/ Very precise measurements of cavity (blackbody) radiation
F. Kurlbaum/ at PTR in Berlin

E. Pringsheim

1900/1905  Lord Rayleigh/ Radiation law
J. Jeans

1900 M. Planck General blackbody radiation law: birth of quantum theory

However, more than 60 years would pass before IR radiation was experimentally
discovered by Sir William Herschel. In 1800, Herschel studied the heating power
of solar radiation [50, 51]. Radiation from the sun was passed through a prism
before different parts of the spectrum would hit sensitive thermometers (Fig-
ure 1.64). Herschel found that the resulting temperature rise depended strongly
on the location of the thermometer in his spectrum, the visible part of which ex-
tended around 10 cm. Herschel found that violet light raised the temperature by
2 °F (for conversions from Fahrenheit into Celsius or Kelvin, see Table 1.2), green
by around 3.5 °F, and red light by as much as 7 °F above ambient temperature. Sur-
prisingly, however, the maximum heating effect occurred way beyond the red edge
of his visible spectrum, where he measured 9 °F. No effect was observed beyond
the violet edge. Herschel observed that these so-called heat rays obeyed the same
laws of reflection and refraction as light.

Herschel’s work was immediately subjected to severe criticism by Leslie, who
challenged the accuracy of the experiments and completely denied the existence
of invisible heat rays [52—54]. At that time, the majority of scientists still thought
heat could only be transferred by matter. However, it was already proposed in
Query 18 by Newton in his Opticks [55] that the transfer of heat through a vacuum
was possible.

“If in two large tall cylindrical Vessels of Glass inverted, two little Thermometers
be suspended so as not to touch the Vessels, and the Air be drawn out of one of
these Vessels, and these Vessels thus prepared be carried out of a cold place into
a warm one; the Thermometer in vacuo will grow warm as much, and almost as
soon as the Thermometer which is not in vacuo.” Newton concludes that heat, like
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Figure 1.64 Experimental setup used by William Herschel that was used to discover IR radia-
tion (after [51]).

light, is transferred by what others called the ether, a much more subtle medium
than air, which remained in the vacuum even after the air was drawn out.

In 1786, Benjamin Thompson, also known as Count Rumford, reported more
experiments along these lines. He described some experiments using the vacuum
of Torricelli tubes to measure heat transfer through a vacuum [56].

Assuming, therefore, that heat could indeed be transported even in the absence
of regular matter (nowadays we no longer need the hypothesis of the ether), it
is obvious that Herschel — had he surrounded his thermometers by a vacuum —
would have observed more or less the same effect.

Although Leslie, with his denial of invisible heat rays, was not successful in the
long run, his rather ingenious attempts to verify his own ideas led to an instru-
ment that is widely known today as the Leslie cube [57] (see Figure 1.28 for mod-
ern version of this cube). This instrument makes it possible to directly prove that
different surfaces have characteristic abilities to emit heat and that dark or rough
surfaces emit heat better than polished ones. He had even already formulated the
law that the sum of reflection and absorption (i.e., emission) is the same for all
opaque objects.

The first investigation into atmospheric gas absorption in the IR spectral range
had to wait a few more decades. In 1840, Sir John Herschel, son of William, while
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Figure 1.65 Example spectrum (horizontal coordinate related to wavelength) from wet-paper
method to demonstrate absorption spectra (after [58]).

focusing his work on the then newly discovered method of photography, discussed
the distribution of so-called calorific rays (as they were called at the time) in the
solar spectrum by visualizing not only their spectrum but also their absorption
features using a wet-paper method (Figure 1.65) [58]. The wet paper dries more
efficiently at locations where it is hit by IR radiation. He concluded that the ab-
sorption features may be due to the earth’s atmosphere, and, if future work sup-
ports this idea, “we should see reason to believe that a large portion of solar heat
never reaches the earth’s surface ...” In modern language, the results indicated
that IR radiation is strongly attenuated by the atmosphere in certain spectral re-
gions, a discovery that later led to the definition of the atmospheric windows that
define the thermal IR wavebands (SW, MW, and LW) used for IR astronomy as
well as IR thermal imaging. Much like Herschel, his contemporary M. Melloni
also studied absorption spectra, but mostly for liquids and solids (see following
discussion).

1.7.1.2 Blackbodies and Blackbody Radiation

The next milestone in understanding thermal radiation was reached in 1859,
when German physicist Gustav Kirchhoff, while at the University of Heidelberg
in Germany, formulated his famous radiation law. Kirchhoff was collaborating
with Bunsen on methods of spectral analysis. In an attempt to understand ab-
sorption and emission from a general point of view, he also studied the absorption
and emission of thermal radiation emitted from cavities and invented the term
blackbody. Based on thermodynamics, he formulated what is now known as
Kirchhoff’s radiation law, which states that the amount of absorption of a black-
body at any given temperature is the same as the amount of emission of the same
body provided it is in thermal equilibrium [59-61]. Furthermore, the amount
of emitted radiation only depends on wavelength and temperature. The correct
corresponding radiation laws were not discovered before the turn of the next
century. The main difficulties were, first, to accurately produce and, second, to
accurately measure the spectrum of blackbody radiation for a wide temperature
range. These problems were solved in the group of Lummer in Berlin first by con-
structing very precisely temperature-stabilized cavity blackbodies and second by
developing very accurate bolometer detectors [62].

Figure 1.66 depicts two of the most famous and precise blackbody spectra of
the nineteenth century, which — after Rubens added some at even longer wave-
lengths [63, 64] — later led Max Planck to his famous radiation law (see sub-
sequent discussion). The spectra were recorded at the Physikalisch Technische
Reichsanstalt in the late 1890s by Lummer and coworkers. Besides the observ-
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able residual absorption features of H,O (between 2.7 and 3 pm) and CO, (4.2
to 4.3 um) from the ambient air, students might think that there was very good
agreement between theory and experiment. However, the measurements were so
accurate that the experimenters claimed that there was a systematic disagreement
between theory and experiment for long wavelengths at high temperature and that
the theory of Wien, one of the leading theoreticians of the time, was wrong. Think
about how self-confident you must be regarding your own experiments in order
to make such a statement!

1.7.1.3 Radiation Laws

Rather than presenting an exhaustive historical discussion on the laws of radiation
(which is beyond the scope of this section), we will summarize the most impor-
tant laws describing thermal radiation for blackbodies in the 40 years between
Kirchhoft (1860) and about 1905.

An often used and quite accurate radiation law based on thermodynamics was
the one formulated by Wien in the 1890s [65]. As can be seen from Figure 1.66, it
described blackbody radiation spectra very well, with only very small deviations
for long wavelengths and high temperatures. In modern language, his radiation
law in terms of spectral excitance is written

M}X/ien(T) dl = %e—B/(AT) di (1.36)

73



74

1 Fundamentals of Infrared Thermal Imaging

Wien used unspecified constants in the exponent and the nominator in front of
the exponential function. This Wien law describes nicely the existence of a max-
imum and yielded reasonable fits to experimental data at the time. Only later,
when Lummer, Pringsheim, and Rubens published more accurate measurements
(Figure 1.66), did it become evident that Wien’s law was only an approximation
that worked very well for short wavelengths, that is, high frequencies, but a better
description had to be found for the long-wavelength regime.

Surprisingly, it is also possible to use classical physics to derive a good approx-
imation of blackbody radiation spectra for long wavelengths [66, 67]. This was
done by Rayleigh (1900) and Jeans (1905). Their approximation, known today as
the Rayleigh—Jeans law (see Eq. (1.37) as a function of wavelength or frequency)
faces, however, the issue of the so-called UV catastrophe: according to the law, ra-
diation should increase to infinity for high frequencies (short wavelengths), which
is, of course, not the case:

M;{ayleigh—]eans(T) dl = % dl or Mfayleigh»]eanS(T) dv TV2 dv

(1.37)

Both laws, Wien’s (Eq. (1.36)) and the Rayleigh—Jeans law (Eq. (1.37)), are nowa-
days simple approximate derivations from Planck’s law (Eq. (1.15) or (1.17); see
also Section 3.2.2.2 and Figure 3.10). Initially Planck believed in Wien’s law,
which can be derived from general thermodynamic arguments of minute en-
tropy changes for a system in thermodynamic equilibrium. However, in 1900,
when confronted with the experimental spectra by Lummer, Pringsheim, and
especially by Rubens at even longer wavelengths, Planck changed his mind. It is
reported [68—70] that Rubens told Planck on 7 October 1900, about his very-long-
wavelength measurements and the problem with the theory. His measurements
unequivocally demonstrated that Wien’s law could not explain the data. Just one
day later, Planck wrote a postcard to Rubens and explained that he had guessed
the correction needed. What he had done and what he spoke about some days
later on 19 October, directly after Rubens and Pringsheim presented their mea-
surements, was extremely simple: he just changed Wien’s law ever so slightly by
writing the exponential function as a fraction and adding a 1 in the denominator.
As a matter of fact, this change was also supported by some general thermody-
namic arguments, though Planck himself noted that he arbitrarily constructed
expressions for the entropy that gave similar but improved versions of Wien’s ra-
diation law [71]. Therefore, science historians later referred to a very lucky guess.
Though Planck’s change may appear simple, it has enormous consequences. Only
after six grueling weeks of intensive work was Planck able to theoretically derive
the new radiation law. In the derivation he had to introduce a new constant and
in particular the fact that radiation is not a continuous quantity but only happens
in steps of /1. This marks the birth of quantum theory.

Spectra of blackbody radiation according to Planck’s law were discussed in de-
tail in Sections 1.3.2.2 and 1.3.2.3. Here we briefly add that using Planck’s law it is
now easy to derive two other very famous radiation laws. Historically they were
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derived differently and still in the nineteenth century. The first, called Wien’s dis-
placement law (Eq. (1.38), see also Eq. (1.16), [72]), relates the wavelength of max-
imum spectral emission of radiation with the blackbody object temperature. In
brief, it explains that the product of maximum wavelength and temperature is
constant (more details can be found in Section 1.3.2.2, Eq. (1.16)):

AT = const (1.38)

The second law, the Stefan—Boltzmann law, is again named after two scientists
who dealt with blackbody radiation at different times. In 1879, the Slovenian-
Austrian physicist Josef Stefan [73, 74], based on experimental data for cooling of
mercury thermometers of different initial temperatures (experiments from Du-
long and Petit), stated that the total amount of radiation emitted from an object is
proportional to the fourth power of its absolute temperature. In modern parlance
(see also Eq. (1.19)), we write

Pooat(T) = eAcT* in Wwith o =5.67-10"°W/(m?K") (1.39)

where ¢ is emissivity and A the emitting area. (It was subsequently questioned
whether Stefan really deserved to be mentioned in the context of this law [75],
but here we stick with the general story.) About 5 years later, Ludwig Boltzmann
theoretically derived this relation [76]. Similar to the Wien displacement law, the
Stefan—Boltzmann law can be directly derived from Planck’s law by integrating it
over the whole spectral range (Section 1.3.2.4).

The great popularity of the Stefan—Boltzmann law stems from the fact that it
allows for easy and quick estimates of surface temperatures and, on the basis of
those estimates, estimates of the energy production of stars as derived from their
spectra. Stefan in his 1879 paper already compared the estimates available at that
time of the surface temperature of the sun and, assuming it to be a blackbody,
estimated it be around 5586 °C. Since the sun is not a blackbody emitter, modern
estimates derived from its spectrum typically range between 5700 and 6000K,
that is, quite close to Stefan’s estimate. Let us briefly demonstrate the usefulness
of the Stefan—Boltzmann law, knowing the value of the constant, by considering
the total energy flux of the sun. Assuming a temperature of 5800K, ¢ = 1, and a
sun radius of 696 000 km, we immediately find the total energy flux from the sun
to be

Pooal(T) = 5.67 - 1078 - 5800" - 47 - (696 - 10°)* W ~ 4 - 10 W (1.40)

Obviously, only fusion processes within the interior of the sun can permanently
produce this huge energy flux, and its value must be consistent with stellar fusion
models.

Coming back to earth, this energy flux from the solar surface must also equal
the energy flux passing through a sphere with a radius corresponding to the sun—
earth distance, that is, a sphere with a radius of around 150 million km:

Popai(sun) = S4mR?

sun—earth

(1.41)
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This immediately gives a solar constant of around S ~ 1370 W /m? outside of the
earth’s atmosphere.

1.7.2
Development of Infrared Technology

After the establishment of IR science by 1900, a huge field of applications lay
ahead. For the purposes of this book, we will discuss only the following fields:

» Quantitative IR spectroscopy either analytically in laboratories or in astronomy

» Quantitative spot measurements of temperature with either band-pass or
broadband pyrometers

« First qualitative and then quantitative thermal imaging

All of these applications are strongly correlated with, first, the development of de-
tector technologies (see details of detector principles in Chapter 2) and, second,
further scientific developments in precise definitions in radiometry and techno-
logical developments of IR optics (e.g., optical materials, windows, lenses, prisms,
filters), as well as calibration sources (blackbodies). With regard to IR imaging,
there are obviously two ways to review the further development of IR technol-
ogy. First, we could just give a chronological discussion, which would have the
disadvantage that contributions to the various fields would be strongly mixed, or,
second, we could divide this huge field into various subfields, which would help in
following the developments in the various fields. We will proceed with the second
option and divide the subsequent discussion into three parts:

A. Prerequisites for IR imaging
1) Detectors and underlying physics
2) Materials
3) Blackbodies and radiation sources
4) Radiometry
B. Development of quantitative measurement techniques
1) Spectroscopy and IR astronomy
2) Beginning of contactless T measurement
3) Vanishing filament band-pass pyrometers
4) Broadband pyrometers
C. Applications and imaging techniques
1) Industrial/military applications
2) Qualitative imaging
3) Quantitative imaging

We would like to add two general remarks. First, we will make mention of quite
a few — mostly freely available — early references that in the nineteenth and early
twentieth centuries were often published in German, the then dominant scien-
tific language. One of the most important journals at the time were the Annalen
der Physik. Unfortunately, the volume count started several times anew with new
series, which means that the same volume number refers to different series and
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different years. To overcome this sometimes puzzling situation (e.g., when the se-
ries number is not mentioned), it was decided to only use a new counting system
when the old journals started to be digitized. The relation between the various
counting schemes is described in [77]. There, links to web sites are given for free
downloads.

We also mention that, in Germany, the IR spectral range was initially called
ultrarot (or ultrared, “rot” being German for “red”). Similarly, there are a number
of other synonyms in the older English literature, such as caloric rays or radiant
heat. This lasted to about World War II, after which the general term infrared
took over in scientific publications. Another German term lasted for a while, the
so-called Reststrahlen (Table 1.10). However, this term is no longer important in
research or technological applications.

1.7.2.1 Prerequisites for IR Imaging

Table 1.10 presents a timeline for many important discoveries and developments
in connection with IR detectors, materials, and other prerequisites for quantita-
tive thermal imaging. We will just mention some milestones here and refer to the
extensive literature with reviews of this huge field concerning detectors (e.g., [78—
82]), materials [17, 83], and radiometry and instrumentation [1, 84, 85], as well as
other early developments including military ones (e.g., [86]).

The discovery of IR radiation by Herschel was accomplished by measuring tem-
perature rises within rather large and bulky thermometers due to the absorption
of radiation. Even before these first quantitative measurements, human senses
were used to detect radiant heat, that is, IR radiation. There are reports from the
sixteenth century [87] that a hand or face in front of a curved mirror that collects
radiation, for example from a candle or ice, senses the radiation, that is, acts as a
detector. Around 1600, this kind of experiment was supposedly conducted repeat-
edly using thermometers as detectors [87]. An account of this and related experi-
ments [88] not only demonstrated that a pane of glass in between a source and the
skin strongly attenuated the heat perception from a fire (Figure 1.67a) [89, 90], but
in particular it described an ice experiment, often named after Pictet. This exper-
iment, performed in the late eighteenth century, seems counterintuitive for many
physicists.

Figure 1.67b depicts a setup with the main difference from earlier demonstra-
tions that thermometers were used instead of skin to quantitatively measure the
effect. Cold or hot objects are located close to the focal region of a mirror such that
emitted radiation is made more or less parallel. It is focused by a second mirror,
and a thermometer is placed close to its focal region. The obvious experiment is
to have a hot object and detect a temperature rise. Saussure and Pictet used a red
glowing metal bullet (about 5 cm in diameter), which they allowed to cool down,
such that no visible emission was detectable by the eye. Still, however, there was a
strong thermometer signal. Inserting a glass pane reduced the signal. They repro-
duced these results also with a pot of water that had just boiled. However, when
the hot object was replaced by a container of ice or an iced liquid, the temperature
dropped several degrees below ambient temperature. At the time, this initially un-
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Table 1.10 Prerequisites for IR imaging: detectors, materials, blackbodies, radiometry.

Subfield Year

Person/reference

Important event of infrared technology

A2
A2

A3
A3
Al
Al
Al

A2
Al

Al
Al

Al
Al

Al

A3

Al

A4

Al

Al

Al

A2

Al2

1682
1779

ca. 1790
1800

1821

1830
1830/1833

1830s
1834

1839
1857

1873
1876

1880

1897

1901

1903

1917

1930

1938

1940s

1952

Mariotte [89]
Lambert [90]

Pictet [88]
Herschel [51]
Seebeck [92]
Nobili [93]
Nobili/Melloni [94]

Melloni [97-101]
Peltier [102]

Becquerel [105, 106]
Svanberg [110]

W. Smith [107]

W.G. Adams,
A.E. Day [108]

S.P. Langley [104]a

Rubens [63, 64];
see also [112]
Langley [104]b
W.W. Coblenz [84,
85]

T.W. Case [124]
[125]

Ta [109, 126]

[117]

Welker [128]

Glass in front of fire decreases sensed radia-
tion. Lambert: glass pane in front of face, even
if lens-focused fireplace radiation is directed
toward face: no feeling of heat

So-called cold rays emitted from cold objects
Discovery of IR radiation in sun spectrum
Thermoelectric effect, AT generates voltage
Applied thermal element to detect IR radiation

From thermocouple to thermopile: 10 Sb-Bi
pairs in series

Transmission IR transparent materials

Peltier effect: current generates AT, applica-
tion: cooling system of IR cameras
Photovoltaic effect discovery

Wheatstone Bridge coupled with galvanome-
ter, AR due to AT, i.e., sensitive thermometer.
If hand approaches apparatus: signal due to
radiant heat

Photoconductive effect in selenium
Photovoltaic effect selenium (photoelectric cur-
rents) “the question ... as to whether it would
be possible to start a current in the selenium
merely by the action of the light”

Platinum foil bolometer. Wheatstone Bridge
measurement, sensitivity greater than con-
temporary thermopiles with similar accuracy.
Bolometer: radiation balance

Reststrahlen: method to generate large amount
of long-wavelength IR radiation

Improved bolometer, IR sun spectrum up to
5.3 um using a 60° rock salt prism

IR radiometry

First IR photoconductor T1,S up to 1.2 um and
its use for IR telegraphy

Schifer/Matossi book: sensitive thermopiles
important, in contrast: bolometer seldom used

Use of pyroelectric crystals for IR radiation,
review: [127]

KRS5 synthesis of crystals, characterization for
IR applications

First synthetic InSb crystal
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Table 1.10 Continued.

Subfield Year

Person/reference

Important event of infrared technology

A4 1950— Nicodemus, Zissis, Nomenclature, radiometry
1960s Jones [114-116]
Al 1959 W.D. Lawson et First studies on HgCdTe, also acronym MCT
al. [129] for mercury cadmium telluride
A2 1950s [83,118, 119] Coatings, filters for IR components
Al 1960s [78, 160, 204] Extrinsic detectors Ge:Hg
Al 1970 W.S. Boyle, G.E. Charge-coupled devices (CCDs), Nobel Prize
Smith [120-122] 2009: start signal for multielement detectors in
IR
Al 1970s [123] Replacement of LN2 cooling by other methods
like Stirling coolers
Al 1980s [130] Hybrid focal-plane arrays (FPAs): intercon-
necting detector array to multiplexing (silicon-
based) readout, allows independent optimiza-
tion of detector array and readout
Second-generation systems: hybrid
HgCdTe(InSb)/Si (readout) FPAs
Al 1982 T.S. Elliott Signal Processing In The Element (SPRITE)
(e.g., [131-133]) sensor used with MCT photoconductors
Al 1985 [134-138] From idea (1973) to 1040 x 1040 Schottky diode
FPAs from PtSi
Al 1990s [139-143] Quantum well IR photoconductor (QWIP),
Stirling coolers, thermoelectric coolers
Al After [144-148] Cameras with uncooled microbolometer FPAs
1990s Peltier T stabilization

expected result led famous physicists such as Lord Rumford to conclude [88] that
there is also “emission of frigorific rays from ... bodies when they are cold.”

The main problem of researchers in thermal physics at the time was the lack
of availability of very precise thermometers. Therefore, many physicists, such as
Leslie [57] or Benjamin Thompson, later called Count Rumford [91], built their
own apparatus.

A breakthrough, which subsequently spurred the development of much smaller
temperature sensors, was made in 1821 by Seebeck, who discovered the thermo-
electric effect for a Sb—Cu sample [92]. The principle of this fundamental physical
effect is depicted in Figure 1.68a. A temperature difference results in a voltage that
is proportional to AT

U=«Cc(T,-T) (1.42)

It was soon understood that this effect could be used in measuring absorbed
radiation and building sensitive thermometers. Already in 1830, Nobili for the
first time used a thermal element of this kind to detect IR radiation [93]. Together
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Figure 1.67 (a) lllustration of experiments described by Mariotte and Lambert. In modern
terms, most of the IR radiation will be absorbed and some parts will be reflected. (b) Schematic
setup to demonstrate so-called cold rays after Pictet.
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Figure 1.68 Principal setup for thermoelectric results that is characteristic of the two mate-
effect (a) and Peltier effect (b). If two contacts rials. Conversely, if a voltage is applied, then
from two different metals are held at different a temperature difference results that can be
temperatures, a voltage U = const. (T, — T;)  used, for example, for cooling.

with Melloni [94] he greatly improved sensitivity by adding many of these thermo-
couple elements together to form a so-called thermopile detector. For example,
in 1833 Nobili and Melloni used 10 Sb—Bi pairs in a series circuit. The result-
ing thermopile was 40 times more sensitive than the best available conventional
thermometer, and they could detect the thermal signatures of humans from a dis-
tance of up to about 10 m (30 feet) (see also [95, 96]). To obtain the most sensitive
instruments, a thermopile was combined with a sensitive galvanometer, and the
resulting device was called a thermo-multiplicator. Melloni was very productive
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Figure 1.69 Schematic temperature depen-  with temperature, whereas semiconductors
dence of electrical resistance of metals or show a decrease. Both materials can be used
alloys (a) and semiconductors (b). Conduc- for temperature measurements.

tors show a nearly linear increase in resistance

and investigated many thermal effects in the IR range, such as the transmission of
solids and liquids for IR radiation [97-101].

The inverse of the photoelectric effect, the so-called Peltier effect (Figure 1.68b),
was discovered as early as 1834 [102]. It was also used in IR cameras, for example,
as a temperature stabilization unit in uncooled bolometer cameras.

In the following decades, many researchers used thermopiles by building their
own devices. A typical commercial device is the thermopile named after Moll
made from 16 thermocouples of constantin-manganin. The response time is sev-
eral seconds, and sensitivity is around 0.16 mV/mW for wavelengths from 150 nm
to 15 pum (e.g., [103]).

Another typical thermal detector, the bolometer, followed soon after [104]a. In
strongly modified versions this detector type is currently used in many LW IR
cameras. It is based on the temperature dependence of the electrical resistance of
the materials used. Absorbed radiation leads to a temperature increase, which in
turn leads to a change in electrical resistance (Figure 1.69) that is measured.

The next development came with the discovery of photoelectric detectors.
Shortly after Becquerel [105, 106] discovered the photovoltaic effect in 1839, pho-
toconductivity [107] and photovoltaic effects [108] were discovered in selenium.
In 1938, the first pyroelectric detectors for IR radiation were investigated [109].
The principle of photoelectric radiation detection is schematically shown in Fig-
ure 1.70.

It was only a matter of time before other promising materials were investigated,
for example, T1,S, InSb, HgCdTe, and many others.

Parallel to the development of IR radiation detectors, researchers studied three
more fields. The first one dealt with sources of IR radiation. Around the turn of
the nineteenth to the twentieth century blackbody sources that emitted broad-
band IR spectra (Figure 1.66) were widely available. The most precise ones were
constructed at the Physikalisch Technische Reichstanstalt in Berlin ([111], Fig-
ure 1.71).
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\\i\\\i« Conduction band

Valence band
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Figure 1.70 (a) Incident radiation on a photo- leads to charge carriers within the conduction
electric element leads to a change in electrical and valence bands of the material (for more
signals, for example, the current. (b) Simple details, see Chapter 2).

band structure model: the incident radiation
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Figure 1.71 Cavity blackbody radiation ation was emitted through the cavity with
source (after [111]). Only the inner part near diaphragms 1 to 6. The inner cylinder of

the thermocouple E was at the desired sta- 0.01 mm thin platinum had a length of 40 cm
ble temperature such that blackbody radi- and diameter of 4 cm.

Intense IR sources for selected wavebands were more difficult to obtain. An
ingenious nonspectroscopic and quite easy way to obtain more or less pure IR
radiation is the Reststrahlen method developed by Rubens [63, 64, 112]. Rubens
had discovered that alkali halide crystals showed strong wavelength-dependent
absorption bands even for thicknesses of only a few micrometers (excitation of
optical phonons plus higher-order additional acoustic phonons that broaden the
feature). If broadband IR radiation, for example from an incandescent source such
as a blackbody, is incident on alkali halide crystals, these selected bands are re-
flected better than adjacent wavelengths (Figure 1.72a). Repeating the reflections
a few times (Figure 1.72b) leads to rather pure IR radiation wavebands, the so-
called Reststrahlen (which translates as residual rays that are still there after the
multiple reflections), which can be used for further experiments. For example,
LiF crystals favor wavebands around 20-30 um, whereas NaCl results in bands
around 50—-60 pum.

The second parallel field, developed mostly after around 1950, had to do with
how to correctly and quantitatively describe the various quantities associated with
IR thermal radiation. As discussed in detail in Section 1.3.1, there are a number
of quantities, and some of them, like radiance, are more important for IR imaging
than others. Although nomenclature and radiometry may be a dry topic, its de-
velopment (e.g., [114—116]) was particularly important for any later quantitative
application.

The third field, which partially developed independently of the others, concerns
optical materials for the IR spectral range. Of course, a huge number of materi-
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Figure 1.72 (a) Reflectivity from two alkali halide crystals: selected bands are reflected better
than other wavelengths (after [113]). (b) Setup to generate Reststrahlen using multiple reflec-
tions from alkali halide crystals (after [64]).

als have virtually no absorption in the IR range. Some of them were given special
names, such as IRTRAN (for IR transmission), for example, Irtran-1 to Irtran-5
are MgF,, ZnS, CdF,, ZnSe, and MgO, respectively. In addition, other IR transpar-
ent materials are known in industry with acronyms that seem totally unrelated to
their chemical composition, such as KRS-5 or KRS-6 for thallium-bromide-iodide
or thallium-chloride-bromide. Early research along these lines dates back to the
first half of the twentieth century (e.g., [117]). Unfortunately, most IR transparent
materials have high refractive index values, which means that they have large re-
flection losses at the air—material interface. This problem was tackled by optical
interference coatings for IR components (e.g., [17, 83, 118, 119]).

A new revolutionary change in detector technology with enormous influence
on IR imaging dates back to 1970 when — at first only for the visible spectral
range — CCD sensors were introduced by Boyle and Smith [120, 121]. This inven-
tion was considered so important that both researchers received the 2009 Nobel
Prize in Physics for their work [122]. CCDs are devices that can be used as de-
tectors to record images in electronic digital form. This led to the development of
consumer product digital cameras. The CCD surface structure resembles a matrix
of a large number of radiation-sensitive cells, called pixels, arranged horizontally
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in rows and vertically in columns. Each pixel comprises a metal oxide semicon-
ductor (MOS) capacitor. When a photon impinges upon a pixel, it is converted
via the photoelectric effect into one or several electrons that are stored in the ca-
pacitor. The number of electrons in a pixel is proportional to the irradiation.

Therefore, the charge distribution in the pixels is a representation of an image.

By reading out the contents of the different pixels using successive charge shift-
ing row by row and within each row column by column (this is done by a readout
circuit, ROC), one can reconstruct the image in digital form. A huge advantage of
CCD sensors is that they are manufactured on silicon wafers by large-scale inte-
gration processes including photolithographic steps, which are well known from
microelectronics.

The development of IR detector systems changed rapidly with the introduc-
tion of IR multielement sensors, similar to visible CCD chips. In brief, de-
tector elements have been developed as sensor arrays using MCT, PtSi, py-
roelectric detectors, microbolometers, and quantum well IR photodetectors
(QWIPs). Depending on the required operation temperature, the photoelec-
tric systems were originally cooled by liquid nitrogen. This was later simplified
by compact closed cycle cooling systems using the Stirling process or multistage
thermoelectric Peltier coolers [123]. Better signal processing became available
with the development of SPRITE sensors, which had signal processing already
on their sensor elements. The latest and most advanced detectors available
now are multiwaveband sensors, which can detect MW as well as LW bands
separately.

1.7.2.2 Quantitative Measurements

The development of quantitative IR measurements started in two different fields,
pyrometry (i.e., quantitative temperature spot measurements) and spectroscopy
(quantitative A-measurements).

Obviously, generations of potters, metal workers, blacksmiths, and glass blow-
ers had the personal experience to estimate the amount of heat during their pro-
cess from the color of the kiln, metal melt, or glass. The ideas for measurements
of temperature started as early as 1836, when Pouillet suggested estimating tem-
peratures from the color of incandescent bodies [149] (Table 1.11).

Keeping in mind that more than 50 years earlier Wedgewood had noted that it
is quite difficult to judge the temperature from the color and brightness of heated
objects, and that the brightness of a fire increases through numerous gradations,
which can neither be expressed in words nor discriminated by the eye [150], we
may be surprised by Pouillet’s table. His description of colors was indeed very
subjective; however, he was the first to come up with a rule for color change with
temperature, although today we are surprised that the perception of white color
should start already at temperatures of 1300 °C.

In 1862 Becquerel [151] referred to Pouillet when he suggested that one may
indeed use the color to measure temperatures of incandescent bodies. However,
since the eye was used as sensor, only very rough estimates could be achieved. This
changed by the end of the century when the first laboratory radiative thermome-
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Table 1.11 Perceived color of a hot body as a function of its temperature (after [149]).

Dull red 525°C
Dark red 700°C
Start of cherry red 800°C
Cherry red 900°C
Clear cherry red 1000°C
Dark orange 1100°C
Clear orange 1200°C
White 1300°C
Shining white 1400°C
Dazzling white 1500 to 1600 °C
Color filter

Incident NN
|:|' > |:|' > To eye
radiation R | y

.

Adjustable |

Figure 1.73 Scheme of vanishing filament pyrometer. Radiation from an unknown source is
matched to one from a filament whose electrical input power is adjustable.

ters were developed (Table 1.12). The most commonly used type is the vanishing
filament pyrometer (Figure 1.73) [152, 153]. In brief, its working principle is sim-
ilar to that of a telescope that has an electrically heated tungsten filament in the
focal plane of the objective lens. Therefore, the image of the lamp filament and
its radiation are superimposed on the target radiation. The brightness of the fila-
ment is then adjusted until it matches that of the target. This means that within
the image the filament disappears against the target. The red filter avoids any mis-
interpretation thanks to the color differences. Furthermore, it enhances the in-
strument’s sensitivity. The device is calibrated by viewing blackbodies of known
temperatures. Errors estimated around 1900 were around 100 °C. Meanwhile, the
accuracy of typical commercial devices — if properly operated — is around 1°C at
775 °C to 5 °C for temperatures at 1225 °C [153]. The most precise modern photo-
electric laboratory pyrometers achieve uncertainties better than 0.1 K at 1063 °C
and about 2 K at 3525 °C [154] by using much narrower red pass-band filters and
photomultiplier tubes as detectors. Additional gray filters may be used to deal
with different brightness levels.

Nowadays the vanishing filament pyrometer is rarely used in industry, mostly
because it does not allow automated operation, and this is due to the availability
of easier-to-operate modern pyrometers [31] that have direct readouts and do not
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Table 1.12 Timeline of some important developments in quantitative IR measurements with
pyrometers.

Subfield Year

Person/Ref.

Event

B2

B2

B2

B3

B3

B4

B3

1836
Around 1860

1862

1892

1899

1901

1901

After 1890

1923

1966

Pouillet [149]
Bunsen—
Kirchhoff [125]
Becquerel [151]

Le Chatelier [156]

Morse [157]

Holborn—Kurlbaum
[158]
Fery

Many researchers

Fairchild [164, 165]

Lee [154]

Incandescent color relates to temperature
Start of spectral analysis of atoms; however,
initially there was a lack of suitable means
to decompose spectrum in IR

Proposed to use red glow of hot bodies to
measure T

First laboratory radiative thermometer,
compared luminance of a target with central
part of oil lamp flame, red filter

US patent, disappearing filament pyrometer;
for more details see, for example, [153] for
comparison of various temperature mea-
surement methods: accuracies, for example,
61°C at 775°C and 65 °C at 1225 °C

Similar pyrometer, unaware of Morse patent

Patent on total radiation pyrometer with
thermoelectric sensor [31]

First investigations of IR spectra with grat-
ing spectrometers of atoms (e.g., [159, 160]);
molecular spectra, initially unresolved
broadbands [161], later resolved fine struc-
ture (e.g., [162]) (e.g., reviews [125, 163])
Changes of pyrometer design into approxi-
mately the present form

Example of very precise modern photoelec-
tric pyrometers, for example, uncertainties
better than 0.1 K at 1063 °C and about 2 K at
3525 °C achieved owing to much narrower
pass band in red and VIS photomultiplier
tube

rely on the human eye as detector. Three types are common, all of which rely on
the same principle as all modern IR cameras do, the main difference being that
only one detector element is used. They all detect absorbed IR radiation giving
rise to some signal (see corresponding sections in Chapter 2). First, narrowband
pyrometers detect IR radiation within a narrow spectral band, much like IR cam-

eras detect in the SW, MW, or LW band.

Second, to avoid the need to know correct emissivity values, ratio or two-color
pyrometers were developed, which assume that emissivity does not change when
two different wavelengths are used. Third, multiple-wavelength pyrometers were
introduced (e.g., [155]) with the aim of becoming totally independent of emissivity
(Section 3.2.2).
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Parallel to the development of quantitative pyrometry, the first applications of
IR spectrometry started as early as the nineteenth century. The birth of spec-
troscopy probably dates back to Fraunhofer, who in 1814 discovered dark lines
within the continuous solar spectrum. In 1859, Bunsen and Kirchhoffinterpreted
the Fraunhofer lines as absorption lines due to gases in the solar atmosphere, and
they developed the method of spectral analysis. Initially, it was mostly applied to
atoms in the visible spectral range, and results were used to analyze spectra of
stars to learn about their elemental composition. However, it was just a matter of
time before the IR spectral range was used as well thanks to the increasing knowl-
edge about it and technologies for generating and detecting the corresponding
radiation.

For example, an extensive set of IR spectra of gases, liquids, solids, and minerals
is due to Coblentz between 1900 and 1910 (e.g., [166—169]) and others, for exam-
ple, near-IR (NIR) line spectra of atoms of hydrogen, helium, alkalis, and others
were recorded shortly after 1900 by Paschen [159].

After the Bohr model of the atom was developed in 1913, other line spectra,
for example, the Brackett and Pfund series of hydrogen in the IR region were pre-
dicted and experimentally investigated (e.g., [160, 170]). In parallel, the first in-
vestigations of molecular IR spectra started around the turn of the nineteenth to
the twentieth century. The development was initially slow, as may be seen in Fig-
ure 1.74, which displays the rotational-vibrational spectra of HCI over a period of
more than 30 years from 1893 until 1929.

At this time, Angstrom had just succeeded in detecting the location of absorp-
tion bands; however, these were very broad and showed no fine structure at all
due to the then available low resolution of around 400 nm. In subsequent years
the resolution of the spectrometers in the IR range was undergoing continual
improvement. In Figure 1.74 this is illustrated by the single broad-band feature

A\ =400 nm
@ 2600 3100
c
]
£
< =40 nm
12}
©
c M T
2
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] | Figure 1.74 Improvements in optical reso-
2 i A lution in spectrometers allowed a much bet-

P S ter recording of spectra. Here a schematic
overview is given for HCl ro-vibrational
MMM —0.75nm Molecular spectra around 3.4 ym wave-
length, which were recorded between
around 1890 (top) and 1939 (bottom) (data
Wavenumber (cm-1) after [163, 171]).
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showing two peaks, then a large number of a few dozen individual peaks, sepa-
rated by a characteristic missing line in the middle of the spectrum. This spec-
trum, with 7 nm resolution, represents a typical spectroscopic fingerprint spec-
trum of a given molecule, here the HCI molecule. Owing to the distinct spectral
features that resemble coupled rotational-vibrational excitations in the spectral
range, which sensitively depend on the molecule under study, the corresponding
spectral region between A = 2 to about 25 pm is the fingerprint region for mole-
cules, which is optimally suited for quantitative analysis.

However, it did not end there. With the finest optical resolution available, one
could determine that a single one of these individual peaks could still be split into
two individual lines. The interpretation in this case is that the nuclear mass of
HCI, which has an influence on the rotational motion of the molecule, depends on
the isotopes. Two Cl isotopes exist, >>Cl and 3’Cl, and the molecular spectra even
allow one to investigate isotope effects and the composition of molecules. Besides
these coupled rotational-vibrational excitations of molecules in the thermal IR
range, purely rotational excitations at larger wavelengths of around 40 to 100 pm
were also analyzed (e.g., HCI [172]).

In parallel to these experiments, the further development of quantum mechan-
ical methods in the first decades of the twentieth century led to a very good the-
oretical understanding of electronic, vibrational, and rotational molecular exci-
tations [173]. However, real experimental progress was made only after fully au-
tomated spectroscopic instruments became available after around 1940. Initially
they were based on prisms and gratings, but following the invention of the fast
Fourier transform (FFT), Fourier transform infrared (FTIR) spectroscopy began
to dominate spectroscopic investigations in the thermal IR region starting in the
1980s [174, 175].

Astronomy also started to use the IR spectral range once the first detectors be-
came available (e.g., review [176, 177]). Early applications included measuring the
moon or planets and the thermal radiation of stars. In addition, NIR spectroscopy
was used to identify corresponding lines from elements within star spectra [178].
The first interstellar and extragalactic molecules, CO, ammonia, and other poly-
atomic molecules, were detected in the microwave region; however, the IR range
was being used, too. A prominent current example is the detection of methane on
Mars using ground-based telescopes [179].

1.7.2.3 Applications and Imaging Techniques
There is a huge amount of IR applications, and it is impossible to list them all. Here
a short survey of some of the most important milestones is given (Table 1.13).
Coming closer to the present time, most advances are being made in modern IR
cameras, which is a rapidly growing field in terms of both applications and new
developments in detector and imaging technologies. Therefore, the timeline in
this section stops at around the year 2000. Later developments are discussed in
Chapter 2 on detectors.

The earliest visualizations of thermal signatures are probably medical applica-
tions [180] dating back to the Egyptians, who moved hands across the bodies of
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ill people to detect temperature changes with their fingers. Later, the Greek Hip-
pocrates (around 400 BC) asserted that body heat was a useful diagnostic indica-
tor of acute diseases [181]. Consequently, it is stated [182, 183] that the Greeks
immersed bodies in wet mud and examined the drying process. Areas that dried
more quickly were warmer regions, which helped to identify diseased regions of
a body.

It took more than 2000 years before new techniques for visualizing temperature
distributions on objects were developed [80]. The principle is simple: one needs
a specially prepared surface such that incident absorbed radiation causes some
observable change in the surface. Herschel in 1840 was the first to come up with
the idea of recording/visualizing the invisible IR spectrum of the sun [58]. This
may be regarded first as the birth of IR astronomy and, second, as the year of the
first IR image of an object, here the spectrum of the sun (Figure 1.65), with ab-
sorption bands due to the atmosphere. Herschel moistened a strip of black paper
with alcohol. Incident IR radiation led to evaporating alcohol whose pattern was
immediately observable to the naked eye. Working on photography, Herschel also
tried to produce permanent results by fixing images using a dye that remained on
the surface after the evaporation of the alcohol. The dye concentration depended
on the velocity of evaporation [58].

Owing to the low sensitivity of the method, it only works well for intense radia-
tion sources, in this case, the sun. Some 25 years later, Tyndall wanted to convert
IR images into visible ones [184]. He noted that “We must discover a substance
which shall filter the composite radiation of a luminous source by stopping the
visible rays and allowing the invisible ones free transmission.” Tyndall used car-
bon arc lamps as intense IR radiation sources, with the VIS filtered out by satu-
rated solution of iodine in carbon disulfide. Tyndall used various detectors, for
example, very thin platinum foils (thin to reduce thermal conduction) in a vac-
uum. The side facing the source was coated with aluminum black and absorbed
IR radiation. This led to a permanent image of the carbon arc on the detector ow-
ing to the chemical reduction of platinum (Figure 1.75). Tyndall also noted that

Figure 1.75 Permanent thermal image
of arc of carbon arc lamp from 1866 (af-
ter [184]).
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Table 1.13 Timeline of important developments: IR applications and imaging techniques up

to around 2000.
Subfield  Year Person/company/ Important event in IR imaging technology
reference
C2 Egypt, Greece [181]: Temperature measurement
for illness, detect heat with hands
above body [180], also Greeks: drying
mud [182, 183]
B1,C2 1840 Herschel [58] First image spectrum
C2 1866 Tyndall [184, 185] Thermal images by (1) chemical reduction
and (2) color changes
1880 Abney [186] Photographic plates, sun spectrum
C2 1929-  Czerny, Willenberg, Ultrared photography: naphthalene on
1938 Mollet, Roder [187— celluloid membranes, IR absorbed, heating
190] = sublimation of naphthalene at those
locations
Cl 1930s/  Gudden, Kutzscher Military research on PbS IR detectors [78]
1940s
1933 Mees et al. [195, 196] Sensitive IR films
C1 1933 Ford Motor Company First patents for IR drying (A & 1-1.6 pm)
in automotive industry
C2 1934 G. Holst et al. [197] First IR image converter (photocathode),
more advanced developments in following
decades [198]
B2, C1 1940s  Military applications in  First IR display unit, image converter
WWII tube, sensitive up to 1.2 um, used as sniper
scopes
C2 1940s  G. Eastman Kodak Commercial IR sensitive films
1946 Some military camera First military IR line scanner, line-by-line
1954 developments image, 1 h/image; mounted on aircraft,
1960 looking down, scan perpendicular to mo-
tion 1954: additional scanner reduced time
to 45 min; by 1960: time 5 min/image (after
Holst [23])
C2 1953 Gobrecht, Weiss [191] IR images of hands, face, and so on, evap-
orography
C2 1950s P. Kruse/Honeywell, IR images [148, 202]
Texas Instruments
C2 1954 First IR camera Thermopile (20 min/image); bolometer
(4 min/image)
C1 1955 Military IR seeker heads; detectors PbS, PbTe, later
InSb [78]
1960 Texas Instruments Camera looking forward/system with two

moving mirrors
Name: Forward Looking InfraRed system
(FLIR)
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Table 1.13 Continued.

Subfield Year Person/company/ Important event in IR imaging technology
reference
Cc2 1960s Ge:Hg, first astronomical applications [78,
205]
C3 1964/ Aga/Agema Mass-produced cameras for civilian
1965/ use: AGA 660/Sweden (single-element
1966 sensor, optomechanical scanner); 1966:

20 images/s; first camera of modern type,
as known today [23, 78]

C2/A1 1970 W.S. Boyle, G.E. CCDs, Nobel Prize 2009
Smith [120-122]
C3 1975 Start of high spatial resolution systems,
multielement detectors in mini coolers

(first-generation systems, common module
in USA) [78, 206]

C3 1980 Second-generation systems: hybrid
HgCdTe(InSb)/Si (readout) FPAs

B1 1983 [207] IRAS satellite for IR astronomy

C3 1985 Schottky diode FPAs (PtSi) commercial
systems

C3 1986 Agema Agema 870 camera with SPRITE sensor

B1 1990s NASA NIR instruments on board Hubble Space
Telescope, for example, WFC3 [201]

C3 1990 Quantum well IR photoconductor (QW1IP),
hybrid second-generation systems, Stirling
coolers

C3 1995 Cameras with uncooled FPAs, mi-
crobolometer, and pyroelectric

C3 > 2000 Start of third-generation system develop-
ment

mercury iodide changed color from red at room temperature to yellow at 150°C,
that is, the recorded color changes refer to temperature differences. Tyndall fi-
nally realized that experiments could be dangerous. His filter solution of iodine in
carbon-disulfide was extremely inflammable, and the equipment in his lab caught
fire several times.

The next people to try recording thermal images were Czerny and cowork-
ers [187-190]. Whereas Herschel and Tyndall had high temperature sources (sun
or arc lamp) and therefore operated at short IR wavelengths, Czerny wanted to
detect IR radiation of room temperature.

Obviously regular photography was not possible at long wavelengths because
of dark reactions at room temperature.

For his new method, called ultrared photography, he used naphthalene or
camphor on one side of a celluloid membrane. The other side facing the source
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Figure 1.76 Thermographic images of a coffee mug and hand from 1953 (after [191]).

was covered with soot (later other absorbers). Absorbed IR radiation heated the
membrane, leading to sublimation of the naphthalene at the respective loca-
tions. As a consequence, the irradiated parts of the coated membrane became
thinner. Initially, Czerny recorded absorption spectra (with integration times of
about 20 min!). A later modification entailed the use of absorbed layers of paraf-
fin oil that evaporated when the membrane was heated. The thickness change
resulted in an observed change in interference colors. Image quality depended
on the thickness of the absorber layer. For thin layers, sharp images were pro-
duced; however, the method was then not very sensitive because of the reduced
absorption. But if the absorber layers were thick, strong absorption also led to
heat diffusion in the layer, giving slightly fuzzy images. The technique was used
to analyze many spectra of fluids or gaseous samples. Also, beakers filled with
near boiling water were recorded with exposure times of around 30s. Drastic
improvements in this method were later reported by Gobrecht and Weiss. They
were (to our knowledge) the first to publish images of hot coffee mugs, a hand,
and even the profile of a face (Figure 1.76, after [191]).

In parallel to these imaging methods based on thermal effects on absorption, re-
search in photography was partly also focusing on the development of films sensi-
tive to NIR radiation. Initially, the creation of IR-sensitive photographic layers and
plates was an art in science [186, 192]. The first photographic images of scattered
NIR radiation in nature [193] looked very strange compared to visible photos, and
there is a lot of interesting physics behind the phenomena [194]. Eastman Kodak
was developing the first commercial films based on fundamental research by Mees
and coworkers after World War I [195, 196]. IR-sensitive films were soon being
sold by at least five companies. Most films were only usable in the very NIR with
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Figure 1.77 Example of sensitivity of Kodak Ektachrome Professional IR-sensitive film (after
Kodak).

an upper wavelength of around 900 nm (Figure 1.77). Owing to the shift from film
to digital cameras, demand for IR films decreased, and most if not all companies
have meanwhile stopped producing IR films altogether.

A typical military development with later commercial use was the invention of
image intensification systems, starting during World War I, based on image con-
version systems that had been demonstrated as early as 1934 [197]. Image con-
version means that red or IR radiation is used to create photoelectrons, which are
accelerated and converted back to photons upon hitting a fluorescent layer, which
emits shorter-wavelength radiation (Figure 1.78).

In principle, image intensification systems were the basis for early night vision
systems [198]. Incident radiation (typically residual light or NIR radiation) is fo-
cused with an objective lens on a photocathode. There photoelectrons are created
via the photoelectric effect (first conversion). The energy of these electrons is in-
creased by accelerating them using a high electric voltage and they are then di-
rected onto a phosphor screen where they generate photons (second back conver-
sion), which can be viewed through an eyepiece. Early versions used photocath-
odes of rather low quantum efficiency (compared to today’s technology). Owing
to their relatively low price (compared to IR cameras), such systems are still used
and sold as standard night vision goggles. The reduction in size, weight, and price
of modern IR cameras may, however, soon lead to an end of these products. The
principle of image intensifiers is also used in many other fields, for example, med-
ical and industrial endoscopes.

An early example of a nonmilitary application of IR radiation is the drying of
paints in the automotive industry, dating back to 1993 and operating with IR wave-
lengths in a range from 1 to 1.6 um [199].

Another important nonmilitary application of IR radiation is IR astronomy. Fol-
lowing detector development advances, modern IR astronomy started around the
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Figure 1.78 Principal setup of an image for example, with a microchannel plate (MCP).
intensifier (or residual light amplifier). Top: The electrons then hit a phosphor, which
scheme, bottom: enlarged view of main com-  emits a large amount of shorter-wavelength
ponents. A small amount of object scene radiation, which can either be observed by
long-wavelength radiation is directed onto the naked eye or detected with suitable image

a photocathode. The ejected photoelectrons  sensors.
are accelerated, and their number increases,

1960s (for a good overview of the topic, see [176]). The best systems nowadays all
avoid attenuation due to the earth’s atmosphere. The first pure IR satellite (IRAS)
was launched in 1983, and more modern systems, such as the Hubble Space Tele-
scope, owed their development to IRAS’s success. At present, alternatives to satel-
lites are high flying observatories such as SOFIA, a 2.5m telescope located on
board a 747 airplane [200]. The future of IR astronomy will probably start with
the launch of Hubble’s successor — currently planned for late 2018 — the James
‘Webb telescope [210], which will have a 6.6 m aperture and detect radiation with
wavelengths between 0.7 and 28 um.

An example of satellite-based IR astronomy is shown in Figure 1.79. It de-
picts the Carina Nebula at a distance of about 7500 light years, recorded in July
2009 with the Wide Field Camera (WFC3) instrument of the Hubble Space Tele-
scope [201]. The Hubble Space Telescope, put into orbit in April 1990 and fully
operational after a service mission in late 1993, has enlarged our knowledge
about the universe enormously, partly also because of its amazing capability to
detect NIR radiation. Many nebulas are called as such because they have a char-
acteristic appearance in VIS images, as shown in Figure 1.79. It is dominated by
scattered light from enormous amounts of dense gas and dust. Therefore stars
nestled within the dust cannot be detected in the VIS. However, they can easily
be detected in the bottom image, recorded at NIR wavelengths that are scattered
much less than VIS light and thus penetrate the gas and dust region (see also
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Figure 1.79 Comparison of VIS (a) and NIR and red, respectively). The NIR image was

(b) images of Carina Nebula. The VIS image recorded with a 1 megapixel HgCdTe CMOS
is a composite and was recorded with a 16 sensor with center wavelengths of 1.26 and
megapixel CCD sensor using narrowband fil-  1.64 pm (false colors are cyan and orange, re-
ters with center wavelengths of 502, 656,and  spectively). Images courtesy NASA, ESA, and
673 nm (false colors assigned are blue, green,  the Hubble SM4 ERO team.

Section 6.3.3.3 on NIR imaging examples and Section 10.9 on the range of IR
cameras).

Modern IR imaging with electronic detectors started in the late 1940s. The first
systems were for the military and consisted of line scanners with a single detector.
They were mounted on airplanes looking down while scanning perpendicular to
the plane’s motion. The forward motion of the plane led to two-dimensional im-
ages created from many line scans placed side by side. Recording times were later
reduced by the addition of a scanner. A revolutionary design emerged in 1960
when Texas Instruments designed the first system capable of looking at other an-
gles (i.e., not downward) and in particular looking in the forward direction. These
systems were therefore called forward looking IR and later gave the acronym to
the company FLIR Systems, probably the largest worldwide in this field. Many
names are associated with the early research in IR detector and camera tech-
nology, but here only one of them will be singled out as an example. Paul Kruse
(1927-2012) [148, 202], working at Honeywell, started working on IR imaging in
the 1950s and pursued this topic until well after his retirement. He made many
contributions to the field, in particular on HgCdTe detectors and uncooled mi-
crobolometer two-dimensional arrays.
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Around 1960, IR detector technology was increasingly being applied to study
not only intrinsic materials such as PbS or InSb but also extrinsic, that is, impurity-
activated ones that offer the possibility to shift energies by the concentration and
kind of doping material [203]. Mercury-doped germanium [204] soon became a
new material of choice for IR applications (e.g., [205]) in the 8—14 pum range.

FLIR imagers — produced mostly, of course, for the military — were highly cus-
tomized, each having unique requirements. For example, between 1964 and 1972,
Texas Instruments produced 385 FLIR systems, but with 55 different configura-
tions [206]. Obviously, because of the small numbers per configuration, these were
expensive systems. In the 1970s, the need to reduce costs finally led to the devel-
opment of common modules (CMs), dramatically reducing the number of config-
urations. The currently accepted idea behind CM systems is that certain functions
ofan IR sensor are not sensitive to a specific application and can therefore be made
universal. This decision marked the start of rapid development in IR imaging.

The first mass-produced civilian-use camera had already been introduced ear-
lier in 1966 with the AGA 660 by Aga (later Agema) in Sweden. Such early cameras
were quite heavy and could easily weigh 20 kg, including the control unit. Aga 660
cameras had a single element sensor and an optomechanical scanner unit and pro-

Figure 1.80 AGA Thermovision 665 camera This camera type was sold starting around 1965.
Image courtesy FLIR systems, Inc. (2016).
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duced about 20 images/s. Figures 1.80 and 1.81 depict two other early commercial
models, a Thermovision 665 and a later example of a 1980s medical 30 Hz IR cam-
era (Inframetrics 535) with a single HgCdTe sensor cooled by liquid nitrogen. It
was advertised as requiring little space and having video output, and it allowed
for recording screen images with a Polaroid camera.

Subsequent changes in IR camera technology included so-called second-
generation systems where sensor and ROC were produced as hybrid focal-plane
arrays. These required less power consumption and allowed for a more compact
design at affordable prices and, hence, led to a real breakthrough for nonmilitary,
that is, civilian, applications.

The next milestone was 1995, when the first IR cameras with uncooled mi-
crobolometer arrays were produced. The turn of the century marked the start
of the development of so-called third-generation systems, which, besides bring-
ing improvements in frame rates, number of pixels, and thermal resolution, saw
the emergence of other functions, for example, multiwaveband detection.

The current world leader in IR camera sales, commercial, scientific, and mili-
tary, is probably FLIR Systems. Founded in 1978, it bought out many successful
competitors, such as Agema (formerly Aga Infrared) in 1997, Inframetrics in 1999,
Indigo Systems in 2003, and Cedip in 2008.

Scanner

Figure 1.81 Liquid-nitrogen-cooled Infra-
metrics 535 IR camera from 1980s producing
images of 130 X 200 pixels. The camera

was cooled with liquid nitrogen (funnel on
top). Hard copy recording was performed on
35 mm film (photo of computer screen) and
half-inch VCR (VHS). The needed floor area
of 17.5 X 22.5in? was advertised as space
saving (see Inframetrics PDF brochure from
FLIR web site [209]).
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