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Top left measuring head of a sensor based on optical coherence tomography. Top
right speckle interferogram showing the out-of-plane deformation field of a
measuring object. Bottom left multi-wavelength excitation of fluoresceing particles
in a microfluidic chip. Bottom right focusing of a nanosecond laser pulse inducing
a plasma in the atmosphere at irradiances > 10’ W/cm?



Preface

In the past decade, a rapid development of laser measurement technology took
place. Powerful laser measuring methods are available for a variety of measuring
and inspection tasks. Their applicability and benefit were demonstrated success-
fully for offline and inline measurements of physical and chemical quantities. The
underlying dominant characteristics of laser measuring methods are simply the
fact, that lasers measure without contact and with the velocity of light.

A clear trend originating in the early 1990s of the passed century becomes more
and more obvious. The measuring equipment is no longer a delicate instrumen-
tation to be operated in laboratory or measuring rooms only, but it is transferred
into production facilities being installed close or even inside a production line. By
this, laser measuring methods enable inline acquisition of measurands allowing for
a fast insight into the process or product and thus represent the key component for
closed loop concepts where the measuring information gained directly in the
production line is used for prompt feedback actions to upstream or downstream
process stages. In this sense, laser measurement technology creates a novel era of
process transparency opening new potentials for process optimization and quality
control in industry. This far-reaching potential was not accessible so far.

Scientists and engineers in research, development, and production should
therefore study laser measurement technology to understand the physical princi-
ples, the set-up of laser measurement equipment and to get an overview of its
application potentials.

In this book, the fundamentals of laser measurement technology are described
in Chaps. 1-5, laser measuring methods and their applications are subject of
Chaps. 6-14. Target audience are physicists and engineers in the job as well as
students of applied physics and engineering sciences at universities. The funda-
mentals, methods, and applications are described to such an extent that the reader
is able to track and assess future developments of laser measurement technology.
The required previous knowledge is limited to the fundamentals of physics as
those teached in the first semesters at universities.

The authors came in touch with laser technology in the early 1980s of the last
century as doctoral candidates at the Institute for Applied Physics at the Techni-
sche Hochschule Darmstadt. Fascinated by the potentials of laser radiation they
took different professional careers. A.D. moved to the educational sector and
became a Professor and now dean for physics and optics at the nta Hochschule
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viii Preface

Isny. R.N. started at the newly founded Fraunhofer Institute for Laser Technology
(ILT) in Aachen and is now head of the competence area laser measurement
technology and EUV sources. He has transferred various laser measurement
techniques to industrial use and stimulated the foundation of new companies to
develop and market new laser measurement devices. Since 2012 he is an Assistant
Professor at the RWTH Aachen university. For this book, the authors bring in their
comprehensive experience in teaching, research, development, and application in
the field of laser measurement technology.

The authors want to express their special thanks to their wives for their patience
and encouragement to enable this book project.

Isny, Aachen Axel Donges
Reinhard Noll
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Chapter 1
Introduction

Abstract In the introductory chapter, we first give an overview of the evolution of
optical and laser metrology. Then we outline the wide range of laser measurement
technology. Finally, we point to the fact, that laser metrology is a non-contact
measurement with high flexibility, high measuring speed and high precision.

1.1 Optical Metrology and Laser Measurement
Technology

Today there are plenty of different measurement technologies available that one
single scientist or engineer can hardly overlook. Hence measurement technologies
are divided into different sub-disciplines. Besides electrical metrology a very
important discipline is physical metrology. It was developed in need of special
measurement instruments—such as thermometers, clocks, scales or microscopes—
for physics and engineering. Nowadays physical metrology is divided into very
different autonomous areas such as nuclear physics metrology, acoustic mea-
surement technology or optical metrology.

Optical measurement methods have gained a prominent importance for
metrology. Although optical measurement technology is a rapidly growing area, it
is not a new discipline. The development of physical sciences has been affected
from the very beginning by optical measurement techniques. With the invention of
the microscope in the late 16th century and the telescope in the early 17th century,
optical measurement technology has contributed significantly to the study of
micro- and macrocosm. Other milestones in optical metrology have been the
development of photography and spectroscopy in the 19th century. The latter
offers important insights into the structure of matter. In the 20th century optical
metrology has provided significant contributions to the development of science.
This is evidenced inter alia by the awarding of Nobel Prizes for the development of
interferometric precision instruments for spectroscopic and metrological studies
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(A. Michelson), of Raman scattering (C. Raman), of phase contrast microscopy
(F. Zernike), of holography (D. Gabor), nonlinear optics with lasers (N. Bloem-
bergen, A. Schawlow), of ultraprecise laser spectroscopy (J. Hall, T. Hénsch)
and CCD sensors (charged coupled devices to detect optical radiation; W. Boyle,
G. Smith).

In 1960 Theodore Maiman realized the first laser. Lasers are currently used for
various applications, e.g. in communication technology, material processing and
medicine. With the compact disc, the laser is to be found even in many households.
Due to the laser, some conventional methods were substituted by novel technol-
ogies. Laser ablation or laser additive manufacturing (LAM) are examples: These
processes are capable to produce shapes of workpieces, which cannot be realized
with conventional machining. Generally, laser technology is now considered to be
a key technology, comparable to microelectronics.

Due to its special characteristics, laser beams are also versatile measurement
tools. Immediately after the invention of the laser, a new branch of measurement
technology was established: laser measurement technology. Laser measurement
technology has developed dynamically in recent years. Its applications range from
production engineering via process engineering, quality assurance, recycling
technology, environmental protection, biotechnology up to medical technology.
The characteristics of laser measurement technology are:

non-contact measurement,
high flexibility,
high measuring speed and
high precision.

Laser-based measurement methods are increasingly used in manufacturing
processes where a routine testing of each produced good is required. The growing
importance of process and quality control in manufacturing has accelerated sus-
tainably the development of laser measurement technology in many areas.

The capability of non-contact measurements is often decisive to deploy laser
measuring systems in production lines. Lasers are measuring quality-critical fea-
tures without interrupting the production flow, thus providing in realtime data for
direct process control. Utilization of this inline capability enables to automate test
procedures straightforwardly, to optimize production processes and to improve
product quality significantly in a variety of applications.

The aim of this book is to present the basics of laser measurement technology. In
Chaps. 1-5, the physical principles of laser technology are discussed. Chapters 6—14
are dedicated to different laser measurement techniques. From the variety of
methods used today, we have made a selection. The selection criteria are tech-
nological maturity and commercial availability. For each laser measurement
method described, we present typical applications. The Appendix offers supple-
mental information on the topics interference visibility and spectral radiance as
well as some derivations of formulas. A list of abbreviations and symbols com-
pletes the Appendix.
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(a) detector

laser

(b)

L N| beam measuring beam
laser | guiding :> object guiding @ detector

|:> laser beam before the interaction with the measuring object

laser beam / measuring radiation after the interaction with the
measuring object

Fig. 1.1 Laser measuring system: a principal set-up, b block diagram

1.2 Schematic Set-up

Figure 1.1a shows the basic set-up of a typical laser measuring system. The three
main components are:

e laser,
e measuring object and
e detector.

The radiation of the laser interacts with the object to be measured. During this
interaction, information of the measuring object is impressed to the laser radiation.
A part of the radiation reaches the detector, which converts the information stored
in the light into a recognizable form for the observer. Between laser and measuring
object and between measuring object and detector, elements for beam shaping
and guiding are arranged in general. Examples of such elements are focusing
optics, beam expanders or optical fibers.

The components shown in Fig. 1.1b are described in Chaps. 2-5. Chapter 2
provides an overview of the properties of laser radiation. The different possibilities
of interaction between laser radiation and measuring object are discussed in
the third chapter. In Chap. 4, the main elements of beam shaping and guiding
are presented. Chapter 5 describes the most common radiation detectors. The
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knowledge gained in the first part of the book, is necessary to understand the laser
measurement methods treated in Chaps. 6—14. In addition, it provides the neces-
sary basic knowledge to follow competently the latest developments in laser
measurement technology.
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Chapter 2
Properties of Laser Radiation

Abstract At first, we summarize the properties of a transverse electromagnetic
wave. This is followed by the discussion of the diffraction of light. We present the
concept of coherence—temporal and spatial—and compare laser radiation with
thermal light. After that, we treat the Gaussian beam and the higher transverse
modes. An overview of typical laser parameters is given. Finally, we deal with the
dangers of laser radiation.

2.1 Light as Electromagnetic Wave

The total of all electromagnetic phenomena is governed by Maxwell’s equations.
They link the temporal and spatial derivatives of the electric and the magnetic field
strength, E and H [1-5]. Starting from Maxwell’s equations, J. C. Maxwell pre-
dicted the existence of electromagnetic waves that propagate with the speed of
light. During the years 1887/88, H. Hertz succeeded in the generation and
detection of electromagnetic waves. So, light was recognized as a special case of
an electromagnetic wave.

An overview of the investigated and mostly technically used frequency or
wavelength spectrum of electromagnetic waves gives Fig. 2.1. The laser radia-
tion—usually 4 = 0.1-10 um—represents only a small part of the total spectrum.

In the simplest case, a laser beam is represented by a plane harmonic wave

E(z,1) = Egcos(wt — kz — @), (2.1a)
H(z,1) = Hycos(wt — kz — @) (2.1b)

that propagates in z-direction with E electric field strength vector, H magnetic field
strength vector; Eo,ﬁo amplitude, @ angular frequency, k angular wave number
and ¢, phase angle. The directions of the field strength vectors and the direction of
propagation of that electromagnetic wave are shown in Fig. 2.2. Light is a

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 5
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Fig. 2.1 The range of the electromagnetic spectrum

transverse wave, i.e., E, H and the direction of propagation given by the wave

vector k are oriented perpendicularly to each other. The direction, in which the
electric field strength vector oscillates, is called the direction of polarization.' The
angular frequency w, the frequency f, the angular wave number k and the wave-
length Z are related by the equations

o=2nf (2.2)
and
2n

The angular frequency  and the angular wave number k or the frequency f and
the wavelength 4 follow the dispersion relation
w Co

' Some authors define the direction of polarization as the direction of the magnetic field strength.



2.1 Light as Electromagnetic Wave 7

Fig. 2.2 Representation of the field strengths of a plane harmonic electromagnetic wave. The
electric field strength, the magnetic field strength and the direction of propagation are oriented
perpendicularly to each other. The direction of the electric field strength defines the direction of
polarization

respectively. ¢ is the phase velocity of the electromagnetic wave in a homoge-
neous and lossless medium. It is calculated with the vacuum speed of light cq
and the refractive index n of the medium. The vacuum speed of light is given by
co = 3 x 10° m/s.

The electric and magnetic field strength of a light wave are proportional to each
other:

ExH. (2.5)

So, for describing an electromagnetic wave, it is sufficient to state the electric
field strength only.

An electromagnetic wave transports energy. The irradiance 1, i.e., the transported
power per unit area, is as usually proportional to the square of the amplitude:

[ x E. (2.6)

2.2 Beam Parameters

A plane harmonic wave is uniquely described by indicating five independent
parameters. A complete set of independent parameters are, for example,

irradiance,

phase angle,

direction of propagation,
wavelength and
direction of polarization.

For many applications in metrology, laser beam parameters have to be con-
trolled actively. The necessary optical components, which can be used to modulate
mostly without delay the five beam parameters, are presented in Chap. 4.
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By the interaction of the laser beam with the measuring object, the beam
parameters, e.g. the wavelength, are changed in a characteristic way. It is the task
of laser measurement technology to detect these changes and to deduce the
properties or the state of the measuring object. In Chaps. 6-14 it is shown in many
examples, how this can be performed. First, we restrict ourselves to the presen-
tation of the measuring methods to detect the laser beam parameters.

2.2.1 Irradiance

The frequencies of the visible spectrum are in the range of some 10'* Hz.
Therefore it is impossible to detect the temporal field strength curve of a laser
beam by eye or electro-optical detectors. Metrologically accessible, however, is
the irradiance, averaged over many periods of oscillation, which is proportional to
the square of the amplitude, cf. (2.6). In the following we will use the terms
“intensity” and “irradiance” as synonyms, they have the unit W/m?. For mea-
suring the irradiance metrology provides a plurality of radiation detectors. All
radiation detectors are based on the same principle: the absorption of radiation.
The absorbed light energy, depending on the type of detector, can be measured in
several ways. Since the irradiance of a laser beam is a very important radiometrical
parameter, we dedicated an entire Chapter—Chap. 5—to these detectors.

2.2.2 Phase Angle

There are no detectors, which measure the phase angle of a light wave in a direct
way. Nevertheless, the phase angle can be detected indirectly by superposition of
light waves.

When two or more waves are superposed, then the resulting field strength is
obtained by vector addition of the individual field strengths, this is the so called
principle of superposition. For two harmonic waves

E, = E, cos(wt — kz) (2.7a)
and
E, = Ej cos(wt — kz — ¢g), (2.7b)

which differ only in terms of the phase angle ¢, the principle of superposition
reads


http://dx.doi.org/10.1007/978-3-662-43634-9_6
http://dx.doi.org/10.1007/978-3-662-43634-9_14
http://dx.doi.org/10.1007/978-3-662-43634-9_5

2.2 Beam Parameters 9

E=E, + E, =2Ejcos (%) cos (wt —kz — %) (2.8)

Since the irradiance of the resultant wave is proportional to the square of the
amplitude, we find for the irradiance of the resultant wave

I = 4l cos® (%) , (2.9)

where I is the irradiance of the wave E| or E,, respectively.

Figure 2.3 illustrates two limiting cases: (a) For ¢, = 0, the two waves are in
phase. Then the field strength has doubled and the irradiance quadrupled. This case
is known as constructive interference. In the case (b) of ¢, = =, the two field
strengths oscillate in opposite phase, and the resulting field strength and irradiance
are zero. This case is called destructive interference.

Using relation (2.9) for the resulting wave we can calculate the phase angle ¢,
of wave E,. The wave E| defines the zero phase (¢, = 0) and is referred to as the
reference wave. This principle of phase measurement is the basis of holography,
which is discussed in Chap. 7.

2.2.3 Direction of Propagation

Let us consider two light beams which differ only in their directions of propa-
gation. In order to measure the angle o between the two propagation directions, we
can detect the distances d,, d, and L, illustrated in Fig. 2.4. For the angle o we find

tan (g) _ & 2_Ldl . (2.10a)

If |o| < 1, the result simplifies to

dr — d;
o=

I (2.10b)

For very small angles o, this method is due to measurement errors, too inac-
curate. We therefore consider another way of measuring, based on the superpo-
sition principle. In Fig. 2.5 the principal set-up is sketched. Two plane waves,
which differ only with respect to their propagation direction, are superposed. This
creates an equidistant fringe pattern, which can be recorded on a photographic
plate. From the spacing Ax of the interference fringes the angle « is deduced. For
sufficiently small angles, || < 1, it follows

A
r=a (2.11)
as a simple geometric argument shows. The smaller the angle « between the two
waves, the greater the spacing Ax of the interference fringes. By measurement of
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Fig. 2.3 Constructive (a) and destructive (b) interference of two harmonic waves

4- d,
I

the fringe spacing Aux, it is possible to determine the angle o between the propa-
gation directions of the two light waves.

There is the question whether an arbitrarily small angle « can be measured. In
answering this question, it should be noted that each of the two light waves has a
finite diameter 2q, see Fig. 2.5a. The lower limit for the smallest measurable angle
is that the fringe spacing Ax can not be greater than the diameter 2a. That is why

A
i = 5 (2.12)

Fig. 2.4 Measuring the angle between two light beams

Two wave trains, which include an angle o that is not greater than o,;,, can
thus, in principle with respect to the direction of propagation, not be distinguished
[6]. The two waves are to be considered as being parallel. In this context, the
critical angle o, = 4/2a is referred to as diffraction angle. We will return to this
issue in Sect. 2.3.

2.2.4 Wavelength

The wavelength 4 of a laser beam can be measured in various ways. One possi-
bility is the diffraction by a grating, see Sect. 2.3. But much more accurate are
interferometric measurements, e.g. with a Michelson interferometer, described in
Sect. 2.4.2.
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Fig. 2.5 Superposition of two light waves with different propagation directions: a o = 10°,
b a = 20°

The relative wavelength shifts A2/, occurring in laser measurement technol-
ogy, are usually very small. A determination of AA = 1, — 4; by absolute mea-
surements of 4; and 4, is—due to unavoidable measurement errors—not possible.
That is why a direct measurement of the wavelength shift A4 is proposed.

A common method for direct measurement of small changes in wavelength is
based on the principle of superposition, as shown in Fig. 2.6. Two otherwise
identical waves, which differ only slightly with respect to their wavelengths, are
superimposed. The wavelengths of the waves are 4 and A + A/. Then, the irra-
diance of the resulting wave is modulated in time, cf. (2.4). This phenomenon is
known as beating. The time interval between two neighboring maximum values of
the irradiance, the so-called beat period Ty, is given by:

/12

Ty = ——.
b T CAL

(2.13)
Measuring T, allows to determine the absolute wavelength shift A4, provided
the absolute wavelength 4 is known.
The uncertainty of the experimental determination of the beat period T, is
reduced, the more intensity maxima and minima will be involved. The lower limit
of the measurement period 7 is the beat period T, itself. That is why for

/12

T<Tb :m

(2.14)

a determination of the beat period Ty, is no longer possible. The two wavelengths 4
and 4 + A/ are then, in principle, indistinguishable [6].
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Fig. 2.6 Superposition of two waves with slightly different frequencies

2.2.5 Polarization

In a linearly polarized wave, the electric field strength vector oscillates perpen-
dicularly to the propagation direction in a defined direction, see Fig. 2.2. The
vibration direction of the electric field strength is referred to as the direction of
polarization.

For the experimental determination of the polarization direction of a linearly
polarized wave we can use a polarizing filter. Such a filter is an optical element,
which is, in best case, transparent for light of a certain polarization direction. If the
polarization direction of the light wave and the forward direction of the polari-
zation filter are oriented perpendicularly to each other, the transmittance decreases,
ideally, to zero.

If two orthogonal linearly polarized light waves of the same frequency are
superimposed, the result is in general elliptically polarized light. An important
special case is circularly polarized light. In this case, the propagation direction is
also perpendicular to the field vectors, which form, however, a helical structure.
We will return to this in Sect. 4.1.2.

In addition to polarized light, there is also non-polarized light. For non-polar-
ized light, the electric field strength vectors oscillate perpendicularly to the
propagation direction, too. However, the field strength vectors change quickly their
directions of oscillation in a random manner, so that no preferential direction can
be observed. This is also partly the case with laser light. However, it is possible to
force a defined direction of polarization by installing polarizing elements in the
laser cavity. Polarizing elements are often present in a laser, so that the most lasers
emit polarized or partly polarized light.
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plane wave aperture screen —

Fig. 2.7 Diffraction of a plane wave by a pinhole

2.3 Diffraction

Light shows, like any other wave, the phenomenon of diffraction. This means that
there are deviations of light propagation as described by the laws of geometrical
optics. Any transverse limitation of a light beam causes diffraction. Figure 2.7
shows, as an example, a parallel light beam, falling on a pinhole. Behind this
aperture, the transmitted light diverges and enters the area of the geometrical shadow
(the borders of this geometrical shadow are indicated in Fig. 2.7 as horizontal
dashed lines just behind the aperture). The reader can easily convince himself of
diffraction by looking through a small hole at a distant light source. The light source
is enlarged relative to the direct observation and surrounded by colored rings.

A clear explanation of the diffraction provides the so-called Huygens-Fresnel
principle. It says that each point of a wavefront is the starting point of a spherical
secondary wave of the same frequency, see Fig. 2.8. These secondary waves are
not radiated uniformly in all directions. The directionality of the secondary
emissions are described by the inclination factor:

K(0) == (1 +cos0). (2.15)

N =

0 is the angle made with the normal to the primary wavefront. K has its maximum
in forward direction (0 = 0) and vanishes in backward direction (0 = ).

The wave field at any point behind the aperture results from the superposition of
all these secondary waves. The secondary waves travel, in general, different long
distances. Thus, as a result of constructive or destructive interferences, a more or
less complicated interference pattern, the so-called diffraction pattern, will occur.

In the following, we consider only the so-called Fraunhofer diffraction, which
is—compared to the general case of Fresnel diffraction—mathematically simpler
to describe. Fraunhofer diffraction occurs, when the incident and diffracted light
consist of parallel light, respectively. Fraunhofer diffraction is realized if both, the
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plane wave aperture screen
Fig. 2.8 Explanation of diffraction by the Huygens-Fresnel principle

light source and the observation screen, are located very far away from the dif-
fracting aperture. In practice, it is sufficient, if the distance R between the light
source and the diffracting aperture and the distance L between the aperture and the
observation screen fulfill the condition:

a2
RL> =, (2.16)

respectively. Hereby is a a typical dimension of the diffracting aperture, see
Fig. 2.7, e.g. in the case of a pinhole the pinhole radius, and / is the wavelength of
the monochromatic light. Another way to realize Fraunhofer diffraction is to place
the light source and the viewing screen in the focal planes of collecting lenses,
respectively.

2.3.1 Single Slit

Let us consider, as an example, Fraunhofer diffraction of a monochromatic plane
wave irradiating a single slit. The application of the Huygens-Fresnel’s principle
provides, in accordance with the experiments for large observation distance, the
normalized intensity curve, see Fig. 2.9:

10) _ (Smo‘)2 (2.17a)

[0 o

with 6 observation angle, 2a slit width, 4 wavelength and the abbreviation:
2
n="4q sin(0). (2.17b)

The first minimum of the intensity occurs at an angle:
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Fig. 2.9 The Fraunhofer diffraction pattern of a single slit

Fig. 2.10 The incident beam

is divided into many partial
waves /

— W e

slit

sin(6q) = %. (2.18)

04 is called diffraction angle. It is usually small, so that we mostly can use the
approximation sin(fy) ~ 04. This diffraction angle is identical to the critical angle
Omin given in relation (2.12) of Sect. 2.2.3.

A clear explanation for the total annihilation of the waves at the diffraction
angle provides the following simple argument: We suppose that the incident wave,
as shown in Fig. 2.10, is divided into a large number of rays. The path difference
As between two rays at a distance a is

As = a sin(6). (2.19)

If this path difference is just one half wavelength

~

As == 2.2
S 2’ ( O)

then a complete destructive interference of all partial waves results. The use of
(2.20) and (2.19) yields the desired diffraction angle 04.
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plane wave aperture screen

Fig. 2.11 Diffraction by a pinhole

2.3.2 Circular Aperture

For laser measurement technology, the diffraction at a circular aperture is of great
interest, see Fig. 2.11. For reasons of symmetry, a rotationally symmetric dif-
fraction pattern is created. The application of the Huygens-Fresnel principle
provides in Fraunhofer approximation:

%?:(Q%QY’ (2.21)

where J; is the Bessel function of 1st order and o = 27“a sin(6) with a radius of the

pinhole. The first dark ring caused by destructive interference occurs at the angle:
sinfyg =1 22i (2.22)
T ’

Hence, the first dark ring on the screen has a radius of:

JL
R=0.61". (2.23)

Hereby it was assumed that a > A applies. About 84 % of the incident power
hits the screen in the so-called diffraction disk, whose border is defined by the first
dark ring. This disk is also called the Airy disk.

2.3.3 Double Slit

A double slit consists of two identical slits each having a width of 24, respectively,
which are arranged at a distance of 2b, see Fig. 2.12. The mathematical treatment
provides for the intensity distribution of the diffracted light:
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The quantity o has the same meaning as in the case of the single slit, see
relation (2.17b). f is the abbreviation for:

2
B = 7"17 sin 0. (2.24b)

The intensity profile is illustrated in Fig. 2.12.

The positions of the maxima are clearly determined by the fact that the dif-
fracted light waves in the two slits must have a path difference As, which is an
integer multiple of the wavelength, see Fig. 2.13. The positions of the maxima are,
therefore, in accordance with (2.24a, 2.24b), given by:

A 2b
sin(0) = n— n=0,+£1,£2,..|n|< —.
A

2b (2.25a)

On the observation screen, which is placed at a distance of L behind the double
slit, a pattern of straight fringes occurs. In the limit of small angles, these
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interference fringes are equidistant. The distance between neighboring fringes
amounts to:

L

Ax =—.
2b

(2.26)

2.3.4 Grating

Probably the most widely applied diffraction phenomenon, especially in spec-
troscopy, is the diffraction by a grating. A grating consists of a large number N of
individual slits, which are arranged at a distance g. The quantity g is called the
grating constant. Diffraction gratings are used both, in transmission or in reflection.
The positions of the main maxima of the grating coincide with the maxima of the
double slit, i.e.,

”

. A 8
— - o (n < 8). .
sin(0)=n  n=0+1,%2 (\n|_ z) (2.25b)

Between the main maxima still so-called secondary maxima occur, see Fig. 2.14.

Provided a sufficiently large number of individual slits, N > 1, the intensities
of the secondary maxima are so small that they may be neglected. The main
maxima are more narrow and high, the more slits contribute to the diffracted wave.
The width of the main maxima, defined by the distance between adjacent minima,
is calculated as:

_4n
=V

A6 (2.27)

In our previous considerations, we have always assumed diffracting objects that
transmit a portion of the incident light. However, diffraction phenomena occur also
in case of reflective objects or objects causing a phase shift only. As an example, a
phase grating is considered.

By a phase grating, not the amplitude, but the phase of an incident wave is
influenced. This can, for example, be realized by the fact that the refractive index
changes periodically, see Fig. 2.15b. Equation (2.25b) applies also in the case of
the phase grating.

2.4 Coherence

In nearly all measurement methods presented later, the coherence of the laser
radiation plays a central role. That is why we deal this concept in the following
sections.



2.4 Coherence 19

(a) 4——— -
i N=2 ]
2 L i
5 2 :
£ L N
ok /\ A\ A;

intensity
[e4]

16 . T T :
| J\ L
§ AAAAA/\ 1 FaV I\A/\AA /

0 Aln L Aly ila all A

3 -2 A1 0 1 2 3
sinf@ / (A/g)

o

—_
Q

)

»
=

intensity
w
(3%

Fig. 2.14 Irradiance distribution for a grating with a N =2, b 4 and ¢ 8 slits. It is assumed
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Fig. 2.15 Different phase gratings: a reflection grating, b transmission grating of constant
thickness and periodically varying refractive indices, ¢ transmission grating
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Fig. 2.16 Snapshot of the electric field strength of a plane harmonic wave. Examples: a The field
oscillations at the two points P, and P4 are in phase (¢, = 0); b The field oscillations at the two
points P, and P5 or P; and P, are anti-phased (¢, = m); ¢ The field oscillations at the two points
P, and P, have a phase shift of ¢, = 7/2

elementary bundle
P,

T

light source

Fig. 2.17 Schematic representation of an elementary bundle. The oscillations of the electric and
magnetic field at any two points within an elementary bundle have a fixed phase relationship. The
shown cylindrical shape is a simplification. In general an approximately conical shape exists

2.4.1 Definition of Coherence

Coherence literally means related. A coherent light field is, therefore, a field of light,
in which the oscillations of the electric and magnetic field strengths are related in
space and time. One example of a coherent wave is the plane harmonic wave:

E = Eycos(wt — kz), (2.1a)

see Fig. 2.16.

In contrast to the ideal case of the plane harmonic wave, a defined phase rela-
tionship between the field oscillations at two different points P and P, exists only,
when these points are located within a so-called elementary bundle, see Fig. 2.17.

Often the terms temporal and spatial coherence are considered. The length L,
(in the direction of propagation) or the diameter d.. (perpendicular to the direction
of propagation) of an elementary bundle is called its longitudinal or transverse
coherence length, respectively. Since the elementary bundle moves with the wave
and thus with the speed of light, at a fixed point in space only for the period of time:
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Fig. 2.18 Longitudinal coherence length and transverse coherence area
L
T. = —C, (2.28)
c

a defined harmonic oscillation occurs, see Fig. 2.18. T is referred to as coherence
time. The cross-sectional area of an elementary bundle is known as transverse
coherence area.

2.4.2 Measurement of Temporal Coherence

The coherence time T, and the longitudinal coherence length L. can be measured,
for example, with a Michelson interferometer, see Fig. 2.19. A light wave is divided
by a beam splitter into two waves of equal intensity. After the two partial waves
have traveled different long distances in the interferometer, they are superposed
again. In this experiment the intensity of the superimposed partial waves is mea-
sured as a function of the path difference 2AL, with AL = L,—L,. As long as the path
difference 2AL is small compared to the temporal coherence length L. of the
radiation field, the measured intensity varies—due to constructive and destructive
interference—as a function of the path difference 2AL. However, if the path dif-
ference 2AL is large compared to the coherence length L., the measured intensity is
independent of 2AL. The intensity is then the sum of the intensities of the two
partial waves, i.e., no interference phenomenon occurs. The two partial waves are
apparently losing their interference ability, when they are displaced by more than
the longitudinal coherence length L., see Appendix A.l for a more detailed con-
sideration. This is intuitively clear since then wave trains with randomly fluctuating
phase relation—i.e. light from different elementary bundles—are superimposed.

Experimental and theoretical studies have proven that the coherence time 7T,
increases with decreasing angular frequency bandwidth Aw of the light source.
This dependence is described approximately by the following relation [6]:

AoT, = m. (2.29)
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Fig. 2.19 Measurement of the longitudinal coherence length with a Michelson interferometer
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Fig. 2.20 Increasing the temporal coherence length by a spectral filter

This equation is known as temporal coherence condition. The narrower the
spectrum of the light, the greater is the coherence time and thus according to (2.28)
the longitudinal coherence length. This relationship is deployed often in optical
measurement techniques through the use of a spectral filter. With the help of a
spectral filter, the bandwidth of the passing light becomes smaller and thus the
longitudinal coherence length increases. This is called temporal filtering, see
Fig. 2.20, which, however, leads to considerable losses in light intensity.

2.4.3 Measurement of Spatial Coherence

The transverse coherence length d. can be measured by Young’s double-hole
experiment. The radiation field to be examined illuminates two pinholes and the
diffraction pattern is observed. The two pinholes are arranged at a distance 2b and
have the same distance from the light source, see Fig. 2.21.
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Fig. 2.21 Measurement of the spatial transverse coherence length with Young’s double-hole
experiment

In this experiment, an observable diffraction pattern only arises, when the
distance of the two pinholes 2b is chosen to be sufficiently small. If the distance
2b increases, the contrast of the interference pattern is more and more fading.
Beyond a critical distance 2b,,,x of the pinholes, the interference pattern disap-
pears. The radiation field is obviously spatially coherent, if the critical distance
2bax 18 not exceeded. That is why 2b,,.« is interpreted as transverse coherence
length d.. The transverse coherence area is determined by measuring the transverse
coherence length in different directions perpendicular to the propagation direction
of the light.

The condition of spatial coherence is closely related to the diffraction of light.
In the following we consider for the sake of simplicity the case of a circular light
source. Experiments show that spatial coherence is present only if the condition:

A _2b
1.222“ > R (2.30)
is fullfilled with A wavelength of light, a radius of the circular light source,
2b spacing of the two pinholes, R distance between the light source and the double
aperture, cf. Fig. 2.21.

Equation (2.30) implies that light is spatially coherent, when it is observed
within the diffraction angle of the light source, i.e. 1.221/2a. The maximum
distance between the two apertures, wherein the interference pattern can still just
be seen, is calculated from (2.30) to:

A
de = 2bmax = 1.22—R. 2.31
% (2.31)
This is the so-called transverse coherence length. For the transverse coherence
area follows in the case of a circular light source:
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Fig. 2.22 Increasing the spatial coherence angle through an aperture whose diameter is smaller
than that of the light source
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Rewriting this equation yields the spatial coherence condition:
AAAQ, ~ )2, (2.33)

Here is AA = 7 a® the effective area of the light source and AQ. = A./R? the
maximum solid angle, within which the light is spatially coherent. AQ. is called
solid coherence angle. It is determined by the diffraction of light at the finite area
AA of the light source.

The solid coherence angle and therefore also the transverse coherence area can
be increased, if with an aperture only a part of the surface of the light source is
utilized, see Fig. 2.22. However, this so-called spatial filtering effect decreases, as
in the case of temporal filtering, the intensity of light.

2.5 Comparison of Laser Radiation and Thermal Light

Let us compare a laser beam with the light of an ordinary light bulb. In comparison
to the filament lamp, laser radiation has a low beam divergence and a small
spectral bandwidth. In other words: the laser emits a nearly monochromatic and
parallel light beam. The light from the bulb on the other hand is broadband—white
light—and emitted in a spatially isotropic way, see Fig. 2.23.

The advantages associated with the low beam divergence and the small spectral
bandwidth of laser radiation, are diverse:

e An important point are the good coherence properties of laser radiation. This is
very important for all interferometric measurement methods described below—
for example, the holographic interferometry, see Chap. 7.


http://dx.doi.org/10.1007/978-3-662-43634-9_7
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Fig. 2.23 Comparison of the a) I
radiation from a laser (a) and laser

a filament lamp (b), see :I:>
Appendix A.2 for a more

detailed consideration

e

(b)

filament lamp

e Monochromatic laser light passes a narrowband filter almost unattenuated,
while the incident broadband light is absorbed or reflected nearly completely.
As a consequence, most detectors are equipped with narrow-band filters. Thus
the laser light scattered at the measuring object arrives at the detector, while
disturbing daylight is blocked, cf. Appendix A.2, Figs. A.4, A.5.

e The low beam divergence allows to guide a laser beam with an almost constant
intensity over large distances.

o A further feature of the laser radiation with respect to thermal light is the ability
to generate very short pulses of light with high intensity. This property is used,
for example, in laser spectroscopy, cf. Chap. 13.

The difference in quality between the light of a laser and a thermal light source
is based on the various processes of light generation. For a thermal light source the
spontaneous emission plays the dominant role. This is quite different from the light
generation by a laser. Here the essential elementary process is stimulated emission.
This was expressed already in the naming. The word laser is an acronym, which
was formed by Light Amplification by Stimulated Emission of Radiation.

The schematic design of a laser is sketched in Fig. 2.24. The most important
component is the optical amplifier. It is able to amplify an incident light wave in
the correct phase, i.e., coherent. This is achieved by a sufficiently large number of
excited atoms, which radiate by stimulated emission. Left and right of the optical
amplifier mirrors are mounted. These mirrors constitute the so-called optical
resonator. A light wave, which has passed through the amplifier, leaves only in
part the resonator via the partially transmitting output mirror. The rest of the light
remains in the resonator and passes the amplifier again. That is why we call a laser
an optical-feedback amplifier.

A necessary condition to start laser oscillation is that the waves propagating
back and forth in the resonator superpose with correct phase in one loop.
Neglecting the influence of diffraction, this is the case when the wavelengths are
given by:


http://dx.doi.org/10.1007/978-3-662-43634-9_13
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L is the distance between the mirrors and ¢ is a natural number. Since L / Ag > 1,
q assumes large values. Equation (2.34) also describes precisely the wavelengths,
which correspond to standing light waves, which can be formed in a lossless
optical resonator. The different waveforms, characterized by different values of ¢,
are designated as longitudinal modes, see Fig. 2.25.

We summarize: A laser is an optical feedback amplifier. With sufficient gain,
any feedback amplifier is unstable, i.e., it becomes an oscillator. An optical
feedback amplifier in self-excitation is also called a laser oscillator or short laser.
For a more detailed presentation of the basics of laser physics, we refer to the
literature as e.g. [7—-14].

2.6 Gaussian Beam

The propagation of electromagnetic waves is described by the wave equation. It is
derived directly from Maxwell’s equations of electrodynamics. For a homoge-
neous and loss-less medium, the wave equation for the electric field strength reads:
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Fig. 2.26 Radial intensity profile of a Gaussian beam as a function of the normalized radius
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with A Laplace operator, ¢ speed of light.

A solution of this wave equation, for example, is the planar-harmonic wave
(2.1a). But the plane-harmonic wave is only a very rough approximation of a laser
beam. In contrast to the fictional plane harmonic wave, the intensity of a real laser
beam is not constant over the beam cross section. Due to its finite beam diameter, a
laser beam has, in contrast to the plane wave, a diffraction-caused beam diver-
gence. This divergence leads to non-planar wavefronts, i.e., curved surfaces of
constant phases.

For the explanation of most measurement methods presented in this book, the
model of the plane harmonic wave is sufficient. But in some cases, e.g. focusing of
laser beams, this model is too rough. A better description of a laser beam, with
respect to the most used transverse fundamental mode, is given by the so-called
Gaussian beam. The Gaussian beam is also a solution—in fact, an approximate
solution—of the wave equation (2.35).

2.6.1 Description of the Gaussian Beam

A Gaussian beam [7, 13, 14] is a rotationally symmetrical laser beam with respect
to the propagation direction, which is assumed to be the z-axis. The irradiance
I decreases in the radial direction following a Gaussian function, see Fig. 2.26:

1(z,r) = 1(0,0) (%) o (ﬁ> (2.36)
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Hereby we use the abbreviations:

2
w(z) =wot/ 1+ (£> (2.37a)
ZR
and
kw% TCW(Z)
— — ) 2.38
w=0_ " 2.39)

r

2
R0

The term e w(z) describes the radial decrease in irradiance, according to a
Gaussian function. At r = w(z), the irradiance has—in comparison to the beam
axis (r = 0)—fallen by a factor of 1/e* (= 13.5 %). That is why we call w(z) the
beam radius, see Fig. 2.26. The beam radius w(z) attains its minimum wy at z = 0.
This place is called beam waist and wy is the waist radius. With increasing or
decreasing z, the beam radius w(z) increases according to equation (2.37a).

There are two limiting cases to be distinguished:

e |z] < zg: The beam radius w(z) is almost independent of z. It approaches
approximately the waist radius wy,.

w(z) & wy (2.37b)

e |z| > zg: The beam radius w(z) increases linearly with z.

w(z) =~ 22| (2.37¢)
ZR

For z = +zg, there is an increase of the beam radius to \/Ewo. ZR 1S an important
parameter of the Gaussian beam called Rayleigh length. In the far field (|z| > zr),
the Gaussian beam has a constant opening angle fy—also called far-field diver-
gence—which is related to diffraction, see Fig. 2.27. For the opening angle, we
find, according to (2.37c):

p
tan(0p) = VZ”—: = (2.392)

Since the wavelength / is small relative to the waist radius wg, we use in the
following the approximation tan(6y) = 0y. By rearranging, we find:



2.6 Gaussian Beam 29

o)]

(8]
T

normalized beam radius w(z)/w,
w
T

6 4 2 ¢ I 2 4 6
normalized distance z/zy

Fig. 2.27 Normalized representation of the beam radius as a function of the normalized distance
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Fig. 2.28 Clarification of the relationship 8ywy = const. Normalized beam radius as a function
of the normalized distance represented as solid line. The dashed curve shows a beam with a
smaller beam waist and a higher opening angle

20 (2.39b)

i.e., the term Oywo/A is a conservation quantity, a propagation invariant. With
decreasing waist radius wy, therefore, the divergence of the Gaussian beam
increases, see Fig. 2.28.

With increasing beam radius w(z), for reasons of energy conservation, the field
strength and irradiance must decrease on the beam axis. This is considered by the
factor (wo/w(z))” in equation (2.36).

The wavefronts, i.e., the surfaces of the same oscillation state are, as already
mentioned, no plane surfaces. Near the beam axis, the wavefront can be
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Fig. 2.30 Normalized representation of the radius of curvature of the wavefronts of the Gaussian
beam as a function of the normalized distance

approximated by spherical surfaces, see Fig. 2.29. The radii of curvature of the
phase surfaces are defined by the equation:

1+ (%‘) 21. (2.40)

At the beam waist (z = 0) the wavefront is flat (p(0) — o). For |z| > zg (2.40)
simplifies to

p(z) =z

p(2) =~z (2.41)

In this case, the wavefronts are identical with those of spherical waves, which
have their origin at z = 0. The radii of curvature take their minimum at z = =z,
see Fig. 2.30.
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A Gaussian beam is described uniquely, if the position of the beam waist
(z = 0), the Rayleigh length zg—alternatively the waist radius and the far-field
divergence—and the wavelength A are known. A user of laser radiation should
know these parameters being defined by the optical amplifier and the geometry of
the optical resonator.

2.6.2 Higher Transverse Modes

The approach presented in Sect. 2.6.1—the Gaussian beam—is only one
approximate solution of the wave equation (2.35). In addition, there exist many
other solutions of equation (2.35), which are similar to the harmonics of mem-
branes. These solutions of higher order are called TEM, ,-modes. The indices
u and v are any non-negative integer values. The abbreviation TEM indicates that
the solutions describe transverse electromagnetic waves.

The TEMy-mode coincides with the Gaussian beam (2.36). Figure 2.31 shows,
in addition to a Gaussian beam, a TEM,j-mode as it is calculated in cylindrical
coordinates. In contrast to the Gaussian beam, the likewise rotationally symmet-
rical TEM,p-mode has two circular nodal lines in the finite. In laser measurement
technology, the transverse modes of higher order play a minor role. That is why we
do not deepen this topic.

Each transverse mode can, in principle, be excited at different wavelengths, see
Sect. 2.5, Fig. 2.25. In addition, different states of polarization have to be con-
sidered. For a full characterization of a laser mode, it is therefore necessary, to
indicate in addition to the transverse mode indices u and v two more indices ¢ and
p: TEM,,, ;- The natural number g describes the longitudinal mode order, anal-
ogous to the equation (2.34), which is true only for plane waves. p can have two
values and characterizes the state of polarization of a mode.

In a single-mode laser, only one single mode is excited. In a multi-mode laser
several modes oscillate in parallel. A real laser beam can always be considered as a
superposition of different modes TEM,,,, .
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Fig. 2.32 Typical beam divergence of a semiconductor laser

Often, in laser measurement technology fundamental mode lasers (TEM) are
used. These are lasers that have at least approximately, a Gaussian radial intensity
distribution. Exceptions are semiconductor lasers that emit no Gaussian beam. The
reason for this is the small size and the shape of the emitting surface of the laser,
see Fig. 2.32.

Typical dimensions are d, = 5-100 pm and d, = 0.1-1 pm resulting in
divergence angles 0, of up to some 10°. The radiated wave has an elliptical shape,
i.e., the beam diameters in two orthogonal directions differ in general. This also
applies to the radii of curvature of the wavefronts. The different curvatures in two
orthogonal planes are a manifestation of astigmatism.

The elliptical emission characteristic of a semiconductor laser is unsatisfactory
for most metrological applications. The corrective is an appropriate optic for beam
correction, as depicted in Fig. 2.33. First, the laser beam is expanded with a
collimating lens, and thus the beam divergence is reduced. With the following
cylindrical lens the astigmatism is corrected. The two prisms expand the laser
beam, but only in the plane of projection of the upper diagram in Fig. 2.33. The
beam diameter in the orthogonal direction is not affected, see Fig. 2.33, bottom. So
we obtain a circular beam with a rotationally symmetrical divergence.

2.6.3 Beam Quality

To characterize the difference between a real laser beam and a theoretical Gaussian
beam, we introduce the beam quality number K. In Sect. 2.6.1, we have recognized
that the quantity Opwo/A of a Gaussian beam is equal to the constant value 1/,
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Fig. 2.33 Arrangement for the correction of the elliptical beam distribution of a semiconductor laser

see equation (2.39b). Since a Gaussian beam represents the laser beam with the
lowest possible beam divergence [12], for every real and initially assumed rota-
tionally symmetrical laser beam holds:

OyW, 1
070 _ ~ with 0<K<I (2.39¢)
A Kn
or
A
K= . 2.39d
s WQ@Q ( )

K denotes the so-called number of beam quality [15, 16]. W, and &, characterize
the waist radius and the opening angle of the real laser beam. The waist radius is
the local minimum of the real beam radius W(z) and the opening angle © cor-
responds to the derivative dW(z)/dz for large values of Izl (|z| > zr). The beam
radius W(z) is in this case equivalent to the radius of the smallest circular aperture,
which let pass 86.5 % of the beam power.

For a theoretical Gaussian beam, the number of beam quality reaches its
maximum value, K = 1. For a real laser beam, we find a smaller number
(0 < K < 1). If we divide (2.39b) by (2.39¢), we find:

K=-20 <. (2.39%)
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Assuming equal waist radii of the Gaussian and the real laser beam, i.e.
Wo = wo, K describes the ratio of the opening angles 0y/@ of the ideal Gaussian
beam and the real laser beam.

For a non-rotationally symmetrical laser beam, such as for that shown in
Fig. 2.32 of a semiconductor laser beam, we find analogously to equation (2.39d):

4

A
Ki=— " i—xy 2.39f
T Wi0.0540;0.954 Y ( )

K, and K, describe the beam quality in two mutually orthogonal directions x and y,
which are perpendicular to the beam axis. The x- and y-directions are the directions
of smallest or greatest beam dimensions, respectively. Under the beam dimension
2W; 0.954 the smallest width of a slit is understood which transmits 95.4 % of the
incident laser power. Compared to the circular aperture, the increased percentage
considers that through a slit more power can pass than through a circular aperture
of the same diameter. From the variation of Wi(z), i = x, y, the waist radius W; o954
and the far-field divergence angle ©;9s4 can be determined, for each direction
x and y.

Besides the beam quality number K, also the standardized beam propagation
ratio M? is used. It corresponds to the reciprocal beam quality number [15]:

(2.42a)

(i=x,y). (2.42b)

2.7 Beam Parameters of Specific Laser Systems

The currently available laser systems generate coherent light in a wide parameter
range:

e The spectrum of wavelengths ranging almost continuously from the far infrared
to the ultraviolet spectral region.
High power lasers achieve continuous beam powers of over 100 kW.
In pulsed operation the beam power can be increased to values more than 100
TW.

e With the help of the mode-locked technique it is possible to press the pulse
length under one femtosecond.

These examples are intended to keep the reader the wide range of possible beam
parameters in mind.
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The lasers used in laser measurement systems, depending on the application,
have typically an average output power of 1 mW-50 W and pulse power of
0.2 W-250 MW. In pulsed operation, the maximum pulse energy can achieve
some joules and pulse lengths range between 5 and 1000 ns.

Each metrological task requires, for its optimal solution, suitable measuring
instruments. This applies in particular to laser measurement technology. Here, the
user is demanded to select the suitable type of measuring laser. In this both,
technical aspects and economic considerations, must be included. As guidance, in
Table 2.1 the typical features of these lasers are listed that have importance for the
measuring methods described in Chaps. 6-14.

2.8 Dangers of Laser Radiation

Everyone working with lasers, must be aware of the dangers generated by a laser.
We therefore briefly review these issues. For a more thorough treatment the reader
is referred to the literature, e.g. [17-21].

Generally in laser protection, we distinct between laser-specific and laser-non-
specific risks. Examples of non-specific laser hazards, which we will not elaborate,
are:

electrical hazards (high voltage),

exposure to X-rays being generated by operation of laser systems,
risk of fire,

implosion or explosion,

formation of ozone by laser radiation,

exposure to cooling medium.

The laser-specific risks are based on the absorption of direct or reflected laser
radiation by human tissue. Beam powers and pulse energies deployed in most of
the laser measuring methods are so small that we can limit the following con-
siderations to the risks for the eyes.

Figure 2.34 schematically shows the structure of a human eye and the path of a
laser beam through the eye. The laser radiation enters through the cornea into the
eye, and passes through the front ocular chamber and the circular opening of
the iris to the ocular lens. The opening of the iris is called the pupil. Depending on
the brightness, the diameter D of the pupil varies between 2 and 7 mm. By the eye
lens, the light is concentrated and passes through the so-called vitreous body, a
gelatinous mass, to the retina. The retina is the light-sensitive organ that is con-
nected via the optic nerve with the brain. So, on the retina an illuminated spot of
diameter d is formed, see Fig. 2.34.

The danger for the eye is caused by the absorption of the laser radiation in the
eye, for example, in the cornea, in the eye lens or in the retina. Figure 2.35 shows
the degree of transmission Tg of the human eye from the cornea to the retina, as well
as the transmittance 7 multiplied by the degree of absorption Ag of the retina.


http://dx.doi.org/10.1007/978-3-662-43634-9_6
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Fig. 2.34 Beam path of a laser beam through an eye
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Fig. 2.35 Transmittance of the human eye and degree of absorption of the retina relative to the
incident laser beam

This product Tg Ar describes the fraction of the incident laser radiation that is
absorbed by the retina. We consider as an example firstly the visible radiation of a
HeNe laser with a wavelength of 4 = 633 nm. This light gets almost unattenuated
to the retina, which absorbs about 40 % of the incident power. Quite different is the
situation for light of an UV laser. UV radiation is almost absorbed completely in the
front part of the eye that is in the cornea and the eye lens.

A great danger of laser radiation to the retina is its ability to form a very tiny
focus, as the following analysis shows. For further considerations, we start from
the worst case, which leads to the smallest possible spot size:
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Fig. 2.36 Imaging diffusely scattered light
reflected light onto the retina
of an eye

incident laser beam

diffuse reflector

e The incident laser beam is assumed to be a plane wave.

e The pupil diameter adopted its maximum value of D, = 7 mm. The dif-
fraction related focus diameter is then minimal.

e The eye is not accommodated. In this case, the image-side focal point of the
lens is located on the retina.

The diameter of the resulting diffraction disk on the retina is calculated with the
help of equation (2.23) to:

A 2
doin = 2447 ith ) = 70 (2.43)

max

with ffocal length of the eye lens, 49 vacuum wavelength of the laser radiation and
n refractive index in the eyeball. The ratio of pupil to focus cross-section area is
calculated to

2 4 2
(Dmax) — Dmaxn 5 (244)
dmin (244/10f)

For the light of a HeNe laser, a focal length of the eye lens of 22.8 mm, a
refractive index in the interior of the eye of 1.34 and a maximum pupil diameter of
7 mm, the ratio of the areas is calculated as 3.5 x 10°. This factor also describes
the increase of the irradiance of the laser radiation from the cornea to the retina.
This calculation shows clearly the danger of laser radiation to the eye.

In addition to direct or reflected laser radiation at mirrors, diffusely reflected
laser radiation is also a risk. By diffuse reflection, the parallelism of the laser beam
is destroyed, see Fig. 2.36. If such diffuse light reaches the eye, the risk—com-
pared with direct laser radiation—is lower because only a fraction of the diffusely
scattered radiation enters the eye through the pupil. In addition, the diffuse scat-
tering light is distributed, when compared to parallel laser light, over a larger area
of the retina. Nevertheless, the danger of diffusely scattered light should not be
underestimated.
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When operating a laser, certain safety regulations must be noted. These regu-
lations are summarized in different national and international standards. The
precautions to be taken depend on the hazard class of the used laser system.
According to the potential risk, there are seven categories of risk. The laser
classification is, for details see e.g. [17]:

e C(lass 1: The laser radiation is not dangerous under usual conditions.

e C(Class 1 M: The wavelength ranges from 302.5 nm to 4 pm. The laser radiation
is not harmful to the eye, as long as the cross section of the laser beam is not
reduced by optical instruments such as magnifying glasses, lenses, telescopes.

e C(lass 2: The laser radiation is in the visible spectrum (400-700 nm). For short-
term exposure (duration up to 0.25 s), it is eye-safe.

e C(Class 2 M: It is the same as class 2. But it is dangerous, if the cross section of
the laser beam is reduced by optical instruments.

e C(lass 3R: The radiation is in the wavelength range from 302.5 nm to 1 mm. It
is dangerous to the eye. The power or energy is less than five times the limiting
values of the allowed radiation of class 2 (in the wavelength range of
400-700 nm) or class 1 (in the remaining wavelength range).

e Class 3B: The laser radiation is hazardous to the eyes and in special cases also
for the skin. Diffuse scattered light is safe usually.

e C(lass 4: The laser radiation is hazardous to the human eye, often also to the
skin.

The various precautions to be taken during the operation of a laser, are
described, for example, in [17-21]. We therefore do not treat safety precautions in
detail here. In practical work with lasers the following rules should be observed
always:

Never look into a direct or not diffusely reflected laser beam!

Avoid laser beams in the height of the eyes!

Avoid reflective surfaces, except in case of necessary mirrors for beam guidance!
Use protective housings and beam stops so the laser light cannot leak out!

If necessary, suitable laser safety goggles must be worn!

If possible, work in bright light, so that the eye pupils have small diameters!
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Chapter 3
Interaction of Laser Radiation and Matter

Abstract Initially the particle concept of light is explained. Then we present the
different kinds of interaction of light and matter. We start with the reflection and
refraction, followed by the discussion of linear and non-linear absorption of light.
The most important light scattering processes are described: Rayleigh, Mie and
Raman scattering. Finally, the frequency doubling and the optical Doppler effect is
treated.

All optical measurement methods are based on the same principle: the scattering of
light. The incident laser beam with well defined parameters interacts with the
object to be measured. During this interaction, also called scattering, at least one
beam parameter of the laser beam is changed. So the scattered laser light carries
information about the object to be measured.

The task of laser measurement technology is to draw conclusions from the
scattered light of the characteristics of the measuring object. In this chapter, the
elementary processes of interaction of light with matter are presented.

3.1 Particle Character of Light

So far, we have always regarded light as an electromagnetic wave. With this idea,
a variety of phenomena, e.g. diffraction and interference, can be treated [1-5]. For
the description of the interaction of light and matter, the wave concept proves to be
inadequate in most cases.

Already at the end of the 19th century, it became clear that not all experimental
observations could be explained by the wave model, for example the photoelectric
effect. To explain the photoelectric effect, Albert Einstein introduced in 1905 his
bold light quantum hypothesis stating that, light consists of discrete particles,
called photons, moving at the speed of light. Each photon is assigned to a certain
energy W, which is proportional to the light frequency f:

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 41
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_3,
© Springer-Verlag Berlin Heidelberg 2015
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W = hf. (3.1)

The constant of proportionality is Planck’s constant & ~ 6.6 x 107>* Js.

Even in classical electrodynamics, an electromagnetic wave is associated with a
momentum. This is also the case in the particle concept of photons. Einstein
postulated that a photon having the energy Af, has a momentum

p=- (3:2)
in the direction of propagation.

In addition to energy and momentum, photons also have an intrinsic angular
momentum, called spin. This intrinsic angular momentum can be understood
intuitively as a rotation of a photon. Experimental and theoretical studies indicate
that the component of the angular momentum in the direction of propagation takes
only two values [6]:

S==+ ho_ +h 33

T2 T (3:3)

This result implies that photons, with respect to their direction of propagation,
rotate both, clockwise as well as counterclockwise.

The obvious disagreement between the wave concept and the particle concept
could not be resolved by classical physics. But it forced the development of
quantum theory. Only in the framework of quantum electrodynamics, a branch of
quantum theory, a complete and thorough description of light is possible.

The quantum electrodynamic description of light requires in general an enor-
mous mathematical effort. But in most cases, there is no need for a precise
description in terms of quantum electrodynamics. Depending on the problem,
mostly one of the two concepts—the wave concept or the particle concept—is
sufficient. It is a well-known fact that for the description of propagation phe-
nomena, the wave concept is often suitable. The interaction of light with matter
can be treated well with the particle concept.

3.2 Reflection and Refraction
3.2.1 Refractive Index

We consider the propagation of light in a dielectric medium, in which the light
propagates with the phase velocity

c=—. (3.4)
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Fig. 3.1 a Refractive index for different glasses, b refractive index and absorption index of
quartz glass as a function of wavelength

co is the speed of light in vacuum and n is the refractive index. The refractive
indices of transparent materials have typical values in the range of 1 < n < 3. The
phase velocities in media are, therefore, generally less than the vacuum speed of
light, i.e., ¢ < ¢q. The refractive indices n depend on the wavelength 1 or the
frequency f of the light. This phenomenon is called dispersion. Figure 3.1 shows
dispersion curves for various glasses.

Figure 3.1a shows that the refractive index of glass decreases in the region of
the visible spectrum with increasing wavelength. This phenomenon is called
normal dispersion. If the refractive index increases with increasing wavelength,
then there is anomalous dispersion. In Fig. 3.1b, the refractive index n and, in
addition, the absorption index y of quartz glass are shown for a wide range of
wavelengths. The absorption index y is a measure of the intensity loss of light
propagating through a medium. We will come back to this topic in Sect. 3.3.

From Fig. 3.1b we learn that near the wavelengths, at which a large absorption
is present, the refractive index changes strongly, too. This statement is valid not
only for quartz glass. In general an absorption line or band is accompanied by a
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Fig. 3.2 Frequency response of the amplitude and phase shift of the harmonic forced vibration
of an atom by a light wave of frequency f. f; resonance frequency

change of the refractive index. An absorption band increases the refractive index
on the long wavelength side and lowers n on the short wavelength side.

The relation between dispersion and absorption becomes clear when light
propagation in the medium is considered more accurately. The medium is com-
posed of individual atoms or molecules. Under the influence of the electric field of
the light wave, the atoms are polarized, i.e., the positive and negative charge
centers are shifted against each other. This gives rise to electric dipoles which
oscillate in time with the light wave. That is why the atoms emit light with the
same frequency. The superposition of these secondary waves of the incident wave
produces in the medium the ongoing wave. A more detailed analysis reveals that
the overall wave in the medium propagates with the phase velocity cy/n.

The atoms are excited by the incident light wave to forced oscillations. The
amplitude of these vibrations and the phase of the oscillation with respect to the
incident light wave changes most in the vicinity of the resonance frequency of the
oscillator, see Fig. 3.2. So it is not surprising that the largest changes in refractive
index are in the vicinity of the resonance frequencies. Resonance frequencies are
those frequencies where the medium absorbs the most.

3.2.2 Reflection and Refraction at a Plane Interface

When light falls on the boundary between two different dielectrics, see Fig. 3.3,
partial reflection occurs. The non-reflected portion passes into the other medium.
While the incidence angle and reflection angle are equal (6; = 0/1), the transmitted
beam is refracted that is, it changes its direction of propagation. The direction of
the refracted ray is determined by the law of refraction [7]
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Fig. 3.3 Reflection and
refraction of a light beam at
an interface between two

dielectrics. Incident, reflected incident reflected
and refracted ray and the

normal of the boundary n,

surface lie in the plane of

projection

nysinf; = ny sin 6,. (3.5)

The reflectance R is the ratio of the intensities of reflected and incident beam.
The term reflectivity is also used synonymously. The reflectance depends on the
polarization direction of the light. Depending on whether the electric field vector
oscillates perpendicular (L, also called s-polarization) or parallel (ll, also called p-
polarization) to the plane of incidence, the reflectances are given by

- Sil’l(@l — 02) 2
R = Lin(@l T 92)] ’ (3.62)
. tan(01 — 02) 2

These two equations are referred to as Fresnel’s formulas. The curves of R, and R,
depend on the angle 0, of incidence as illustrated in Fig. 3.4 (for the case n; = 1
and n, = 1.5). For normal incidence (0; = 0), there is no difference between R |
and Ry:

Ro,—0 = [ur (3.6¢)

For the transition from air n; ~ 1 to glass with n, = 1.5, Rg,—o is calculated to
be 4 %.

Since R, and R differ, the polarization state of light changes with the reflec-
tion, in general. This is especially evident, when the incident light strikes the
boundary at the Brewster angle Oy:

ny

tan(fp) = n (3.7)
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Fig. 3.4 Reflectivity (or reflectance) at the interface between two dielectrics for L- and II-
polarization as a function of angle of incidence. The light beam passes from medium 1 to 2 with
ny < np

Then R =0, i.e., the ll-component is not reflected, see Fig. 3.4. Therefore, a non-
polarized light reflected at the Brewster angle 0g, becomes L -polarized.

The absence of the ll-component in the case of §; = O can be explained by the
model of the Hertzian dipole. The light field, penetrating into medium 2, excites
the atoms of medium 2 to forced oscillations. The vibrating atoms act as Hertzian
dipoles and emit light with the same frequency. It should be noted that no light is
emitted in the direction of the dipole axis. A reflection is thus impossible, if
reflected and refracted ray would be perpendicular to each other. This would be the
case, when the light beam would be reflected at Brewster’s angle.

Figure 3.5 shows the basic curve of the reflectances R and R for the transition
from a medium 1 to 2 with n; > n,. With respect to Fig. 3.4, there is a qualita-
tively different behavior. In this case, the law of refraction (3.5) permits only a
transition to the optically thinner medium, when the incident angle 6, is smaller
than the critical angle 6, of total reflection:

sin(6;) = =y (3.8)

ni
If the critical angle of total reflection is exceeded (0, > 0,), independent of the
polarization direction, a full reflection, so-called total reflection, takes place. The
critical angle of total reflection is for the transition from glass (n; = 1.5) to air
(n, = 1) approximately 42°. Total reflection is used in technical applications,
such as e.g. optical fibers or deflecting prisms, as depicted in Fig. 3.6.
Often, reflected waves are brought to interference. In those cases, possible

phase shifts must be noted. In analogy to the reflection of a mechanical wave at a
fixed rope end, during the reflection at the interface between medium 1 and 2 with
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ny < n,, a phase shift of A¢p = m occurs. In the opposite case (n; > n»), there is no
phase shift.

The reflectivity of metal surfaces is more complicated than the cases discussed
so far. For metals the non-reflected portion is absorbed. The reflectance at normal
incidence is significantly higher than those observed for transparent media. Fig-
ure 3.7 shows the typical curves of the reflectances R | and R of a polished metal
surface. As in the case of the beam reflection by a dielectric, the polarization state
of light is also changing with the reflection at a metal surface. This must, if
necessary, be taken into account, e.g. at the reflection of a laser beam by a metal
mirror.
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Fig. 3.7 Principle curve of the reflectivity of a polished metal surface for |- and Il-polarization
in dependence on the angle of incidence

Fig. 3.8 For the definition of a a smooth and b a rough surface

3.2.3 Reflection at Rough Surfaces

The previous considerations of the reflection were related to smooth or polished
boundaries, such as those used for flat or spherically curved mirrors. Now we want
to extend our considerations to the case of rough surfaces. A surface is said to be
rough, when the dimensions of its spatial texture are large compared to the
wavelength of the light, see Fig. 3.8.

If a beam of light meets a rough surface with the incident angle 6, the light is
diffusely reflected, cf. Fig. 3.9a. The surface then appears, from all angles of view,
in the same brightness. Regardless of the angle of incidence, the radiant inten-
sity—that is the reflected power per unit area and unit solid angle—of the diffuse
reflected light obeys Lambert’s cosine law:

I. = 1.9 cos 0. (3.9)

Here, 0, is the angle of observation, which is measured with respect to the surface
normal. The diffuse reflection is also known as remission.
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Fig. 3.9 a Diffuse reflection, b regular reflection, ¢ combination of diffuse and regular reflection

Diffuse reflection and the previously discussed regular reflection—see
Fig. 3.9b—are idealized limiting cases of common reflection, in which both, a
regular and a diffuse fraction, occur, see Fig. 3.9c.

3.2.4 Birefringence

Birefringence is a phenomenon that occurs in some anisotropic crystals more or
less pronounced. It is particularly well observed in calcite (CaCOj3). In the fol-
lowing we treat the birefringence of calcite, as required to understand the issues
described in Chap. 4, where we use polarization-influencing optical components.

If a non-polarized beam impinges at a plate made of calcite, in general the light
beam splits into two beams, see Fig. 3.10a. One partial bundle obeys the law of
refraction (3.5). Therefore, it is called ordinary ray (o.). The other part of the beam
cannot be described by the law of refraction (3.5). This beam is refracted, for
example, at normal incidence, see Fig. 3.10b. It is, therefore, called extraordinary
beam (e.o.). From investigations of the polarization we know that ordinary and
extraordinary beam are polarized perpendicularly to each other. Linearly polarized
light can be produced by blocking whether the ordinary or the extraordinary beam.

In general, ordinary and extraordinary rays propagate in the crystal with different
phase velocities. Further, it was found that for the ordinary wave, the refractive
index is n,, and thus, the phase velocity ¢, is independent of the direction of
propagation. On the other hand the refractive index n.,, and hence the phase
velocity of the extraordinary wave c. , , depends on the direction of propagation. In
Fig. 3.11, the situation described is summarized. There exists a certain propagation
direction, in which the phase velocity is independent of the polarization direction.
This direction is termed the optical axis. The existence of this particular direction is
due to symmetries in the crystal structure. By the direction of incidence and the
optical axis a plane, called the principal plane, is defined. The polarization direction
of the ordinary wave is oriented perpendicularly to the principal plane, and is
therefore always perpendicular to the optical axis. For the extraordinary wave, the
electric field vector oscillates within the principal plane, see Fig. 3.10, where the
hatching indicates the direction of the optical axis.

In the direction of the optical axis, there is no birefringence since, in principle,
ordinary and extraordinary ray cannot be distinguished. When the light propagates
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Fig. 3.10 A non-polarized light beam is split by a birefringent crystal in an ordinary (0.) and an
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Fig. 3.11 Polar representation of the refractive index ellipsoid. The angle f3 is measured between
the direction of propagation of the light beam and the optical axis. The outer sphere describes the
isotropic ordinary index of refraction. The intersection of the propagation direction with the
ellipsoid gives the extraordinary index of refraction. The case n, > n,shown here is called
negative birefringence

perpendicularly to the optical axis, the difference in phase velocities attains the
greatest value, see Fig. 3.11. Nevertheless, for reasons of symmetry, there is no
spatial separation of ordinary and extraordinary ray in that case.

For materials that are not birefringent, external influences can induce bire-
fringence. This applies to many media that are subject to mechanical stress. This
phenomenon is called stress induced birefringence. For laser measurement tech-
nology it is interesting that electric fields make isotropic materials such as gases,
liquids and solids birefringent. This phenomenon is called Kerr effect according to
its discoverer John Kerr. It can be well observed in liquids, particularly in nitro-
benzene. Liquids are always isotropic, even if they consist of anisotropic mole-
cules. This is due to the random orientations of the individual molecules. By an
electric field, the molecules can be aligned, whereby the liquid becomes bire-
fringent. The optical axis is—due to symmetry—given by the direction of the
electric field strength. The difference of the refractive indices for light polarized
parallel and perpendicular to the applied electric field E increases with the square
of the applied field strength:
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oo, — Mo, = KigE>. (3.10)

Ao denotes the vacuum wavelength and K is Kerr’s constant, which depends on the
material used. For the mostly used nitrobenzene, K is 107" m/V? at room
temperature.

Finally, we discuss the so-called Pockels effect. The Pockels effect occurs only
in certain crystals. These crystals become birefringent by an electric field or
change their birefringent properties. There is a distinction between the transverse
and the longitudinal Pockels effect, depending on, whether the applied E-field is
oriented perpendicularly or parallelly to the propagation direction of the light
beam, respectively.

By the application of an electric field to the crystal, two perpendicular polari-
zation directions occur with different phase velocities and refractive indices. The
difference in the refractive indices increases linearly with the applied field
strength:

An = m’E. (3.11)

n is the refractive index for the observed polarization directions without the
applied electric field and r denotes the electro-optical coefficient, which is specific
for the crystal and its orientation. For the well-used KDP crystal (potassium
dihySrogenphosphate), r has at room temperature a value of approximately
107 m/V.

3.3 Absorption
3.3.1 Classical Absorption

If a light beam propagates in a homogeneous medium, the light intensity
I decreases exponentially along the path. This is Lambert’s law of absorption, see
Fig. 3.12:

I(d) = Ipe ™. (3.12)

Iy is the intensity of the light entering into the absorbent medium, and d is the
traveled distance in the absorber. The quantity « denotes the linear absorption
coefficient, which depends on the material and the wavelength.' Typical values of
o range in the visible and near infrared spectrum from 0.05 km™" for low-loss
optical fibers up to 0.05 nm™" for metals.

! The absorption coefficient o is related to the absorption index y from Fig. 3.1b: y = ol /4mn.
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Fig. 3.12 The absorption of
light
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The phenomenon of absorption can be interpreted atomistically. All matter is
composed of atoms (or molecules). These have discrete energy levels, which are
denoted by W;. i = 1 describes the minimum energy value. With increasing integer
i, the energy values W; grow, too. In liquids and solids, these energy levels
may smeare to continuous energy bands. Provided kT < W,, then all atoms are
in the lowest energy state, the ground state W;, where k = 1.38 x 107>° J/K is
Boltzmann’s constant and 7T the temperature. Now let us consider that light with
the proper frequency

Wy =Wi— Wi, i=2,3,4,... (3.13)

is irradiated. Then the atoms may be lifted from the ground state (i = 1) to an
excited level (i > 1). Thus the light field loses a photon with energy Af;;. This
quantum process is referred to as absorption.

The atoms, which are excited by the incident light, release the absorbed energy
again. There are two possibilities. One of these is the so-called spontaneous
emission. Spontaneous emission means that an excited atom without any external
influence passes from an excited state W; to a lower energy level Wg, while a
photon with energy

M = Wi =W, i >k (3.14)

is emitted. On an individual basis, it is not possible to predict the lifetime of the
excited level. However, a mean lifetime 7; can be indicated that is typical for the
respective transition. The spontaneous emission is—by averaging over a lot of
emissions—spatially isotropic. That is why the intensity of the directed light beam
decreases according to Lambert‘s law (3.12), although no energy of light is
actually lost by absorption and subsequent isotropic emission.

In addition to spontaneous emission, atoms can release their energy also in a
non-radiative way, e.g. via so-called collisions of the second kind. In a collision of
second kind, an excited atom transfers its energy fully or partially to another atom
by a collision. Excitation energy is converted into kinetic energy or again to
excitation energy of the knocked-on partner. Finally, the absorbed light energy is
converted into heat.
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Fig. 3.13 Schematic representation of absorption, spontaneous and induced emission

3.3.2 Non-linear Absorption

In addition to spontaneous emission, there is also so-called induced emission. In
this case, the transition from the higher to the lower atomic level is triggered by an
external radiation field. Here, as in the spontaneous emission, a photon of energy

Wi =W, = Wi, i >k (3.14")

is released. In contrast to spontaneous emission, the induced emission of the
photon is not spatially isotropic. The photon is emitted in the direction of the
incident wave. In the wave concept, this means that the induced wave emitted is
coherent to the incident wave. The incident and induced wave have the same
frequency, the same propagation direction and the same polarization direction and
they have a defined phase relationship to each other, see Fig. 3.13.

The number of induced emission processes depends on both, the number of
excited atoms and the intensity of the incident light at the resonance frequency of
the atoms, i.e., relation (3.14') is fulfilled. At ordinary light intensities, induced
emission processes may be neglected. Then, induced emission processes have no
effect on absorption. This case is referred to as linear absorption, see Sect. 3.3.1.
The transmittance T defined by the ratio of transmitted to incident intensity, is in
the case of linear absorption independent of the incident intensity. However, this
statement loses its validity, when intense light—typically focused and pulsed laser
light—is used. In this case, the induced emission processes dominate versus
spontaneous emissions. For that reason, absorbance decreases and transmittance is
growing. This case is called non-linear absorption. In good approximation the
transmittance 7 is given in case of so-called homogeneous line broadening by the
function:
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Fig. 3.14 Transmittance 7 as a function of the incident intensity normalized to the saturation
intensity /s in the case of non-linear absorption

T =Ty, (3.15)

see Fig. 3.14, with T, transmittance at low intensities in the range of linear
absorption, I incident intensity and I the so-called saturation intensity being
characteristic for each absorber.

3.3.3 Two-Photon Absorption

Let us consider an atom (or molecule) with the atomic energy levels W; and W,. If
the atom is in the level 1, an incident photon can be absorbed, provided the
resonance condition

Wa — Wy = hfy (3.16)

is satisfied. Let us assume a relation between two atomic levels and a photon
energy of the following form:

W, — Wy = 2hf, (3.17)

there is usually no absorption. This statement is not valid for large intensities. With
sufficient intensity of the incident light, an atom can absorb simultaneously two
photons. In this case the atom transits from state W;—via a prohibited virtual
intermediate level W*—to state W,. This is called two-photon absorption, see
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Fig. 3.15 Schematic illustration of two-photon absorption

Fig. 3.15. The probability p for two-photon absorption is proportional to the square
of the intensity / of the incident light [6]:

p oI (3.18)

Therefore, two-photon absorption is a non-linear optical effect.

Two-photon absorption also works with two photons of different frequencies.
An atom can be ionized by two-photon absorption. At even higher laser intensities
also multi-photon absorption and multi-photon ionization processes occur, i.e.,
more than two photons are absorbed simultaneously by one atom.

3.4 Light Scattering

In general, light scattering comprises any kind of interaction of light with matter,
in which the light is not absorbed permanently. This definition includes the pre-
viously discussed effects of reflection and refraction. In a narrower sense, the term
light scattering deals only with interaction processes with microscopic particles,
e.g. atoms or dust particles. So we do in the following discourse.

The scattering of light appears in a great variety. Therefore, we distinguish
different types of scattering: elastic scattering, inelastic scattering, coherent scat-
tering and incoherent scattering. In case of elastic scattering, wavelength and
frequency of the scattered light remains—unlike inelastic scattering—conserved.
Coherent or induced scattering is an elastic scattering, in which between incident
and scattered wave a defined phase relationship exists. If not, the scattering is
incoherent or spontaneously.

The field of light scattering is very extensive [8, 9]. We therefore restrict our
considerations to the cases that are important for laser measurement techniques
presented later in this book.
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Fig. 3.16 Radiation pattern dipole axis
of a dipole
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3.4.1 Rayleigh Scattering

Rayleigh scattering occurs only, when the particle diameter D is small compared to
the wavelength £ of the irradiated light. When a particle interacts with the electric
field of a linearly polarized light wave, it will see an approximately homogeneous
alternating electric field because of D < A. The scattering particle is polarized
dynamically by the alternating electric field of the light wave. It becomes a
Hertzian dipole, which oscillates at the frequency of the incident light. The dipole
axis is determined by the direction of polarization of the incident wave. The
particle emits, as each oscillating dipole, electromagnetic waves. The frequency of
the emitted waves coincides with the frequency of the oscillating dipole and
therefore with the frequency of the incident light. Hence, Rayleigh scattering is an
elastic scattering. The intensity of the scattered light increases with the fourth
power of the reciprocal wavelength. Blue light is, therefore, scattered more intense
than red. This is the reason, why the sky looks blue on a clear day. The dipole
radiation is predominantly emitted perpendicularly to the dipole axis, see
Fig. 3.16. No radiation is emitted in the direction of the dipole axis. The emission
characteristics are independent of the geometry of the scattering particle. The
intensity characteristics reads:

2 in2
o~ sin” ¢
where ¢ is the angle between the viewing direction and the dipole axis, 4 is the
wavelength, « is the polarizability of the scattering particle, I, is the intensity of
the incident wave and r is the distance from the dipole.

3.4.2 Mie Scattering

Mie scattering is, as Rayleigh scattering, an elastic scattering, i.e., the frequency of
light is preserved in the scattering process. For Mie scattering—in contrast to
Rayleigh scattering—the dimensions of the scattering particles are at least in the
order of the wavelength of light or greater (D = 4). Emanating from different areas
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Fig. 3.17 Schematic representation of Rayleigh and Raman scattering

of the scatterer, the scattered waves are, therefore, in general phase shifted.
Depending on the direction of observation and the shape and the dimensions of the
scattering particle, constructive and destructive interferences will occur. Hence,
Mie scattering is a kind of Rayleigh scattering, but the scattered radiation depends
on the shape and the size of the scatterer. Using Mie scattering, the radii of
spherical scatterers can be determined, experimentally. Further properties of Mie
scattering are described in Sect. 11.3.1.

3.4.3 Raman Scattering

Raman scattering is an inelastic scattering since the wavelength emanated by the
scatterer becomes both longer and shorter. A simple explanation of the Raman
effect is given using the particle concept of light.

When a photon of frequency f; bounces a molecule, the photon can transfer a
part of its energy to the molecule and excites the molecule to vibrate. During this
interaction, the molecule gains the energy hfy;, while the photon loses the same
amount of energy. After the interaction, the photon has a reduced frequency of
fo — fm, which is called Stokes frequency. The case is sketched in Fig. 3.17b. The
incident photon excites the molecule from the ground state W, to a forbidden, so-
called virtual state, W". After a short time (~ 10712 s), the molecule transits from
W to the excited vibrational state W, and emits a photon of frequency f; — fi.
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Vice versa it is possible that a photon takes energy in a collision from an
oscillating molecule. As shown in Fig. 3.17¢c, a molecule in the vibrational state
W, absorbs an incident photon of frequency f; and transits in a virtual state W".
Then, a transition from W to the ground state W, occurs, which is accompanied by
the emission of a photon with the increased frequency fy + fy. This frequency is
called the anti-Stokes frequency.

Normally, more molecules are in the vibrational ground state than in a vibra-
tionally excited state. Stokes-Raman scattering is, therefore, more frequently
observed than anti-Stokes Raman scattering.

The Raman effect is applied in Raman spectroscopy. The Raman spectroscopy
is used for gases, liquids and solids for the study of vibrational energy levels of
molecules, cf. Sect. 13.3. While the classic Raman spectroscopy utilizes sponta-
neous scattering, the invention of the laser led to the development of new mea-
surement methods based on induced Raman scattering.

3.5 Frequency Doubling

Let us consider the propagation of a light beam through a transparent medium. By
the oscillating electric field of the light wave, the atoms are dynamically polarized,
as we have already discussed. So the atoms become electrical dipoles oscillating
with the frequency of the incident light. These dipoles emit light now themselves.
The frequency of the emitted light is determined by the frequency of oscillation of
the dipoles and agrees with the frequency of the incident light. This conservation
of frequency in the propagation of light in a medium is the basis of linear optics.

The principle of frequency conservation will lose its validity, if the electric field
strength of the light wave is too large. This may be the case with intense laser light.
We examine this phenomenon more closely. When matter is exposed to an electric
field, it is polarized, i.e., the individual atoms become electrical dipoles. The
induced dipole moment per unit volume is called polarization P. The following
applies:

P = &yyE, (3.20a)

where ¢ is the permittivity of free space and y is the electrical susceptibility. y is
usually a material-specific constant. However, at high field strengths the electric
susceptibility depends on the electric field strength. Approximately the following
relation prevails:

1= %o+ 1E, (3.20b)

where y, and y, are material-dependent constants. Thus between polarization
P and electric field strength £ holds a nonlinear function:
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P = eyyoE + eoy  E2. (3.21)
For a harmonically varying field strength
E = Eycos wt (3.22)
the polarization P reads
P = &yyoEo cos ot + ey, Ej cos® ot (3.23a)
and after trigonometric transformation
QAL

. 2
_ o1 Ep

P
2

+ goyoEo cos(wt) + cos(2wt). (3.23b)

The frequency spectrum of the polarization P contains a DC component, the
angular frequency w and the doubled angular frequency 2w. The static component
of the polarization is of no interest to the emission of radiation of the oscillating
dipoles. The angular frequency components @ and 2w of the polarization
P describe the effect of the induced dipoles emitting light with the angular fre-
quencies @ and 2. By nonlinear polarization of the dielectric material, a light
wave, whose frequency is twice as large as the frequency of the incident wave, is
generated. This phenomenon is called frequency doubling.

In Sect. 11.3, the general case of (3.20b) will be considered. As a result, further
frequency components will be excited. Finally, we consider frequency doubling in
the particle concept. To satisfy the energy conservation principle, two photons of
the incident wave with the frequency f; are necessary to generate one photon of the
frequency-doubled wave of frequency f» = 2f;:

hfi + hfy = 2hfs = hfs. (3.24)

In addition to the energy conservation law, the conservation of momentum must
also be satisfied, i.e.,

1 C1 (&) 2

Wi M _ R 2R (3.25)

where ¢; and ¢, are the phase velocities of the light waves in the dielectric with
respect to the frequencies f; and f5. It is obvious that the conservation of
momentum is satisfied, if

Cl = 0r n(fl) = I’l(fz), (326)

with n(f;) refractive index of the medium for the wave with frequency f;. The
condition that the refractive indices for the two frequencies f; and f, must be the
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Fig. 3.18 Wave
propagation, if the emitter is equiphase surface
moving to the left

current position
of emitter

same, is not easily achievable. All matter shows in fact dispersion, i.e., the
refractive index n depends on the frequency f of the light, cf. Fig. 3.1. But the
refractive indices can be matched with a birefringent crystal.

3.6 Optical Doppler Effect

Particularly impressive, the Doppler effect can be demonstrated in acoustics.
Depending on how a sound emitter and receiver are moving against each other, the
receiver will observe an increased or decreased frequency, see Fig. 3.18. The same
is observed, when a light source and a light detector are moved relative to each
other.

The optical Doppler effect is, in contrast to the acoustic one, a relativistic effect.
But for small velocities, there is no difference. That is why we can use the well-
known formulas

V=0T AL (3.27a)

or
f=r£af (3.27b)

with
vy

Aj=it (3.282)

or
A==l (3.28b)

C A

in the limit of |v;| < ¢. v, is the component of the relative velocity in the direction
of the line connecting light source and light detector, 2’ or f’ is the Doppler shifted
wavelength or frequency, A/ or Af'is the change in wavelength or frequency and /
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or f is the wavelength or frequency in the case of v, = 0, respectively. If light
source and detector are approaching each other, the wavelength is shortened
(negative sign in (3.27a)) or the frequency is raised (positive sign in (3.27b)),
respectively. In the other case, the signs change. The Doppler effect of a light wave
scattered at a moving particle will be discussed in more detail in Chap. 11.

For almost all applications in laser measurement technology, the relative speeds
compared with the speed of light, are very small. The non-relativistic approxi-
mations (3.27a)—(3.28b) are, therefore, adequate for our purposes.

References

1. M. Born, E. Wolf, A.B. Bhatia, P.C. Clemmow, D. Gabor, A.R. Stokes, A.M. Taylor, P.A.
Wayman, W.L. Wilcock, Principles of Optics (Cambridge University Press, Cambridge,
2003). ISBN 0 521 642221

2. L. Bergmann, C. Schaefer, H. Niedrig, Lehrbuch der Experimentalphysik, Bd. IlI: Optik.
(Walter de Gruyter, Berlin, 2004). ISBN 3-11-017081-7

3. E. Hecht, Optics (Reading, Pearson, 2003). ISBN 978-8177583571

4. H. Haken, H.C. Wolf, The Physics of Atoms and Quanta (Springer-Verlag, Heidelberg, 2005).
ISBN 978-3-540-20807-5

5. D. Meschede, Optik, Licht und Laser (Teubner, Wiesbaden, 2005). ISBN 3-519-13248-6

6. A. Donges, Elementare Quantenoptik (Hiithig, Heidelberg, 1990). ISBN 3-7785-1901-8

7. H. Haferkorn, Optik—Physikalisch-technische Anwendungen und Grundlagen (John Wiley &
Sons, Hoboken, 2008). ISBN 9783-527625024

8. The Mie Theory—Basics and Applications, ed. by W. Hergert, Th. Wriedt. Springer Series in
Optical Sciences, vol 169 (Springer, Heidelberg, 2012), ISBN 978-3-642-28738-1

9. C.F. Bohren, D.R. Huffman, Absorption and Scattering of Light by Small Particles (J. Wiley &
Sons, Hoboken, 1998). ISBN 978-0471293408


http://dx.doi.org/10.1007/978-3-662-43634-9_11

Chapter 4
Beam Shaping and Guiding

Abstract This chapter is divided in three parts. In the first section, various optical
components for beam guiding and beam shaping are presented. In particular, we
treat beam deflection, beam splitting, the modulation of polarization, intensity,
wavelength and phase. This is followed by a section on beam shaping and focusing
of a Gaussian beam. In the last section the propagation of light in optical fibers is
discussed.

The parameters of a laser beam are determined by the set-up of the laser. In many
applications in metrology, it is not possible to guide the laser beam directly to the
measuring object or the scattered light to the detector. In most cases, the use of
optical elements, such as beam splitters, mirrors or phase shifters, is required [1-12].

A laser beam—for example a Gaussian beam with a known Rayleigh length—is
characterized by five beam parameters

direction of propagation,

direction of polarization,

beam power or irradiance or intensity,
wavelength and

phase angle,

see Sect. 2.2. If required, these five parameters can be affected actively, i.e.,
modulated. The most important optical components to modulate a laser beam are
described in the following section.

4.1 Optical Elements for Beam Modulation

4.1.1 Beam Deflection and Beam Splitting

To change the direction of propagation of a laser beam, plane mirrors can be
deployed. We distinguish between metal and dielectric mirrors.

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 63
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Fig. 4.1 Reflectance R of various, polished metal surfaces as a function of the wavelength 1

With metallic mirrors, the reflection takes place on the polished metal surface.
Metals have, especially in the infrared spectral range, a high reflectance. The
reflectance (or reflectivity) increases typically while going from the ultraviolet to
the infrared region, see Fig. 4.1.

In the simplest case, a dielectric mirror is represented by a glass plate. Usually on
one side of the plate an anti-reflection coating is applied, in order to avoid undesired
double reflection. The simple glass plate has the disadvantage of a low reflection.
The reflectance in the visible range at normal incidence is only about 4 %, see
Sect. 3.2.2. That is why up to 30 dielectric layers with alternating refractive indices
are applied by vapor deposition on the non-coated side of the plate, see Fig. 4.2. All
individual layers have an optical thickness, i.e., the refractive index times the
geometrical thickness, equal to a quarter wavelength (4/4). The reflected waves add
up by constructive interference, so that reflectances R of more than 99.9 % can be
achieved, see Fig. 4.3. That is why the dielectric multilayer mirrors are also named
interference mirrors. In case of normal incidence of the laser beam on the mirror,
the wavelengths for maximum reflection are given by

 Adyy
T 21"

g=1,23,..., (4.1)

where d, is the optical thickness that each layer must have.
The reflectance of a dielectric mirror (in a surrounding medium with refactive
index ng = 1) at normal incidence is given by

2(m 2
R— i’ll (Vl_z) —n3
- 2 21
ny (n_z) +n3

where [ 4 1 layers have the refractive index n,, [ layers have the refractive index
n, and n3 is the refractive index of the substrate and n; > n, [13]. Equation (4.2)

2

, (4.2)
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Fig. 4.2 Schematic structure of a dielectric multilayer mirror
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Fig. 4.3 Wavelength dependence of the reflectance of a dielectric multi-layer mirror

refers to Fig. 4.2 which shows that the set of layers starts and ends with a high-
index layer (n;) so that the total number of dielectric layers is an odd number.

As already described in Sect. 3.2, the reflectance of metal mirrors as well as for
dielectric multilayer mirrors depends on the angle of incidence, wavelength and
polarization state of the light. This disadvantage can be avoided, if for the beam
deflection the total internal reflection in deflecting prisms is used, see Fig. 4.4. In
order to avoid reflection losses, the entrance and exit surfaces of the prism have an
antireflective coating. With deflecting prisms, reflectances R of practically 100 %
can be achieved.

Disadvantage of the deflecting prism shown in Fig. 4.4a is that the incident
laser beam must necessarily fall perpendicularly to the side surface in order to
achieve a rectangular deflection. This disadvantage is avoided with the pentaprism,
see Fig. 4.4c. Regardless of its tilting, the pentaprism delivers an output beam,
which is oriented perpendicularly to the input beam.
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For some applications, mirrors are required reflecting the light opposite to the
direction of incidence (180° deflection) regardless of their orientation. This is
performed by so-called retroreflectors. They consist, for example, of three mir-
rors—a so-called triple mirror—being arranged in such a way that they represent
the corner of a cube. In this triple mirror, each incident beam is reflected once at
each mirror, which leads to an overall deflection of 180°, see Fig. 4.5a. Glass
cubes with a missing corner are also suited as retroreflectors, see Fig. 4.5b. These
elements take advantage of the total internal reflection. Finally, we point to the so-
called cat’s eye. A cat’s eye is in the simplest case a lens with a plane mirror in its
back focal plane, see Fig. 4.5c.

As a beam splitter, partially reflecting mirrors—interference or metal mirrors—
may be used. Interference mirrors are made of materials, which are characterized by a
very low absorption. The non-reflected portion of the radiation propagates, therefore,
almost loss-less through the mirror. The absorption losses are typically less than 1 %.

A metallic beam splitter consists of a very thin metal layer since a thickness of
some micrometers would absorb the incident light, practically completely.
Therefore, such a thin metal layer must have a carrier, for example a glass plate
with an antireflective coating at the back.

For the beam splitters discussed so far, a possibly unwanted lateral beam dis-
placement occurs, see Fig. 4.6a. This lateral beam displacement can be reduced if
a thin membrane is taken as a carrier of the reflecting layer instead of a relatively
thick glass plate, see Fig. 4.6b. These so-called pellicle beam splitters are
mechanically very unstable. More suitable are cubic beam splitters. These consist
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of two rectangular prisms, which are assembled to form a cube, see Fig. 4.6c.
Between the opposing base faces of the two prisms, the metallic or dielectric
reflective layer is located. Since incident and emergent beams pass the air-glass
interfaces perpendicularly, only a negligible lateral beam displacement occurs.

Splitting mirrors can be characterized by specifying the quantities R, T and
A. R is the already known reflectance. T and A mean transmittance and absorbance,
respectively. They describe the transmitted or absorbed intensity, related to the
incident intensity, respectively. Usually, scattering losses are allocated to the
absorbing losses. These three quantities are related by:

R+T+A=1=100%. (4.3)

It is desirable to keep the absorbance as small as possible. Values of A < 1 %
are achieved. Deploying beam splitters, the user should take into account that the
quantities R, T and A depend on wavelength, angle of incidence and polarization
state of the light.

Polarization-sensitive beam splitters, in which the two split beams are polarized
perpendicularly to each other, are frequently used in laser measurement technol-
ogy. They are described in the next Sect. 4.1.2.

In special cases a variable beam deflection is required. Suitable for this purpose
are pivoted mirrors and prisms. Two rotatable reflectors arranged in series, allow
for a two-dimensional beam deflection (laser scanner), an example will be shown
in Sect. 13.1.7.

The previously discussed methods for beam deflection are based on reflection.
However, diffraction can also be used for beam deflection. This possibility is
realized with acousto-optic modulators. Acousto-optic modulators consist of a
transparent liquid or solid medium, usually quartz. In this medium, a standing or
moving ultrasonic wave is excited. The spatially periodic compressions and
rarefractions of the medium generate a phase grating. The grating constant is equal
to the wavelength A of the ultrasonic wave. The sound frequencies range typically
between 50 and 500 MHz, so that—with the speed of sound of about 5 km/s—
grating constants of 10-100 pm can be realized.

In the theory of diffraction at a grating, two limiting cases can be distinguished:
the diffraction at thin and the diffraction at a thick diffraction grating. Whether a
grating is to be considered as thin or thick, is determined by comparing the
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Fig. 4.7 Illustration of Bragg reflection
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Fig. 4.8 Construction and operation of an acousto-optic modulator. The dashed lines illustrate
the wavefronts of the ultrasound wave

thickness D of the grating with the quantity 4%/2. The acousto-optic modulators
used in laser technology satisfy in general the condition D > A?//. Thus, we
consider only the case of diffraction at a thick grating.

The diffraction of light waves at a thick grating is analogous to X-ray diffraction
in crystals. W. H. and W. L. Bragg recognized 1913 that the diffraction of X-rays
is to be regarded as a reflection on the lattice planes of the crystal. In contrast to
normal reflection, the so-called Bragg reflections occur only at very specific angles
of incidence—the glancing angles. At these glancing angles the reflected rays at
neighboring lattice planes have a path difference, which is an integer multiple of
the wavelength of the X-rays, i.e. As = gl with g = 1, 2, 3, ..., see Fig. 4.7. The
so-called Bragg equation describes the possible glancing angles. Transcribed to
acousto-optic modulators, it reads

)
2Asin0, =q=2 g=1,2,3, ... (4.4)
n

Here A and Ag/n denote the wavelength of the ultrasonic wave and the
wavelength of the diffracted light in the diffracting medium with the refractive
index n, respectively. An acousto-optic modulator is also referred to as a Bragg
cell. In a Bragg cell only a single diffraction order appears. It can be achieved—
provided that the laser beam is irradiated under the glancing angle—that almost
100 % of the incident irradiance is diffracted into this single order, see Fig. 4.8.
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Ald-plate

Fig. 4.9 Illustration of the action of a quarter-wave plate

By variation of the ultrasonic frequency or by switching the ultrasonic trans-
mitter on and off, a modulation of the direction of the diffracted laser beam is
possible. The achievable bandwidth of some MHz is limited by the running time

T=-, (4.5)

in which the ultrasonic wave travels across the laser beam diameter d. v denotes
the speed of sound in the Bragg cell.

4.1.2 Modulation of the Polarization

In the following, we discuss optical components allowing to influence actively the
polarization direction of the laser beam. They are based mostly on birefringence.
The basic principles were explained in Sect. 3.2.4.

The first polarization changing element we consider, is called quarter-wave
plate (A/4-plate). It is nothing but a thin birefringent crystal of suitable thickness.
The incident linearly polarized laser beam can formally be decomposed into two
identical waves, whose polarization directions are perpendicular to each other. The
polarization directions of these two partial waves are perpendicular or parallel to
the optical axis of the crystal, respectively. Therefore, the two partial waves
correspond to the ordinary and the extraordinary ray, which propagate with dif-
ferent phase velocities ¢, and c.,, respectively. A spatial separation of the two
beams does not occur because both waves pass the crystal perpendicularly to the
optical axis, cf. Fig. 3.11. Because of the difference of the phase velocities, the two
waves are mutually phase-shifted, when they leave the plate. The thickness of a
quarter-wave plate corresponds—according to its name—to a phase shift with an
absolute value of |Ap| = /2, see Fig. 4.9. The superposition of the two phase--
shifted partial waves leaving the crystal plate forms a circularly polarized wave as
illustrated in Fig. 4.10. Contrariwise, a quarter-wave plate converts also circularly
polarized light into linearly polarized light.

In a circularly polarized light wave, the tip of the electric field vector is located
on a helical line, which moves without rotation with the speed of light in the
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Fig. 4.10 Representation of a circularly polarized wave. The wave propagates in the +z-
direction. A left circularly polarized wave is shown

transmitted
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incident
wave

EN2 E/N2

ENZ 180° ENZ

Fig. 4.11 Principle of a half-wave plate

direction of propagation. The pitch of the helix is equal to the wavelength. That is
why the field strength vector rotates in a fixed plane (z = const.) with the light
frequency. There is a distinction between right and left circularly polarized light,
depending on whether the field vector rotates clockwise or anti-clockwise with
respect to the direction of propagation.

Circularly polarized light is, just as linearly polarized light, a special case of
elliptically polarized light. In elliptically polarized light, the tip of the field
strength vector rotates on an elliptical helical line. Elliptically polarized light can
be regarded as a superposition of two orthogonally linear polarized waves with any
phase shift and different amplitudes.

If the thickness of a quarter-wave plate is doubled, then the phase shift behind the
crystal is |A@| = m. Such a half-wave plate (4/2-plate) rotates the polarization
direction of a linearly polarized wave by 90°, see Fig. 4.11 or changes the direction of
rotation of circularly polarized light from clockwise to anti-clockwise and vice versa.

Quarter-wave or half-wave plates are also made of materials that become
birefringent only by applying an electric field, as explained for the Pockels or Kerr



4.1 Optical Elements for Beam Modulation 71

Fig. 4.12 Design and mode
of operation of a Faraday
rotator

effect, cf. Sect. 3.2.4. Such components allow a simple modulation of the polar-
ization of the laser beam. With components, based on the Kerr effect, the shortest
switching times, down to some picoseconds, can be achieved.

Optically active substances, such as a sugar solution or a quartz crystal, are used
to rotate the polarization direction of a linearly polarized wave. Experimentally it
is found that the rotation angle « is proportional to the thickness d of the optically
active medium

o= (a)d, (4.6)

where (o) is the specific rotation. It is a material and concentration-dependent
quantity, which increases with decreasing wavelength. For crystalline quartz, the
specific rotation (o) ranges in the visible spectrum from 10 to 50°/mm. The strong
dependence of the rotation angle on the wavelength is referred to as optical rotary
dispersion. By convention, the sign of (o) is chosen to be positive, if the substance
is dextrorotatory. This means that for an observer looking towards the beam, the
polarization direction rotates clockwise. In the other case, the substance is levo-
rotatory and (o) is negative.

Some substances become optically active only under the influence of a magnetic
field, which is known as the Faraday effect. This is used in a Faraday rotator, see
Fig. 4.12. It consists of a substance, which is located in an externally applied mag-
netic field H. The angle of rotation o of the polarization direction is proportional to the
magnetic field strength A and to the length d of the light path within this substance:

o= VHd (4.7a)

with

e Jo dn
V=—T2 4.7b
m2c0d/10’ ( )


http://dx.doi.org/10.1007/978-3-662-43634-9_3

72 4 Beam Shaping and Guiding

> Glan-Taylor prism

777 7

y

A X

iy o

Forni i

o S ok

Zsierd >

- .-......._|_+_'_.. e o,

7 -'."J.\'.'.\'.'\f“f A =,
TN S ST
'\.'.'\.)'\.)'\."'\."'\."'." I! .\..'.\..'__J.\.).\..'.\..".'

A A AT LA
R L,
o, ittt
LRLAL R R e LR R il bk
Rochon prism Wollaston prism
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where e/m is the specific charge of the electron, n the refractive index and cq, 4o
speed of light, wavelength in vacuum, respectively. V is Verdet’s constant. For
lead silicate glass in the visible spectrum V amounts to about 20 prad/A. If a long
coil is used to generate the magnetic field, we obtain for the angle of rotation

o= VNI, (4.7¢)

where N is the number of windings and [ is the coil current. For 300 windings and
a coil current of 10 A, the angle of rotation of lead silicate glass is only 3.5°. When
modulating the polarization direction with a Faraday rotator it should be noted that
the attainable modulation frequencies are limited by the large inductance of the
magnetic field coil.

At the end of this section, we present polarizing prisms. Polarizing prisms allow
to divide an incident beam into two beams. These two beams are polarized perpen-
dicularly to each other and they propagate in different directions. This is achieved
through a clever use of birefringence. Figure 4.13 gives an overview of the most
common polarizing prisms. Exemplary, the principle of polarization prisms is
explained for the Glan-Taylor prism.

A Glan-Taylor prism consists of two rectangular birefringent prisms, cemented
together to form a cube, see Fig. 4.13. The refractive index of the cement is equal
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Fig. 4.14 Operating principle of a polarizer

to the ordinary refractive index n,_ of the prism. The optical axis of the first prism
is oriented perpendicularly to the drawing plane. Thus, the phase velocity and the
refractive index in the first prism depends on the polarization direction of the
incident light beam. For the ordinary ray, whose polarization direction is oriented
perpendicularly to the optical axis, the refractive index is n, . ne o, is the refractive
index for the extraordinary ray polarized perpendicularly thereto. The optical axis
of the second prism is oriented parallelly to the beam direction. That is why the
refractive index in the second prism is independent of the polarization direction
and amounts to 7n,_. For that reasons, the ordinary ray is not reflected nor refracted
while passing the interface between the two prisms.

This is in contrast to the extraordinary ray, which is totally reflected, if the
condition

Mo < §in(45°) = V2 (4.8)

Ne.o, 2

holds.

Each polarization prism separates a non-polarized light beam into two mutually
perpendicularly linearly polarized waves. Therefore, a polarizing prism is referred
to as polarizer, where usually one of the two linearly polarized waves will be
canceled by a beam stop, see Fig. 4.14. If the polarization direction of an incident
wave is analyzed, the polarizing prism is referred to as an analyzer.

With a Glan-Taylor prism and a half-quarter plate, a beam splitter with a
variable division ratio can be set up. The design and principle is shown in
Fig. 4.15. Let us consider a linearly polarized laser beam, whose direction of
polarization coincides with the optical axis of the half-wave plate, cf. Fig. 4.11.
Then, the polarization direction of the beam remains preserved and the following
Glan-Taylor will not deflect the beam. Next, we turn the half-wave plate so that its
optical axis and the polarization direction of the incident light form an angle of
o = 45°. In this case, the polarization direction of the incident light turns around
90° and the light beam is deflected perpendicularly by the Glan-Taylor prism. In
the general case, when the angle o takes any values between 0 and 45°, the light
behind the half-wave plate is elliptically polarized.

Accordingly, this light is split by the Glan-Taylor prism into a transmitted and
reflected beam. Since practically no absorption occurs, it always reads
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Fig. 4.15 Principle of a variable beam splitter

R=1-T, (4.9)
where the reflectance R and the transmittance T takes continuously—depending on
the angular position of the half-wave plate—values between 0 and 1. It should be
noted that reflected and transmitted beam are mutually perpendicularly polarized.
If this is disturbing, the polarization direction of both beams can be aligned parallel
by using another half-wave plate, cf. Fig. 4.15.

4.1.3 Modulation of the Intensity

In many applications, the power or intensity of the laser beam must be modulated.
In the simplest case, mechanical components are used. An example is the shutter,
as known in photography allowing light to pass for a determined period of time to
expose a film in an old fashioned mechanical camera. So-called optical choppers
are utilized for periodic modulation. A chopper is a rotating disc with slits or holes
along the circumference. Choppers have the disadvantage that only comparatively
low modulation frequencies of up to 100 kHz can be achieved.

Widely used are electro-optical modulators. They consist of a combination of
an electro-optical element with two polarizing elements. As an electro-optic ele-
ment, Faraday rotators as well as Kerr cells or Pockels cells are applied, see
Sects. 4.1.2 and 3.2.4. The principle of an electro-optic modulator is shown in
Fig. 4.16. The incident light is linearly polarized by a polarizer. This polarizer can
be omitted, if the laser beam already has a defined direction of polarization. The
following electro-optic element changes the state of polarization of the light.
Either the direction of polarization is rotated or the incident light is converted into
elliptically polarized light. The second polarizer transforms the changes of the
polarization into an intensity modulation.
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Fig. 4.16 Principle of an electro-optic modulator
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Fig. 4.17 Set-up to modulate the intensity by a Kerr cell

As an example, we consider intensity modulation by a Kerr cell, see Fig. 4.17.
When no voltage is applied to the Kerr cell, it has no effect on the polarization of the
incident light. Since the forward directions of the polarizer and the analyzer are
oriented perpendicularly to each other, practically no light is transmitted by the
analyzer (T = 0 for U = 0). However, if we apply the so-called half-wave voltage
U, 2, the Kerr cell acts as a half-wave plate. The half-wave voltage varies depending
on the respective Kerr cell and wavelength; it amounts 10-20 kV. Therefore, the
Kerr cell turns—when it is oriented correctly—the direction of polarization by 90°.
Thus, the incident light passes the analyzer practically without absorption (7 = 1).
For operation voltages 0 < U < U, the transmittance of the modulator ranges
between two extreme values. The transmittance as a function of the applied voltage
U is described by the following non-linear relationship, see Fig. 4.18:

T = sin’ B (%/2)] . (4.10)

If polarizer and analyzer are aligned in parallel, the sine function in (4.10) is to
be replaced by the cosine function.

For an optical shutter, only the limiting cases 7 = 0 and 7 = 1 are of impor-
tance. Therefore, the non-linearity of the characteristic curve, see (4.10), is not
disturbing. This is quite different, when a linear relation between the transmittance
and the applied voltage is needed. In this case, the Kerr cell must be driven near the
operating point U = 0.75 - U, />, where the relation is quasi-linear, see Fig. 4.18.
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Fig. 4.18 Characteristic curve of a Kerr cell for irradiance modulation

Potentially the Kerr cell has to be biased with a constant voltage U,. Experimentally
it is easier to change the state of polarization with an additional quarter-wave plate
making the DC voltage dispensable.

Also optical elements for beam deflection combined with an absorber, are
suited as optical shutters. The principle is shown in Fig. 4.19. Absorption and
transmission can be selected by switching between the two beam directions. An
appropriate component for deflection is an acousto-optic modulator, as already
presented in Sect. 4.1.1. Alternatively, birefringence induced by an electric field
can be used for beam deflection, see Sect. 3.2.4.

4.1.4 Modulation of the Wavelength

Wavelength or frequency are modulated with the help of the Doppler effect, see
Sect. 3.6. A laser beam being reflected by a moving mirror, undergoes a frequency
change. The same happens, when light is diffracted by a moving, e.g. rotating,
grating. However, of great practical importance is the diffraction of light at a
moving ultrasonic wave in an acousto-optical modulator, see Sect. 4.1.1. The
frequency change Af of the diffracted laser beam is given by:

Af =qf, q=0,%1, .... (4.11)

Here f, is the frequency of the ultrasonic wave and ¢ is the order of diffraction.
If the frequency f, of the ultrasonic wave is modulated, frequency and wavelength
of the light change too.

A further optical component, which changes the wavelength or the frequency of
a laser beam, is the so-called frequency doubler. As frequency doublers certain
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Fig. 4.20 Phase shift by changing the geometric path

crystals, e.g. potassium dihydrogen phosphate (KDP), are applied. Generally,
frequency doubling occurs only at high beam irradiances of about 1 MW/cm?. The
physical principle of harmonic generation has been explained in Sect. 3.5.

4.1.5 Phase Shifter

A phase shift of an electromagnetic wave A is caused by a change of the optical
path. The optical path is the product of the geometric path and the refractive index.
Therefore, both possibilities are used to shift the phase of a wave: changing of
geometric path and changing of refractive index.

Optical components capable for phase modulation, are called phase shifter. We
consider some examples.

In the simplest case, a phase shifter varies the geometric path. In the example
shown in Fig. 4.20, the phase shift is determined by the displacement As of a
deflection mirror. The phase shift is given by

A
A :4n7s, (4.12)

In order to realize a vibration-free and reproducible shift As of the deflection
mirror, piezoelectric actuators are used mostly.
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Fig. 4.21 Phase shift of a wave passing a plane parallel plate

Fig. 4.22 Principle of
Babinet’s phase shifter -

Let us now consider the case, in which the optical path is influenced via a
change of the refractive index. A laser beam passes through a plane-parallel
transparent plate with thickness d and refractive index n,, see Fig. 4.21. Since the
light within the plate propagates slower than in air with n; = 1, the beam expe-
riences a phase shift corresponding to the difference of the optical paths
As = (ny —ny)d:

(np —ny)d
o '

Ap =2mn (4.13)

To adjust any desired phase shift, Babinet’s phase shifter can be used, which is
in principle a Wollaston prism at which the angle « & d/L is chosen very small,
see Fig. 4.22. Therefore, a passing beam undergoes a negligible deflection only. A
light beam with a polarization direction perpendicular to the plane of projection,
which enters the prism at a lateral distance x, travels in the first prism the length
d-x/L and in the second prism the length d - (1 — x/L). Because of the different
orientations of the optical axes of the first and second prism, we have to apply in
the first prism the refractive index n, and for the second prism the refractive index
neo.- Therefore, the optical path length is given by:

X X
Sopt = nuzd"_ne.o.(l _Z)d (415)
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Fig. 4.23 Pockels cell for ring electrodes
phase modulation

In comparison to a light beam entering at x = 0, the light beam considered has
a phase shift of

_ 2md(n,. — neo.)

s (4.16)

Ap(x)

By shifting Babinet’s compensator in the lateral x-direction, any arbitrary phase
shift in the range of 0 <A < %0_"”‘ can be adjusted. The use of Babinet’s

phase shifter—also called Babinet compensator—requires a sufficiently small
beam cross section, so that Ag(x) remains practically constant over the cross
section of the light beam.

The phase shifters described so far are not appropriate for a high frequency
modulation of phase shifts. For dynamic phase modulation, electric field induced
changes in the refractive index are used. For that, the Pockels effect is applied
because there is a linear relationship between the change in the extraordinary
refractive index and the electric field, see Sect. 3.2.4.

Figure 4.23 shows schematically the set-up of a so-called longitudinal Pockels
cell for phase modulation. An appropriate birefringent crystal, such as KDP, is
equipped with ring electrodes to apply a longitudinal electric field E in the direction
of the optical axis. Thus, for a light beam propagating in the direction of the optical
axis, the refractive indices n, and ny for states of polarization parallel to the x- or
y-axis are changed by the applied longitudinal electric field, see Sect. 3.2.4:

1
nx:n+§rn3E, (4.16a)

1
ny:n—irn3E. (4.16b)

For a light wave being polarized in the x-direction, a change of the optical path
length results and, therefore, a phase shift of

nrn’ U

A =
(p )v()

. (4.17)


http://dx.doi.org/10.1007/978-3-662-43634-9_3
http://dx.doi.org/10.1007/978-3-662-43634-9_3

80 4 Beam Shaping and Guiding

!
!
|
|
|
|
!
!
|
|
|
|
i
|
|
i
i
i
\/

Fig. 4.24 Focusing of a Gaussian beam by a converging lens

Here r is the electro-optic coefficient, n the refractive index in the direction of
the optical axis without electric field, U the applied voltage and /o the wavelength
in vacuum.

4.2 Propagation of Gaussian Beams

Lasers with stable resonators oscillating in the fundamental mode emit a Gaussian
beam. For a given wavelength A and position of the beam waist (z = 0), the
geometry of the Gaussian beam can be specified by a single parameter, the Ray-
leigh length zg, as described in Sect. 2.6. In many cases of laser measurement
technology, the Gaussian laser beam is modified by optical elements. Examples of
such elements are lenses or telescopes to focus or to expand the Gaussian beam. In
the following, we assume that a Gaussian beam passing through an optical com-
ponent, remains a Gaussian beam, see Fig. 4.24. This is true, for example, for a
lens where the lens boundary causes no additional diffraction. In practice it is
sufficient, if the diameter of the optical component is at least six times greater than
the radius w of the Gaussian beam at the place of the component.

4.2.1 ABCD Law

Beam radius w(z) and radius of curvature p(z) of the wavefronts of Gaussian
beams were introduced in Sect. 2.6.1. Both are z-dependent functions. The z-axis
indicates the direction of propagation, wherein the beam waist is located at z = 0.
The quantities w(z) and p(z) can be obtained from a single quantity, the so-called
complex beam parameter ¢(z). This complex beam parameter is defined by

q(z) =z +1izR. (4.18)

i is the imaginary unit i = +/—1. For the quantities w(z), p(z) and ¢(z) the fol-
lowing relationships hold:
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w(lz)z =3 (ﬁ) (#.19)
and
% — Re (ﬁ) (4.20)

Convince yourself of the validity of the last two relations by inserting (4.18) in
(4.19) and (4.20) and comparing the result with (2.37a) and (2.40).

If a Gaussian beam passes an optical element, so in general, its beam properties
w(z) and p(z) and thus—according to (4.19) and (4.20)—the complex beam
parameter ¢g(z) will change. The computation of g(z) behind the optical component
using (4.18), q(z) = z + izg, is no longer allowed. Instead, the so-called ABCD
law has to be applied. It combines the complex beam parameter g;, at the entrance
of the optical system with the complex beam parameters g, at the output:

Agin + B

Gout =

or

D
1 _ C + /CIin
B
dout A+ /qm

(4.21b)

A, B, C and D are the matrix elements of the so-called ray transfer matrix M:

M= (é g). (4.22)

M is a 2 x 2 matrix, which is characteristic for a considered optical element or
combination of components. Once you have calculated g, beam radius w(z) and
radius of curvature p(z) of the wavefronts of the outgoing beam can be determined
by (4.19) and (4.20).

In many cases, the incident Gaussian beam is focused by an optical component
and a second beam waist is formed behind that optical element, see e.g. Fig. 4.24.
The beam waist at z = 0 is by convention always the waist of the incident beam
that is not affected by the optical component.

Figure 4.25 gives an overview of the ray transfer matrices of the most important
optical elements. The ray transfer matrices, which we consider in this section, are
those used in ray tracing [14, 15]. The ray transfer matrix of an optical component,
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Fig. 4.25 Ray transfer matrices of the most important optical elements

which is composed of several subsystems 1, 2, ..., n with the ray transfer matrices
M, M;,...,M, is calculated by multiplying the matrices

M=M, M, M, - M. (4.23)

In the matrix multiplication it is important to ensure that the positions of the
sub-matrices M; are arrayed in reverse order in (4.23), i.e. starting with j = n going
to j = 1, whereas the Gaussian beam propagates from subsystem j = 1 to j = n.

Next we consider, as examples, focusing and expansion of a Gaussian beam.

4.2.2 Focusing

For many problems of optical metrology, focusing of Gaussian beams is required.
For this purpose, we arrange at a distance g from the beam waist (z = 0) a
converging lens. Behind the lens, a new Gaussian beam is formed, see Fig. 4.26.
Next, we calculate the beam waist of the new beam behind the lens, i.e., the
distance b between the new waist and the lens as well as the waist radius wy, of the
focused Gaussian beam.

The ray transfer matrix describing the propagation from the beam waist of the
incident beam to the beam waist of the focused beam, is composed of three sub-
matrices:
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Fig. 4.26 Focusing of a Gaussian beam

e matrix for the beam propagation over the distance b,
e matrix for focusing by a thin lens of focal length f and finally
e matrix for the beam propagation over the distance g.

Observing the order we start with the matrix describing the last section of beam
propagation and then backwards:

Mf:<(1) ?)(—11/]” ?)((1) §)2<1__jj g(ll_i*b). (4.24)

The complex beam parameter of the incident beam at the point of the waist
(z=0)is

. . T
gn =q(z=0)=izg with zg = — (4.25)
where zg denotes the Rayleigh length of the incident beam. The complex beam
parameter g, of the focused beam at the exit of the system is given by the ABCD
law

b—l—g(l —’7’) +izR(1 —;—’)

qout = 1—g—iZf—R

(4.26)

So far, (4.26) for the complex beam parameter is valid for any distance
b behind the lens. However, since b should indicate the position of the waist of the
focused beam, the real part of g, must vanish, cf. (4.20). From this requirement,
it follows
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y _S+se—N] (4.27)

Z+@Eg—f)

In the limit of zg — 0, (4.27) simplifies to the imaging equation of geometrical
optics:

111

1
=—+-. 4.28
The imaginary part of 1/g,, delivers, taking (4.27) into account, the Rayleigh
length z'R of the focused Gaussian beam:

= = (4.29)

g—f +a3

So we are able to calculate the waist radius w;, and the divergence angle 9;) of
the focused beam:

Wy = Wo f =, (4.30)
Jo-er+ ()
0, = " \/(f L (";%) (4.31a)

or

/ g 2 mow? :
0, = 0o (1 _f> +<70> . (4.31b)

For the quantity WE)HL, /7, we compute the same results as for the incident
Gaussian beam, cf. (2.39b):

woly  wely 1

(4.32)

A A T
This reflects the general statement that in the transformation of a laser beam
through a paraxial aberration free optical system, the beam quality factor K (or K, K,
see Sect. 2.6.3) is maintained.
If a Gaussian beam is focused, the irradiance is increased. With a laser output
power P, the average irradiance in the focus is:


http://dx.doi.org/10.1007/978-3-662-43634-9_2
http://dx.doi.org/10.1007/978-3-662-43634-9_2

4.2 Propagation of Gaussian Beams 85

4
3..
2

2 5 10

100 3 . ! LI LY B T T T T T
- parameter z,/f E
T 10;— § _E
- F 0.5 E
EF_ p 1
N | > 3
I E—— 3 3
g f—— :
S oo e e R ——— -
0.01 -1 1 L 3 3 3l N q
0.1 0.2 0.5 1 2 5 10

g/f —»
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! P
I=—01 (4.33a)

S
w2

With respect to the average irradiance /1 in the beam waist of the unfocused beam

(4.33b)
we find

EZ <1 _§>2+(”_W%>2 (4.34)
I f i) .

The normalized profiles of the quantities b, w’o, HIO and I/F are shown in
Figs. 4.27, 4.28 and 4.29.
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Fig. 4.29 Normalized focus irradiance I]': /I as a function of g/f, see (4.34)

An interesting special case occurs, when the beam waist of the incident beam
lies in the front focal plane of the lens:

g§=r. (4.35)

Then the focus is exactly in the back focal plane:

b=f. (4.36)
Furthermore follows
W S (4.37)
wo ZR
% _w (4.38)
0o f
and
L (=)’
=== 4.39
I (f ) (4.39)

In the discussion of (4.27) and (4.29)—(4.34), it has to be considered that the beam
diameter 2w(z = g) atthe lens increases with increasing values of g and w. This means
that diffraction no longer may be ignored and (4.27) and (4.29)—(4.33a, 4.33b) lose
their validity. We consider as an example again the focus radius in the case g = f:

_fh

= . 4.40
Wo P ( )

If we choose as maximum possible value of w(z = g) half of the diameter D of
the lens, we can estimate the smallest possible value of the focal radius as
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lens 1 lens 2

Fig. 4.30 Expansion of a Gaussian beam with a telescope

i

WO,min - D (441)

Because of physical and technical reasons, the diameter D of a lens cannot be

significantly larger than its focal length f. That is why the smallest achievable
focus diameter following (4.41) is in the range of the wavelength A used:

This result is generally applicable to any distance g since (4.41) represents the
lower limit of wgﬁmm also for g # f.

4.2.3 Beam Expansion

Many problems of laser measurement technology require an expansion of the laser
beam. Therefore, a telescope—called Kepler’s telescope—is used. A telescope
consists of two convergent lenses with focal lengths f| and f>, which are arranged
at a distance f] + f>, see Fig. 4.30. If the distance between the two lenses is f; + f>,
the telescope is adjusted to infinity. We restrict our considerations to this case.
The ray transfer matrix M of the telescope is composed of four sub-matrices:

=0 ) D0 PTE) (Ll 1) e

The first and third matrix describes the beam propagation corresponding to the
distances b and f| + f>, respectively. The second and the last matrix applies to both
thin lenses of the telescope. The multiplication of the four matrices yields:

(=L h+A=DbAlf
MT—< o &YX ) (4.43b)

For an incident Gaussian beam, the complex beam parameter—just in front of
the first lens—reads
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Fig. 4.31 Normalized 30 T T T T T TT1T1] T T T T 717
distance b/f, as a function of parameter £/,

g/f1 for the telescope, see
(4.46)

Gin = g +izR. (4.44)

With the help of the ABCD law, we calculate the complex beam parameter gou
at an arbitrary distance b behind the second lens as

Ll 445)

— o
Gout (8+}IZR)I‘2 _fl _f2 + %

Since b denotes the distance from lens 2 to the waist of the expanded beam, the
real part 1/goy must disappear. That is why, according to (4.20), the wavefront in
the waist is flat. Thus

(1,1 ¢
b=f, (fl +f2 flz) (4.46)

Equation (4.46) describes the position of the beam waist of the expanded beam.
Figure 4.31 shows the normalized distance b/f; as a function of g/f;. b can have
both, positive and negative values. If the beam waist of the expanded beam lies to
the right of lens 2, then we have b > 0. In the other case holds b < 0.

For the case that the beam waist of the incident beam is at the front focal plane
of lens 1 (i.e. g = f}), the beam waist of the expanded beam is then at the back
focal plane of lens 2 (i.e. b = f>).

The reciprocal complex beam parameter at the waist of the expanded beam is
calculated with the equations (4.45) and (4.46) as

Lo _ (4.47)

QOut(b) f222R'

Using (4.19) and (2.38) we calculate the waist radius of the expanded beam as
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Fig. 4.32 Set-up and working principle of a gradient-index fiber with a parabolic refractive
index profile

wy = Wo%. (4.48)

Beam expansion can be realized only in the case of f, > f;. Otherwise, there is
a beam constriction. Associated with the beam expansion is a reduction of the
divergence angle, see (2.39):

0, = 90ﬁ (4.49)

h
Laser beams that should propagate over long distances, should be expanded
with a telescope, in order to reduce the beam divergence.

4.3 Optical Fibers

For the beam guidance from the laser to the measuring object as well as from the
measuring object to the detector, see Chap. 1, optical fibers are deployed depending
on the measuring task and the chosen method. Hence, we will discuss this topic in
the next two sections presenting gradient-index fibers and step-index fibers [16—19].

4.3.1 Gradient-Index Fiber

The basic design of a gradient-index fiber is sketched in Fig. 4.32. The gradient-
index fiber consists of a core, which is surrounded by a cladding. In the core
region, the rotationally symmetrical refractive index decreases in radial direction.
Mostly a parabolic refractive index profile is present, see Fig. 4.32, given by:

2

1

n(r) =ng |1 ) <£> for 0<r<reo, (4.50)
a

with no maximum refractive index on the axis, r = 0; a parameter, r., radius of
core, cf. Figure 4.32.
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Fig. 4.33 Refraction of light in a gradient fiber

The quantity a describes the radial distance from the optical axis, where the
refractive index drops to the value of ny/2 (r., < a). Because of the spatially
dependent refractive index profile in the core, this kind of optical fiber is referred
to as gradient-index fiber. Typical values of a gradient-index fiber are: ny = 1.46,
Teo = 25 pm and a = 175 um. The core of an optical fiber is surrounded by a
cladding with constant refractive index

1 2
na :no[l —5(“—") } for re <r<ra, (4.51)
a

with r radius of cladding, see Fig. 4.32. The difference between n, and n
amounts to usually about 1 % only. The cladding diameter 2r. is typically
125 pm.

The light in the fiber cannot propagate, if the angle of the light path relative to
the optical axis is too big. We consider, in geometric optical approximation, the
refraction of the light beam as illustrated in Fig. 4.33. The application of the law of
refraction (3.5) yields in this case:

n(r) cos(f) = n(r + Ar) cos(fi + Ap). (4.52)

We derive from this equation, in the limit of An, Af — 0, the differential
equation

d’r  ldn
= 4.53
dz2  ndr (453)
With the parabolic refractive index profile (4.50), it follows
d’r 2r
= 4.54
dz? 2a* — r? (4:54)

In the limit of 2a® > r? results, with the initial conditions r(z = 0) = 0 and
dr/dz (z = 0) = tan ;, = f, the solution:
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r(z) = Pya sin(g). (4.55)

Figure 4.32 shows, how two beams meander through a gradient-index fiber. In
addition, there are other propagation modes such as a spiral-shaped beam path.
Again and again, the beams are broken by the transitions between layers with
different refractive indices. Therefore, gradient-index fibers are also called self-
focusing fibers. The spatial period of the meandering light is

A=2na. (4.56)

With a = 175 pm, A is calculated to be 1.1 mm.
The maximum distance of the light beam to the optical axis is, according to
(4.55), pya. This value must be less than the core radius 7,

Boa<reo, (4.57a)

otherwise the beam will leave the core of the fiber. The angle f, is linked with the
incident angle «, see Fig. 4.32, at r = O by the law of refraction:

sina = ng sin f,. (4.58)

Here we assumed that the refractive index outside the fiber is 1. The maximum
angle of incidence,

ﬁOﬁmax = @7 (457b)
a
in which propagation is still possible, is given by:
. . rCO
Sin oimax = 1o Sin (—) . (4.59)
a
With the (4.51) and the approximation r. < a, it follows finally

SiN Omax = 4/ 13 — 1. (4.60a)
omax is called the angle of acceptance. Only if |0 <o is fulfilled, then beam
propagation in the gradient-index fiber is possible. The sine of the angle of
acceptance is referred to as numerical aperture. A typical value for the numerical
aperture is 0.2, which corresponds to an acceptance angle of about 12°.

The numerical aperture and the angle of acceptance take their maximum value,
when the incident beam is coupled into the fiber entrance face at r = 0. Only in
this case, (4.60a) is correct. If the beam is injected at a distance r from the fiber
axis, the numerical aperture becomes smaller:
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SIN Olmax = n(r)2 —n?. (4.60b)

So far, light propagation in gradient-index fibers was treated within the frame of
geometric optics. In the further, we briefly discuss the mode structure in the wave
concept of physical optics. Due to the radially decreasing refractive index inside
the core, the propagating light undergoes a focusing effect. Therefore, we can
regard formally the gradient-index fiber as a series of convex lenses. Just as a
Gaussian beam can propagate between lenses—see Sect. 4.2—this is also possible
in a gradient-index fiber. The beam radius w, of the Gaussian beam takes such a
value that its diffraction-induced beam divergence is just compensated by the
focusing effect of the gradient-index fiber. In the following, we estimate the beam
radius of the Gaussian beam.

The Gaussian beam has a diffraction-induced beam divergence. The divergence
angle is according to (2.39):

A
Op=—<x 1.
™Wo

This diffraction-induced divergence is compensated by the focusing effect of
the gradient-index fiber. Since a parallel light beam reaches the fiber axis after a
distance of A/4, we assign formally a focal length to the gradient-index fiber of

1

f=7=5ma (4.61)

ININ

Therefore, we calculate for a paraxial ray at a distance r a convergence angle of

2
oczfzn—;<<1. (4.62)

Because of the assumed compensation of the two angles, we calculate for the
radius wy of the propagating Gaussian beam, assuming r = wy:

wo = ¢/ %“ (4.63a)

Replacing the wavelength by the vacuum wavelength and taking the refractive
index ny (n(r<re) =~ ng), leads to

/loél
R~ [—. 4.63b
"o 21’10 ( )

A more precise calculation yields, instead of the number 2, the number 1 in
(4.63a), (4.63b). However, (4.63a), (4.63b) is only valid, if the core radius r, is
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Fig. 4.34 Set-up and working principle of a step-index fiber

sufficiently large compared to the beam radius wy. This assumption is in general
fulfilled.

Besides the considered Gaussian beam, which is also referred to as basic mode,
there are, as in a laser cavity, additional modes with more complicated field
distributions that are capable to propagate in a gradient-index fiber. Their number
is limited. The reason for this is that, with an increasing mode order, the dif-
fraction-caused divergence increases, while the focusing effect of the gradient fiber
is constant. The number M of modes that can propagate in a gradient-index fiber is
given approximately by [17, 18]:

2
M ~ 1? (né — nzl) (%j) . (4.64)

Using numerical values of a typical gradient-index fiber (ny = 1.460,
ng = 1.445, roo = 25 pm and 49 = 1 um), we estimate the number of propagable
modes as approximately 269. Such a fiber is, therefore, also referred to as a multi-
mode fiber.

4.3.2 Step-Index Fiber

In addition to gradient-index fibers with a parabolic refractive index profile, there
are fibers with a step-index profile available. These fibers are called step-index
fibers. In comparison to gradient-index fibers, they can be produced more easily
and cost-efficiently.

A step-index fiber is composed of a cylindrical core with a high refractive index
neo and radius r.,, which is surrounded by a cladding with a lower refractive index
neg and a diameter of 2r., see Fig. 4.34. Typical values are: n., = 1.48,
ng = 1.46, 2r., = 100 um and 2r, = 140 pm.

Beam propagation in these step-index fibers is based on total internal reflection
at the interface between core and cladding, see Sect. 3.2.2. The total reflection in
the step-index fiber replaces the continuous light refraction in the gradient-index
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Fig. 4.35 Electric field distributions of some modes of step-index fibers

fiber. In order to fulfill the condition for total internal reflection, the incident beam
at the entrance face of the fiber may not exceed a maximum angle of incidence
omax- Applied to the numerical aperture of a step-index fiber, this means:

$in(omax ) = Mo SIN(90° — 6;) = ne, cos(6y). (4.65a)

Here, 0; is the angle of total reflection for the transition from the core to the
cladding. With (3.8), we finally find:

sin(tmax ) = Mo COS (arcsin (Z—C]>> =\/n% —n?. (4.65b)

Example: Using the values n., = 1.48, n, = 1.46, the numerical aperture is
calculated as approximately 0.24, which corresponds to an acceptance angle of
about 14°.

As for gradient-index fibers, in general several modes can propagate in a step-
index fiber. Some of the possible modes are shown schematically in Fig. 4.35. The
number M of modes being able to propagate, can be calculated approximately as
[17-19]:

2
M =~ 27 (n2, — nd) <’;C—Z> . (4.66)

With the above stated values of a typical step-index fiber and a vacuum
wavelength of 1 um, the number of modes that can propagate, is over 2,900.
Hence, the considered step-index fiber is a multi-mode fiber.
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Fig. 4.36 Attenuation of an optical fiber in the near infrared

If the core radius is decreased until it is approximately equal to the wavelength
of light,

/10 ~ Ico (467)

we calculate, with n,, = 1.48, n, = 1.46, the number M of modes to 1. Such a
fiber where only one single mode is capable to propagate, is called single-mode
fiber. A closer look shows that in a single-mode fiber two perpendicularly polar-
ized modes can propagate.

4.3.3 Absorption and Dispersion of Optical Fibers

Core and cladding of optical fibers are typically made of ultra pure quartz glass.
The purity of the glass ensures a low absorption. For fused silica the minimum of
the optical attenuation is attained at a wavelength of about 1.6 pm, see Fig. 4.36.
So, an attenuation of 0.2 dB/km can be realized, i.e., more than 95 % of the
irradiance coupled into a fiber arrives at the end of a 1 km long fiber. For com-
parison: At a frequency of 100 MHz, coaxial cables have an attenuation of typi-
cally 38 dB/km, at 1 GHz the attenuation is even higher: 134 dB/km.'

In addition to attenuation, the dispersion behavior of an optical fiber is
important for technical applications. We distinguish two different types of
dispersion:

e material dispersion,
e mode dispersion.

! These values belong to a 50-Ohm-cable, Typ Aircom-Plus from SSB-Electronic [20].
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Fig. 4.37 Temporal broadening of a light pulse caused by dispersion

We first consider material dispersion. This refers to the fact that the refractive
index of the fiber material is wavelength-dependent, see Sect. 3.2.1. Light waves
with different wavelengths, therefore propagate inside the fiber, in general, with
different speeds of light.

Also the different modes of an optical fiber propagate, in general, with different
speeds inside a fiber. This phenomenon is called mode dispersion. Mode disper-
sion occurs, especially, in multi-mode step-index fibers. For multi-mode gradient-
index fibers, it plays only a minor role since the speeds of the various modes differ
only slightly.

Material dispersion and mode dispersion lead to a temporal broadening of
propagating light pulses, as shown schematically in Fig. 4.37.
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Chapter 5
Detection of Electromagnetic Radiation

Abstract Different kinds of light detectors and their working principles are
explained covering the following detector types: thermal detectors, photoelectric
detectors, semiconductor detectors, space-resolving detectors. This is followed by
the discussion of some general principles of electronic metrology, which must be
considered when applying these detectors. Finally, we compare and summarize the
properties of the discussed detectors.

The complete information on the measuring object, which we can obtain by optical
methods, is included in the scattered light. Therefore, an essential task of laser
measurement technology is to capture, store and interpret the scattered light.

Today, a large number of detectors are available, to transform the scattered light
in an analyzable signal [1-36]. In this chapter, the most important detectors are
discussed. In our representation, we emphasize the physical basics of the detectors.
Only a deep understanding of the basic principles allows an optimal usage of the
different detectors and helps to avoid errors.

The large number of detectors can be divided into several classes according to
the respective underlying physical principles of measurement. We begin with
thermal detectors.

5.1 Thermal Detectors

Thermal detectors exploit the fact that each body, which absorbs electromagnetic
radiation, is heated. The increase in temperature is a measure of the absorbed
radiation power. Thermal detectors are used mainly in the visible and infrared
spectrum.

A thermal detector absorbs a portion of the incident radiation according to its
degree of absorbance A. In addition to this energy gain, losses by heat conduction
and heat convection must be taken into account, see Fig. 5.1. Heat losses, due to
thermal radiation, can be neglected in most cases. Therefore, the change in tem-
perature T is given by the differential equation:

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 99
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_5,
© Springer-Verlag Berlin Heidelberg 2015
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Fig. 5.1 Functional principle Ty
of a thermal detector surrounding
detector
P
—) "~
(1-A)P
dr T—-T
Co— =AP — . 5.1
Qg Rq (5.1)

Here, Cq, is the heat capacity of the detector, P the incident radiant power also
called radiant flux, Rq the effective thermal resistance of the detector and T the
ambient temperature. In the stationary case (P = const.), the solution is:

T = Ty + RQAP. (5.2a)

To study the time response, we solve (5.1) for the periodically oscillating
power:

P(t) = Po(1 — cos(wt)), Py = const. (5.3)

The solution is:

1
T(t) =Ty + RoAPy | | — ——cos(wt + P) (5.4a)

1+ (wRoCq)’
with
@ = — arctan(wRyCq). (5.4b)

@ is the phase shift between P(f) and 7(f). The thermal detector shows the
typical behaviour of a low-pass filter with an upper angular cutoff frequency of, see
Fig. 5.2:

1

The evaluation of the measurement signals is substantially simplified, if all
frequencies occurring are small compared to the cutoff frequency. In the following,
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Fig. 5.2 Frequency response of a thermal detector

this will be assumed mostly, so that we can use the stationary solution (5.2a) also
in the non-stationary case:

T(t) = To + RoAP(t), o < w.. (5.2b)

So, the incident radiant flux P(f) is directly proportional to the temperature
difference T(¢) — Ty:

P(1) = T(;)RfQT", 0 < o, (5.6)

The sensitivity 2 of a detector is generally defined by the ratio of the measured
signal to the incident radiant flux. In case of a thermal detector, this means:

T(l‘) — Ty

=R

= ARq. (5.7)

To ensure a high sensitivity,

o the absorber surface of the detector should be black (A = 1) for the relevant
spectral range and

e the thermal resistance should be large, i.e., the detector is well insulated from
the environment.

The rise time 1, see Fig. 5.3, of any detector is linked with its cutoff angular
frequency by the relationship [1, 2]:

T R

22

We

(5.8a)
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Fig. 5.3 Definition of the p4
rise time T, as the time
interval, in which the
response signal 71(¢) rises
from 10 to 90 % of its final
value after irradiation with a
step function excitation P(f) t
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For a thermal detector, we have:
T =~ 22RQCQ (58b)

High cutoff frequencies and short rise times require both, a low heat capacity—
and hence low mass—and a low thermal resistance. However, the last condition
leads to a low sensitivity of the detector. So, high sensitivity and a short rise time
exclude each other. Therefore, the user has to compromise depending on the
application.

The resolving power of all thermal detectors is limited by omnipresent tem-
perature fluctuations causing temperature noise. The mean square fluctuation of
temperature is calculated, using statistical thermodynamics, as [1]:

e

<AT* > =—,
Co

(5.9)

where k = 1.38 x 10722 J/K is the Boltzmann constant. With this, we can cal-
culate the signal-to-noise ratio S/N of a thermal detector. With the definition:

S T(t) — T
2 _ M’ (5.10)
N <AT? >

it follows, that:
S Co RoAP
— == 5.11
N kK T ( )

The minimum radiant flux, that can be detected barely by a thermal detector is
calculated from the requirement S/N =~ 1 as
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kK T 22T
Prnin & | ——— = \/kCq——. (5.12)
CQARQ A‘Er

For the calculation of S/N and P,,;,, we have only considered the thermal noise
of the thermal detector. Further possible sources of thermal noise, such as those
related to electrical resistance measurements, were ignored.

The detector can be cooled to improve the signal-to-noise ratio S/N or to reduce
the absolute limit of detection. In addition, it is recommended to increase the
absorbance A, heat capacity Cq and thermal resistance Rq. However, the two last
requirements have a negative effect on the rise time of the detector, cf. (5.8b). This
is intuitively clear: The more inert a detector reacts, the less it is disturbed by
thermal fluctuations.

Finally, it should be pointed out that a thermal detector can be used to measure
the energy of short laser pulses directly. If the laser pulse duration t is much
smaller than the rise time t,, T < 1, = 2.2RyCq, the heat loss (T — Tp)/Rq in
(5.1) can be neglected. Solving the differential equation yields in this case a linear
relationship between the pulse energy AW, i.e., the time integral of the radiant flux,
and the increase in temperature AT of the detector.

AT
AW = / CQ LT T, (5.13)

In this case it makes sense, to define the sensitivity X as the ratio of the
temperature increase AT to the irradiated energy AW:

= AT = i (5.14)
AW Cq
A high sensitivity for pulse energy measurement requires a small heat capacity
and thus a small detector mass. Due to unavoidable temperature noise, the mea-
sured pulse energy has an uncertainty corresponding to the minimum detectable
pulse energy:

v/ kCoT
Avain ~ TQ (515)

The increase in temperature in a thermal detector is measured in various ways.
In the simplest case, it is carried out with a thermometer. With an appropriate
calibration, the thermometer indicates directly the laser power or the laser pulse
energy. Such detectors are used, for example, for the simple determination and
monitoring of the beam power of carbon-dioxide lasers. In general, especially
when a broadband measurement is required, electrical measurement methods are
preferred.
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5.1.1 Thermocouple and Thermopile

In a thermocouple, the thermoelectric effect is utilized. Figure 5.4 shows the basic
structure. A thermocouple is a conductive loop, which consists of two different
metals or semiconductors. For different temperatures at the two solder joints,
where the two materials are connected, a so-called thermoelectric voltage is
observed. Over a wide range this voltage is proportional to the temperature dif-
ference of the solder joints, see Fig. 5.5:

UAB = SAB(T—T()), (516)

where e5p is the Seebeck coefficient or the thermoelectric power of the respective
conductor combination.

Graphically, eap represents the slope of a characteristic curve in Fig. 5.5. For the
commonly used combination of iron and constantan, the Seebeck coefficient is
53.7 uV/K in the temperature range of 0-100 °C. Particularly large Seebeck
co-efficients provide semiconductor thermocouples. For a lead-telluride/zinc-anti-
monide element, for example, e is 180 1V/Kin the temperature range of 0-600 °C.

Only one of the two solder joints of the thermocouple is heated by the incident
radiation. The other solder joint is maintained at a constant temperature, e.g. by ice
water or a thermostat with a heating element. The resultant thermoelectric voltage
is a measure of the incident radiant flux.

The sensitivity 2 of a thermocouple is given by the ratio of the thermoelectric
voltage Uap and the incident radiant flux P:

U
s = % = eapARq. (5.17)

Typical sensitivities of metallic combinations are about 10 V/W. About five
times larger values can be achieved with semiconductor elements.

If n thermocouples are connected in series, the n-fold thermoelectric voltage is
measured. Accordingly, the sensitivity will increase by a factor n. Such arrange-
ments are referred to as thermopiles, see Fig. 5.6. Using modern methods of
semiconductor technology, compact thermopiles with sensitivities greater than
100 V/W can be produced.
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Thermocouples or thermopiles are used in the visible and infrared spectral
range (up to about 30 pm). Typical rise times are, depending on design and
sensitivity, in the range of 10 ps—10 s.

5.1.2 Bolometer

If an electrical conductor or semiconductor is heated, its electrical resistance
R changes with temperature 7. Figure 5.7 summarizes the typical behaviour of the
electrical conductivity of metals and semiconductors. The change in resistance
R with temperature T is given by

dR
o = 4(T)R. (5.18)

For metals, the so-called temperature coefficient (7)) is, over a not too wide
temperature range, constant and positive, i.e., the resistance increases with
increasing temperature. Most pure metals have a temperature coefficient of about



106 5 Detection of Electromagnetic Radiation

10° | _ .
10¢ F metals ! .

10° - :

semiconductors

10%F

10°F

electrical conductivity o [1/CQcm]

10 100 1000
temperature T [°C]

Fig. 5.7 Basic curve progressions of the electrical conductivity of metals and semiconductors as
a function of temperature

1/250 K. Contaminated metals or alloys have smaller values of «. Unlike metals,
the electrical resistance of semiconductors decreases with increasing temperature.
That is why the number of free charge carriers increases with increasing tem-
perature. For ordinary semiconductors the following relation holds approximately:

a(T) = —const.%. (5.19)

Semiconductors have a negative temperature coefficient. At room temperature
the temperature coefficients of semiconductors are approximately one order of
magnitude higher than the values of pure metals.

A bolometer is a thermal detector where the temperature of the detector is
determined by means of an electrical resistance measurement. A simple circuit is
sketched in Fig. 5.8. The voltage drop U,, across the measuring resistor R,
depends on the temperature of the bolometer:

RmUO

Up = - .
R(T) + Rn,

(5.20)

The change of the measured voltage U,, with temperature 7 is obtained by
derivation:

AU 2(T)R(T)RnUy
T RO LR (5.21)

If the resistance change is small, R(T) can be replaced by R,, which is the
resistance of the bolometer without irradiation. In case of resistance matching, i.e.,
Ry = Ry, the measured voltage becomes maximum. With (5.6) and (5.21) it
follows
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Fig. 5.8 Circuit for 9]
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AU, = —ZaUOAT = _ZOCARQUQP. (5.22)
Hence, the sensitivity of the bolometer is determined by
—AU, 1
2= = —aARqUj. 5.23
= ;ARlo (5.23)

Therefore, bolometers should have preferably large temperature coefficients
a(T).

Two variants of bolometers are to be distinguished: metal bolometers and
semiconductor bolometers. Semiconductor bolometers make use of thermistors
whose resistance changes significantly with temperature, see Fig. 5.7. For metal
bolometers, mostly thin blackened platinum or nickel foils are used. In the range of
—200 to 600 °C both elements have an almost constant temperature coefficient o.
The sensitivities reach values of up to 50 V/W. The rise times are less than 5 ms,
provided an appropriate electrical design is chosen.

The sensitivities of semiconductor bolometers are much greater. Even at room
temperature their temperature coefficients oo are much larger. Especially with
cooling, e.g. taking liquid helium, semiconductor bolometers achieve sensitivities
of up to 107 V/W. Superconducting bolometers have even greater sensitivities.
They take advantage of the large changes in resistance in the transition region to
super-conductivity. The rise times of semiconductor bolometers are slightly
smaller than those of metal bolometers. Superconducting bolometers have yet
shorter rise times of 7, < 100 ps. Bolometers, depending on the model, are used in
the visible spectrum up to the microwave region.

A disadvantage of the circuit shown in Fig. 5.8—particularly for small values
of AU,,—is the DC component of the measuring voltage U,,,, which is independent
of the incident light power, for Ry, = R(T):

1
Un = EUO + AUnp,. (5.24)
Therefore in practice, often a compensation circuit is chosen, such as a simple

Wheatstone bridge. In this way errors resulting from heating of the wires of the
circuit can be compensated also [1, 36].
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Fig. 5.9 Dielectric
polarization of a pyroelectric
crystal

5.1.3 Pyroelectric Detectors

Pyroelectric detectors consist of materials having a permanent electric polarization
P, due to their crystal structure. Hence, on two opposite sides of the crystal with
the surfaces F, surface charges

Qp = xP.F (525)

occur, see Fig. 5.9. These surface charges are always compensated by free charges
Oy from the surroundings, so that the resulting surface charges disappear:

0= Qp —0r=0. (5.26)

Therefore, in the static case a measurement of @, is not possible.

If a temperature change d7 occurs in the time interval df, the heated crystal will
expand. This results in a change of the polarization dP,. and hence a change of the
surface charges dQ,,. If the change of the polarization charge dQ, happens in a
sufficiently short time, the number of free compensating charges remains constant.
Thus dQ, appears as resulting surface charge and can be measured. Typical times
to compensate polarization charges by free charges are in the range of >1 s.

The change in the polarization charge dQ, is measured capacitively. To this
aim, the pyroelectric crystal is used as dielectric of a capacitor, which is connected
with a measuring resistor Ry, see Fig. 5.10. While the surface charge dQ, is
generated, a displacement current caused by influence flows:

,_40, _  dP._ dP.dT
T dr C de O dT A

(5.27)

The change of polarization with temperature is called pyroelectric coefficient:

_dP,
T dr

p(T) (5.28)
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For a not too wide temperature range this coefficient is constant.

In terms of circuit design, the pyroelectric detector represents a current source with
a capacity C and a measuring resistor R, connected in parallel. Figure 5.11 shows the
equivalent circuit diagram. For the calculation of the voltage drop U,, at the resistor
R, we assume in the following the limiting case w < 1/(Ry,C). Then, the current
I flows practically only through the measuring resistor and causes the voltage:

Un = Rl = FRyp(T) 2—7; (5.29)
Thus, the measured signal is proportional to the time derivative of the detector
temperature. This implies, that the detector temperature changes sufficiently
rapidly, so that the generated polarization charges are not compensated by free
charges from the surroundings. If this is not the case, the radiation flux has to be
modulated with a chopper, see Sect. 4.1.3. A chopper is, for example, a rotating
perforated disk to interrupt a light beam periodically. Required chopping fre-
quencies must be higher than 1 Hz.
For measurements with a pyroelectric detector two limiting cases can be
distinguished:

(a) Quasi-static mode (o < w,): If all occurring angular frequencies in P(¢) are
small compared to the angular thermal cutoff frequency, as usually assumed,
see (5.6), then the irradiated power and the detector temperature are pro-
portional to each other, cf. relation (5.2b):

dp
Un(r) = FRup(T)ARqQ .- (5.30a)

The measured signal is proportional to the derivative with respect to time of the
incident radiant flux. Assuming a temporal variation of the power according to:
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P(1) = Po(1 — cos(wt)), Py = const., (5.3)
then the measured signal is:
Un(t) = FRup(T)ARQwPy sin wt. (5.31)

In this case, the sensitivity is defined by the ratio of the amplitude of the
measured signal and the amplitude of the incident power:

Y = FRnp(T)ARqo. (5.32a)

In the quasi-static operation mode the sensitivity of a pyroelectric detector
grows, linearly with the angular frequency .

(b) Pulse mode (w > w,): If the incident radiation has sufficiently short pulses or
is modulated strongly, i.e., all frequency components of P(¢) are satisfying the
condition w > w,, then each thermal detector has an integrating effect. Since
the measured voltage Uy, is proportional to the time derivative of the detector
temperature, see (5.29), both effects compensate each other. That is why
U () and P(f) are proportional:

Un(t) = FRup(T)AP(t)/Cq = FRup(T)ARQw P(1). (5.30b)

Division by P(f) gives the pulse mode sensitivity, which is independent of the
frequency:

%, = FRup(T)ARqw, = ZS% < 3. (5.32b)

Often pyroelectric detectors are operated in the pulse mode, in spite of the
reduced sensitivity compared to the quasi-static mode. The advantage is obvious:
the proportionality between U, (f) and P(f). In addition, the rise time of the
pyroelectric detector is no longer limited by the thermal rise time, see (5.8b). It is
determined by the electrical time constant R,C, which is in general much smaller.
With careful design, rise times less than 100 ps can be realized. Such short rise
times require a small measuring resistance, which in turn has a negative effect on
the sensitivity.

The quasi-static mode can be transferred to the pulse mode. To this end, the
incident radiant flux has to be fractionized by a chopper into individual pulses, see
Fig. 5.12. It is important to ensure that the chopping frequency is well above the
thermal cutoff frequency.

For the construction of pyroelectric detectors, materials with a large pyro-
electric coefficient, such as TGS (triglycine sulfate) and sintered ceramics of lead
zirconate titanate or barium strontium niobate are used.
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thermal cutoff frequency, d measured voltage for pulse mode operation

Pyroelectic detectors are operated in a wide spectral range of 1 nm—1 mm. In
the infrared spectrum, pyroelectric detectors have, among the non-cooled detec-
tors, the largest sensitivities, e.g. 900 V/W with a rise time of about 10 ps.
Compared with other thermal detectors, pyroelectric detectors have the shortest
rise times. Among the thermal detectors, the pyroelectric detector is of most
importance for laser measurement technology.

5.2 Photoelectric Detectors

A short time after the discovery of the electron at the end of the 19th century, it
was observed that metal surfaces illuminated by light can emit electrons, see
Fig. 5.13. This effect is called external photoelectric effect, the emitted electrons
are called photoelectrons. To explain the photoelectric effect, A. Einstein intro-
duced in 1905 his light quantum hypothesis, see Sect. 3.1. Therefore, light consists
of photons moving with the speed of light c. If a photon interacts with a metal
electron, it transfers its whole energy /f to the electron, i.e., the photon is absorbed.
If the absorbed energy Ahf exceeds the work function Wy, of the metal:

hf > Wy, (5.33)

the electron can leave the metal. Therefore, the photoelectric effect occurs only, if
the wavelength of light falls below the cutoff wavelength:
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Fig. 5.14 Quantum efficiency 5 of various cathode materials as a function of the wavelength.
Composed materials are often characterized by their S-number, e.g. S-20 denotes a mixture of the
elements Na, K, Sb and Cs

PR (5.34)
Ww

Since there are no materials having work functions of less than 1 eV, the
external photoelectric effect arises at light wavelengths 4 < 1.2 um only.

By the external photoelectric effect light is converted to free electrons. It is self-
evident to use this effect to measure electromagnetic radiation. Hereby it is helpful,
that the number of induced photoelectrons is proportional to the number of incident
photons. The ratio of these numbers is referred to as quantum efficiency, see Fig. 5.14.

5.2.1 Photoelectric Cell

In metrology the external photoelectric effect is applied in the so-called photo-
electric cell. A photoelectric cell consists of a cathode and an anode, which are in
general placed inside a vacuum glass or quartz tube, see Fig. 5.15. If photons of
sufficient energy irradiate the cathode, photoelectrons are released. Under the
influence of the applied voltage U, the photoelectrons are accelerated towards the
anode. In the external circuit, the so-called photocurrent I flows.
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If the applied voltage is high enough, all photoelectrons reach the anode, i.e.,
the photocurrent becomes independent of the applied voltage U,. Figure 5.16
illustrates this saturation of the photocurrent.

At a fixed acceleration voltage Uy, the saturated photocurrent I is directly pro-
portional to the radiant flux of the incident light over a wide range. This linearity is
lost, when the cathode is exposed, to high radiant fluxes for a too long period of time.
As a result the quantum efficiency decreases. This fatigue effect or aging effect
depends on whether the cathode material recovers or not after an idle-period.
Cathodes, particularly if they contain caesium, should therefore be protected from
unnecessary radiation, e.g. from direct sunlight, even if they are not in use. Besides
the fatigue and aging effect, the influence of the space charge of the released pho-
toelectrons must be taken into account. These space charges lead to field distortions
and at high radiant fluxes to a space-charge limited, i.e., nonlinear photocurrent.

If AN photons with the wavelength A per time interval At irradiate the cathode,
this corresponds to a radiant flux of the incident radiation of

AN hc
=——. 5.35

At 2 (5.35)

Within the time interval As depending on absorbance A and quantum efficiency
n, the charge

AQ =nAANe (5.36)

is set free as photoelectrons. Here e is the elementary charge, e = 1.6 x 10~'° C.
This corresponds to a saturation current of

AQ AN

The ratio of the saturation current I, and the incident radiant flux P is the
wavelength-dependent sensitivity of the photoelectric cell, see Fig. 5.17:

s _MAAR e L (5.38)

I
> ==
P he
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Fig. 5.17 Sensitivity of typical photoelectric cells as a function of the wavelength

In comparison to thermal detectors—with the exception of pyroelectric detec-
tors—photoelectric cells have a fast rise time linked with a high bandwidth.
Minimum rise times of 0.1 ns can be achieved, which are determined by the transit
time spread of electrons moving from cathode to anode.

In addition to high vacuum photocells, gas-filled photocells are used. In com-
parison to high vacuum photocells, a gas-filled cell provides a photocurrent that is
up to a factor of 100 greater. This is caused by photoelectrons ionizing gas particles
by impacts on their way to the anode thus generating additional charge carriers. The
advantage of higher sensitivity is accompanied by the disadvantage of a lower
bandwidth. The cause is the significantly longer run-time of the heavy ions between
anode and cathode. This permits only rise times 7, greater than 100 ps.
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Particularly for broadband photoelectric cells the photocurrent is determined by
a voltage measurement at a measuring resistor R,, as shown in Fig. 5.18. R,
should be as large as possible since the measured voltage U, increases with R;:

Up = Ruls. (5.39)

Therefore, the voltage sensitivity of the photoelectric cell rises with increasing
measuring resistor:

Un 1(2)A(Z) el Rn
Sy=—n_NHELTm .
v=3 o (5.38b)

A measuring resistor being too large is disadvantageous. Firstly, the full source
voltage U, is no longer available at the cell. This leads to a decrease in the
photocurrent. Secondly, the R,,C time constant of the circuit increases. Here,
R,,C is the product of measuring resistor R, and capacitance C of the cell,
including all stray capacitances. This has a negative effect on the rise time 1, if the
R,,C time constant is greater than the transit time spread 7 of the electrons between
cathode and anode.

5.2.2 Photomultiplier

In principle the photomultiplier is a photocell, wherein the photocurrent is amplified.
Figure 5.19 shows schematically the set-up. The photocathode is connected with an
electron multiplier, where electrons are multiplied by secondary emission.

Secondary emission denotes the process where accelerated electrons hitting the
surface of a solid, transfer their energy and release one or more secondary elec-
trons. The material-specific secondary emission yield 4, i.e., the average number of
secondary electrons per incident electron, depends on the energy of the electrons,
on the surface condition and on the angle of incidence. Typical values of the
secondary emission yield J in an electron multiplier are 4-—14.
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Fig. 5.19 Schematic set-up of a photomultiplier

In a photomultiplier several electrodes, which are called dynodes, are arranged in
series. The potential difference between two dynodes is typically in the range of
100-300 V. If a single photoelectron strikes the first dynode, 6, secondary electrons
are emitted on average and move to the second dynode. When these J; electrons
impinge onto the second dynode, the number of electrons increases on average once
again by a factor 0,, and so on. With n dynodes, this results in an overall gain of

G=25,-0y85 b (5.40)

The number n of the dynodes is usually 6-14. Therefore, a total gain G of 10°—
10° can be obtained. Thus, the sensitivity of a photomultiplier tube is by a factor of
G greater than a simple photoelectric cell. The amplified photocurrent, related to
the incident radiant flux, is given by:

AR e

21=G
! hc

(5.41)

The sensitivity is so high, that single photoelectrons emitted at the cathode can
be detected.

The different potential values of the dynodes are provided by a voltage divider, see
Fig. 5.19. The voltage supply of the voltage divider has to be highly stable to avoid
variations in the gain. In order to prevent collapses of the voltages between the
dynodes, the current in the voltage divider circuit has to be significantly greater than
the current flowing between the dynodes in the tube. While measuring short light
pulses high peak currents may appear. To keep the dynode potentials stable the last
voltage divider resistors are bypassed with capacitors in this case, see Fig. 5.19.
These decoupling capacitors supply the photomultiplier tube with electric charges
during the forming of the signal pulse and reduce a change of the voltage between the
last dynode and the anode thus improving the linearity for pulse measurements [4].
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The rise times 7, of photomultipliers are usually in the range of 2—15 ns. However,
values of less than 1 ns can be achieved. The rise time is determined mainly by two
effects: the run-time and the variation of the run-time of the electrons through the
photomultiplier. In order to keep the run-time and the dispersion of the run-time as
small as possible, the acceleration voltage should be large and the distances between
the dynodes should be small. Also, a small number of dynodes is positive, but at the
cost of the total gain. The dispersion of the run-time is essentially caused by different
possible paths, which the electrons have taken. To avoid this, specially shaped
dynodes and, eventually, an electro-optical entrance system, are deployed. The
electro-optical entrance system has the task to compensate different starting condi-
tions, i.e., different starting points, different starting speeds and different starting
angles of the emitted photoelectrons at the photocathode. By external magnetic
fields, e.g., the magnetic field of the earth, the electrons are deflected from their ideal
trajectory. Therefore, a photomultiplier is shielded from magnetic fields.

The photomultiplier is a radiation detector with high sensitivity, low rise time
and low noise. The combination of these three properties cannot be exceeded by
any other detector system.

5.2.3 Channel Electron Multiplier

The channel electron multiplier is basically nothing else but a secondary electron
multiplier with continuously distributed dynodes. It consists of a thin tube with a
typical length of 10 cm and an inner diameter of 1 mm. The inner wall of the tube,
usually made of lead glass, is specially treated, to achieve a large secondary
emission yield and an electrical resistivity of about 1 GQ. At both ends of the
pipe, a potential difference of some kilovolt is applied. To prevent destructive
electric arc discharges, the channel electron multiplier is operated under vacuum
(p < 10 mPa).

Figure 5.20 shows schematically the principle of channel electron multipliers.
An incident photon striking the inner wall, generates an electron by the external
photoelectric effect. This photoelectron is accelerated in the direction of the higher
potential. When it hits the inner wall again, o secondary electrons are released.
These electrons are accelerated and the process of secondary emission is repeated
again and again along the inner pipe wall, i.e., an electron avalanche evolves. Per
incident photoelectron 10°-10° electrons reach the anode finally. Larger gains
cannot be realized because of the so-called ion feedback where the electron ava-
lanche ionizes, particularly near the end of the tube, residual gas molecules. These
ions are accelerated towards the entrance. When striking the inner wall, the ions
also release secondary electrons, which lead to new electron avalanches. This is
disturbing the measurement, especially, because a permanent glow discharge can
occur. With curved tubes, ion feedback can be avoided. Ions strike the inner wall,
before they have received sufficient energy for secondary electron emission. With
curved tubes gain factors of up to 10® can be achieved for a single electron.
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Fig. 5.20 Principle of a channel electron multiplier

In continuous operation, the wall current—also called bias current corre-
sponding to the current in the voltage divider considered previously—should be
great compared to the anode current to avoid non-linearities in the gain. Channel
electron multipliers will provide a linear output up to a value equal to approxi-
mately 10 % of the bias current [5]. Typical wall currents, for operating voltages
of 2.5 kV and wall resistances of 60 MQ are about 40 pA.

In a conventional photomultiplier, some voltage divider resistors are bypassed
by capacitors as described above. For pulsed operation and at high gains these
capacitors keep the dynode potentials constant. This approach cannot be trans-
ferred to channel electron multipliers. If the potential difference along the tube
collapses, it must first be refreshed by the low wall currents. This gives rise to dead
times of typically 0.5-15 ps.

Channel electron multipliers are commonly used to count individual primary
electrons. They can also detect incident photons that strike the beginning of the
tube and release photoelectrons from the inner wall, see Fig. 5.20. The width of
each current pulse amounts to approximately 20 ns.

5.3 Semiconductor Detectors

Semiconductors can absorb light. In this process, free charge carriers—electrons
and holes—are generated. This is called internal photoelectric effect.

5.3.1 Photoresistor

If light is absorbed by a photoresistor, its electrical conductivity increases. Let us
consider that light with a radiant flux P falls on a detector with the absorbance
A. Then, in the time interval Az, the energy

AW = APAt (5.42)

is absorbed. Thus, in the semiconductor
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Fig. 5.21 Electrical circuit $ O
to measure the change of the
resistance of a photoresistor
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ANgam =4 (543)

pairs of charge carriers are produced. Here, f, # and h are the frequency of the
incident light, the quantum efficiency, i.e., the number of pairs of charge carriers,
generated per absorbed photon, and the Planck constant, respectively. The number
N of pairs of charge carriers also decreases, due to recombination. For a small
period of time Az, the following relation holds

NAt
A1\’1035 = - (544)

28

71 is the mean lifetime of an electron-hole pair. In the stationary case, gain and
loss compensate each other. That is why the number of pairs stabilizes at

nATL
= P. 5.45

Nevertheless, the number N fluctuates as a function of time. This is referred to
as generation-recombination noise.

Even without incident light, charge carriers are present in the photoresistor.
Their number is Ny. The change of the resistance of the photoresistor is given by

N

AR N Ayt
Ro No hfNo

(5.46)

where R, is the resistance without irradiation. It can be determined with the
electric circuit shown in Fig. 5.21. We know this circuit already from the dis-
cussion of the bolometer, see Sect. 5.1.2. The change of the measured voltage
caused by incident light, is calculated with the approximation DeltaR < Ry as:

RoRy,  Ant

AU, = —0fm At
" (Ro + Ru)* WNo

UoP. (5.47a)

When the measuring resistor matches the photoresistor, i.e., Ry, = Ry, the signal
attains a maximum:
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If the measuring signal is related to the irradiated radiant flux P, we obtain the

wavelength-dependent sensitivity of the photoresistor. For impedance matching,
we find, see Fig. 5.22:

AUy, UoP. (5.47b)

L AUn A () i
() == =" e o (5.48)

In order to obtain high sensitivity, voltage U, and lifetime 7y of the charge
carriers should be as large as possible. However, the last requirement leads to an
increase of the rise time 7., which is limited by the mean lifetime 7y :

T~ 227 (5.49)

The charge carriers existing without irradiation are generated by thermal
excitation. Therefore, the number N, can be reduced by cooling, which affects
positively the sensitivity. Noise is also reduced by cooling. It consists of thermal
noises of measuring resistor and photoresistor as well as of generation-recombi-
nation noise of the photoresistor.

Photoresistors are available for the visible and infrared spectral range, see
Table 5.1. With extrinsic photoconductors having doped impurities rise times in
the nanosecond range can be achieved provided an appropriate carefully designed
circuit is taken.
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Table 5.1 Spectral ranges and operating temperatures of some photoresistors

Intrinsic photoconductor Impurity photoconductor

Material Wavelength Temperature Material ~ Wavelength Temperature
range [pm] [K] range [pm] [K]

CdS 0.5-0.9 295 Ge:Au 19 77

Pb S 0.6-3.0 295 Ge:Cu  6-29 4.2

Pb S 0.7-3.8 77 Ge:Zn  7-40 4.2

Pb Se 0.9-4.6 295 Ge : Sb 40-140 4.2

In Sb 0.5-6.5 195

HgCdTe 2-24 77

5.3.2 Photovoltaic Element and Photodiode

A photovoltaic element is composed of a semiconductor with a p- and a n-doped
region, see Fig. 5.23, forming a p-n junction. The conducting electrons of the
n-type side diffuse into the p-type region. Conversely, positive holes migrate from
the p-type to the n-type side. The remaining stationary charged acceptor and donor
atoms form a contact potential between the two regions, the so-called built-in
voltage. It prevents a further diffusion of free charge carriers. Due to the recom-
bination of electrons and holes between the n- and p-type material a zone free of
mobile charge carriers—i.e. a non-conductive layer—with a typical thickness of
about 1 um is formed.

If photons are absorbed in the non-conductive layer of a photovoltaic element,
free electron-hole pairs are generated. Due to the built-in voltage, electrons
migrate to the n-doped side and, reversely, holes to the p-type region, respectively.
If the semiconductor is short-circuited by an outer conductor, see Fig. 5.24a, a
short circuit photocurrent flows being proportional over many orders of magnitude
to the number of generated electron-hole pairs per unit time and thus to the
incident radiant flux. At open circuit conditions, the open-circuit voltage increases
logarithmically with the radiant flux. The general relationship between photo-
current / and potential drop U at the photovoltaic element is given in Fig. 5.25.
Circuitry-wise, the photovoltaic element is represented by a current source,
wherein both, the short-circuit current and the internal resistance, depend on the
radiant flux of the irradiated light.

A photovoltaic element may also be operated as a photodiode. To this end, the
photovoltaic element is reverse-biased, see Fig. 5.24b. By this reversed voltage,
the electrons are pulled out of the n-layer and holes from the p-layer, i.e., the non-
conducting depletion layer is increased. So, only a very small reverse current will
flow. This reverse current is also called dark current. It is fast increasing with the
reverse voltage to saturation. The dark current I3 can be largely suppressed by
cooling. If light of a suitable wavelength is absorbed in the depletion layer,
electron-hole pairs are created and the reverse current increases. In addition to the
dark current, a so-called photocurrent flows, see Fig. 5.25, induced by the
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Fig. 5.23 Schematic diagram of a p-n junction
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Fig. 5.24 Schematic representation of a photovoltaic element and b photodiode, in both cases
short-circuited

/]
= 7

op photodiode /
photovoltaic
3P cell

voltage U —»

o

photocurrent / —»
)

Fig. 5.25 Current to voltage characteristics of a photovoltaic element (U > 0) and a photodiode
(U < 0) at different radiant fluxes P of the irradiated light

irradiated light. For the measurement technique it is important that the saturated
photocurrent Iy, i.e., the reverse current minus the dark current in case of a
sufficiently high reverse voltage, is proportional to the absorbed radiant flux P:

A
_Anep
hf

Iy (5.50)

Thus the wavelength-dependent sensitivity of the photodiode, see Fig. 5.26, is:
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Fig. 5.26 Sensitivity of a germanium photodiode at 77 and 295 K as a function of the
wavelength

“ly_AG)() e

Z:
P hc

(5.51)

Especially for broadband measurements the photocurrent is measured with the
help of a measuring resistor R, see Fig. 5.27. In order to obtain a large measuring
voltage U,,, the measuring resistor R, should be chosen as large as possible. This
has, in the case of the photovoltaic element, the disadvantage that the measuring
voltage U,, is no longer proportional to the absorbed optical flux P. The measuring
resistor R, must therefore be relatively small, so that practically the short circuit
current is measured. The situation is more favorable for the photodiode. In this
case the photocurrent /,;, is independent of the applied voltage Uy, as far as the
voltage is sufficiently high to reach saturation. The resistance R,, can be chosen
relatively large. But it is important to ensure that the voltage drop across the
photodiode must be sufficiently high to saturate the photocurrent.

The minimum time resolution of a photovoltaic element and a photodiode is
determined by the capacitance Cy of the depletion layer and the measuring resistor
R.,. The shortest possible rise time is:

Ty = 2.2RmCd1. (552)

For this reason, both, measuring resistor R, and depletion layer capacitance Cg,
must be kept as small as possible. The greater the reverse voltage in the photo-
diode, the greater is the thickness of the depletion layer. Therefore, the capacitance
Cq of the depletion layer decreases with increasing reverse voltage. This is the
reason why photodiodes have smaller rise times than photovoltaic elements. In
order to realize high frequency measurements, the maximum reverse voltage
should be applied to the photodiode. Thus it is possible to achieve bandwidths in
the GHz range.

The noise of photovoltaic elements or photodiodes is determined by the
quantum noise of the photocurrent, the dark current noise, the generation-
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Fig. 5.27 Circuit to measure the photocurrent of a a photovoltaic element, b a photodiode

Table 5.2 Spectral sensitivity ranges and working temperatures of some photodiodes

Material Wavelength range =~ Temperature =~ Material Wavelength range ~ Temperature

[m)] [K] [nm] (K]
Si 04-1.1 295 InAs 0.6-3.2 77
Ge 0.5-1.8 295 InSb 0.6-5.6 77
InGaAs 0.9-1.7 295 HgCdTe 2-15 77
InAs 1.0-3.7 295 PbSnTe 8-12 77

recombination noise and the thermal noise of the measuring resistor. The two latter
noise components can be reduced by cooling.

Commercially offered photodiodes cover the ultraviolet, visible and infrared
spectrum from 0.13 to 26 um. Partly, they have to be operated cooled, because of
both, the signal-to-noise ratio or the high dark current. Some examples are given in
Table 5.2.

For special applications, a series of modified photodiodes is available. Firstly,
we mention the PIN photodiode. Typical for a PIN photodiode is the relatively
wide undoped zone, which is arranged between the p- and n-layer. In this zone, the
incident radiation generates electron-hole pairs, see Fig. 5.28. The name of the
PIN diode reflects the doping of the three layers (p-i-n). Here i stands for the non-
doped, so-called intrinsic layer.

Compared to the normal photodiode the broad, high-ohmic zone has two
advantages. On the one hand, the dark current is quite low. The other advantage is
the very small junction capacitance. PIN photodiodes can therefore reach band-
widths of up to 20 GHz. These large bandwidths, however, are no longer limited
by the R,,Cq4 time constant, but by the drift time of the generated electron-hole
pairs in the intermediate layer.

Next, we discuss the avalanche photodiode. An avalanche photodiode is operated
with a very large reverse voltage of several hundred volts. Therefore, the charge
carriers, which are generated by the incident light in the depletion layer, gain much
energy in the electric field of the depletion layer. By impact ionization the number of
charge carriers increases strongly, like an avalanche. That is why the photocurrent is
amplified with low noise. Typical gains are between 50 and 200. However, with
increasing gain, the bandwidth decreases. For an avalanche photodiode, the product
of gain G and upper cutoff frequency f; is a characteristic quantity:
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Fig. 5.28 Set-up and circuit |
of a PIN photodiode. p p-
doped region, i intrinsic

region, n n-doped region :> :
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o

Gf. = const. (5.53)

The product reaches values of up to 200 GHz.

Finally, it should be pointed to Schottky diodes. For a Schottky diode a
semiconductor is brought into contact with a metal. An intermediate layer is
created having properties similar to those of a p-n junction but with a lower
forward voltage. Schottky diodes can achieve rise times of less than 1 ns.

5.4 Space-Resolving Detectors

For many tasks of laser measurement technology, spatially resolving detectors are
required. For this aim, a great variety of detectors are available. The most
important and mostly used detectors are summarized below.

5.4.1 Photographic Films

We start with the oldest position-sensitive detector, the photographic film.
Photographic films have the advantage that they do not only serve as a detector,
but also as a storage medium for the detected radiation.

Photographic films or plates are light-sensitive layers, which are deposited on a
carrier, mostly made of plastic, paper or glass. The light-sensitive layer consists of
gelatin, in which the photosensitive substance is suspended as microscopic par-
ticulates. Usually, a salt of a silver halide, e.g. AgBr, serves as photosensitive
substance.

When light falls on the photographic film, the grains of silver halide are more or
less photo-chemically activated depending on the exposure. So a latent image is
created. In a subsequent chemical development process, the activated silver halide
grains are reduced to metallic silver. By this means the latent image is made
visible, since the finely divided metallic silver appears black. The silver halide
being not activated by incident light, is removed in a subsequent fixing process, see
Fig. 5.29. The final washing with water removes all of the soluble chemicals. The
individual steps must be performed according to the advice of the manufacturer.
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Fig. 5.29 Development of a photographic film

The number of metallic silver grains per unit area is a measure for the applied
radiant exposure. Their number can be counted with an optical microscope.
However, it is customary, to measure the local transmittance 7" of the developed
film. Therefore, a small area is illuminated with white light. T is given by the ratio
of the transmitted intensity / and the incident intensity I:

1
r=L. (5.54)
I

The decadic logarithm of 1/T is called optical density:
Iy
D= —log,, T = 10g107- (5.55)

An optical density of D = 2 means, for example, that 1 % of the incident light
penetrates the developed film. The optical density depends on the radiant exposure
H, which is the product of incident irradiance / and exposure time T:

H=1Ix. (5.56)

In addition to the radiant exposure, there is also the luminous exposure. Instead
of irradiance (unit: W/m?) in (5.56) the illuminance (unit: lux, 1 lux = 1 lumen/
m?) is used. In this book we denote both quantities with H.

A plot of the optical density D as a function of the decadic logarithm of the
exposure H is called characteristic curve, see Fig. 5.30. At low exposure, there is a
constant optical density known as optical fog density. It is not caused by the light
exposure. This optical density is related to the absorption in the carrier material or
is caused by the development process itself. At a certain exposure, the so-called
threshold, a small increase of the optical density begins. It is followed by a region
with a constant slope. In this region, with a range of about two decades, the
photographic layer is most commonly used. Finally, the slope decreases and the
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Fig. 5.30 Optical density of a photographic film as a function of the logarithm of the radiant
exposure

optical density levels off to saturation. For even higher exposures the optical
density decreases again. This effect was first observed in photographs of the sun
and is, therefore, called solarization. This is caused by unwanted photochemical
reactions, which occur at high exposures.

The optical density of a photographic emulsion is produced by the exposure H = I.
Usually, the law of reciprocity is valid, i.e., it is irrelevant, whether the exposure is
caused by a short-term and high irradiance or by a small irradiance over a longer
period. Deviations appear particularly at very short exposure times using bright light,
for example, in high-speed photography, and at slow shutter speeds with low irra-
diances, e.g., in astronomy known as Schwarzschild effect. For the same exposure,
the optical density depends on, whether the light energy is provided continuously or
at several time intervals. This phenomenon is called intermittence effect.

The sensitivity of a photographic layer is characterized by the exposure H.,,
which leads to an optical density that exceeds the optical fog density by a certain
value, usually AD = 0.1. Pure silver halide films are much more sensitive to blue
and UV light than to green and red wavelengths. That is why sensitizing dyes are
added to the film emulsion in so-called ortho chromatic and pan chromatic films to
expand the spectral range, see Fig. 5.31.

According to the standard ISO 5800, the sensitivity of a photographic emulsion
is given by two redundant ISO numbers, which summarize both, the ASA number
and the DIN number corresponding to an arithmetic and logarithmic scale,
respectively [6]. Example: If a film is specified as ISO 100/21°, it means that the
ASA number is 100 and the DIN number is 21. If the sensitivity of a film is
doubled or halved, the ASA number is doubled or halved, too, while the DIN
number rises or falls by 3 DIN, respectively. The relation between ASA and DIN
numbers is provided by Table 5.3. For digital still cameras the standard ISO
12232:2006 describes different techniques to determine the exposure index rating
at each sensitivity setting [7].
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Fig. 5.31 Reciprocal minimum exposure (1/H;,) for a typical unsensitized, ortho chromatic and
pan chromatic film as a function of the wavelength

Table 5.3 Comparison of the sensitivity specifications according to ASA and DIN

ASA 2.5 8 25 80 250 800 2500
DIN 5 10 15 20 25 30 35

The sensitivity of a photographic film can be increased by a pre-exposure, e.g.,
with the light of an electrical spark. By this, the layer is sensitized to such an
extent that a further minor exposure leads to an observable blackening. In addition,
there is the possibility to increase the sensitivity of photographic film by special
chemical pre-treatments or by special additives used in the development process.

Another quantity, which is defined by the optical density curve, is the y-value. It
describes the slope of the straight part of the characteristic curve, see Fig. 5.30:

y = tana. (5.57)

o is the angle of inclination of the straight part of the characteristic curve. The -
value is a measure of the contrast.

The spatial resolution of a photographic layer describes its ability to record
smallest details. The resolution is defined as the number of line pairs per mm,
which can be resolved by the photographic film. A line pair is a light and a dark
line. Special high-resolution layers, e.g. for applications in holography, see
Chap. 7, have a resolution of about 5,000 line pairs per mm. This corresponds to a
maximum storage capacity of 2.5 Gbit/cm?. The limit of resolution is mainly due
to two phenomena: the finite size (granularity) of the silver halide and the scat-
tering of light in the substrate. High-resolution layers require small, homoge-
neously distributed grains.

In the previous, it was tacitly assumed that the exposure took place with white
light, i.e., daylight. If the optical density curve is recorded with monochromatic
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light, there are clear differences, see Fig. 5.32. All quantities that are defined by
the characteristic optical density curve—threshold, sensitivity, y-value, etc.—are
wavelength-dependent.

Photographic films are not available for the spectral range of A > 1.3 pum.
Therefore, the radiation of a CO, laser (A = 10.6 um) is not able to blacken a
photographic layer. However, under certain circumstances infrared radiation may
sensibilize photographic film. By a subsequent irradiation with visible light, the
previously sensitized areas become visible.

5.4.2 Phase-Modulating Recording Materials

The photosensitive films can be divided into two classes:

e amplitude-modulating and
e phase-modulating materials.

The films discussed in the section before, belong to the amplitude-modulating
ones. When light falls on an exposed and developed silver halide layer, intensity
and hence amplitude of the transmitted light are modulated according to the
blackening pattern of the developed film. The situation is quite different, when
using a phase-modulating material. In this case, the amplitude or intensity remains
constant while the phase of the transmitted wave is modulated. Phase-modulating
recording materials are almost exclusively used in holography, see Chap. 7. They
are produced, for example, by bleaching from an ordinary exposed and developed
film layer. By suitable wet chemical processes, the silver grains, which are
responsible for the blackening, are transformed into a transparent silver salt.
According to the original existing blackening pattern, a space-dependent salt
concentration is formed causing a spatial modulation of the refractive index.

Other phase-modulating recording materials, e.g. thermoplastic photographic
plates, convert the incident light into a surface relief pattern, see Fig. 5.33. In the
following, we will discuss the principles of thermoplastic recording materials.
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Fig. 5.33 Change of the
phase front of a plane light
wave passing through a
transparent layer of varying
thickness. The refractive
index of the layer is greater
than that of the surrounding
atmosphere

incident plane phase-modulating transmitted
wave plate wave

In general, photothermoplastic recording materials utilize a glass plate as a
carrier being coated with an optically transparent and electrically conducting layer.
Above this layer, there is a photoconducting layer. This layer becomes electrically
conductive, when it is illuminated. On the photoconducting layer, the actual
thermoplastic material is disposed, see Fig. 5.34.

In the following, the different steps of exposure and development of a ther-
moplastic plate are described:

(a) Before recording, the plate must be sensitized in darkness. This is done by
spraying positively charged ions to the surface of the thermoplastic plate. The
electrically conductive layer is connected to ground and thus loads nega-
tively, see Fig. 5.34a.

(b) After this initial charging, the exposure can take place. As a result the photo-
conducting layer becomes partially conductive and—depending on the local
exposure—the applied potential difference decreases. Thereby, the negative
charges from the conductive layer approach the thermoplastic layer, see
Fig. 5.34b.

(c) By a second charging process, the different potential differences, which were
induced by the exposure, are compensated. By this, different strong electric
fields are created in the thermoplastic material, see Fig. 5.34c.

(d) In the last step, a current is allowed to flow through the conducting layer.
Because of Joule heating, the thermoplastic material is heated above its
softening point. The electric fields of different sizes, corresponding to the
applied spatial exposure pattern, deform the surface of the thermoplastic
material. This structure is frozen by rapid cooling and is stable at room
temperature, see Fig. 5.34d.

The maximum spatial resolution is about 2,000 line pairs per mm. The process
described, from exposure to freezing, takes only a few seconds.

Already exposed plates can be deleted in about a minute and be reused. To
recover the plate, it must be re-heated. If heating temperature and heating time are
matched with the surface tension of the softened thermoplastic material, the sur-
face relief will be smoothed again.
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Fig. 5.34 Principle of a photothermoplastic plate. a sensibilization by a first charging,
b exposure with subsequent charge transport through the photoconductor, ¢ second charging
and generation of the deforming electric field, d heating and subsequent deformation of the
thermoplastic material

5.4.3 Radiation Converter

Radiation converter transform infrared (IR) or ultraviolet (UV) light into visible
(VIS) light. Correspondingly, we distinguish between IR-VIS- and UV-VIS con-
verters. Both types of converters are based on the same principle, the phospho-
rescence. According to this phenomenon, some materials, so-called phosphors,
emit visible light, after they were exposed, for example, to UV light. Phospho-
rescent material does not immediately re-emit the radiation it absorbs. It lasts,
depending on the phosphor, fractions of a second to several months, before re-
emission occurs.

IR-VIS and UV-VIS converters have the same structure. They consist of a
carrier plate, on which a phosphorescent material is deposited. Firstly, we consider
UV-VIS converters. If UV light of a suitable wavelength strikes on the phosphor,
then visible luminescent radiation is released. The system operates as a UV-VIS
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converter. In order to get an intense afterglow, the phosphor should re-emit the
visible light in the shortest possible period of time.

For the construction of IR-VIS converters, phosphors having a long afterglow
are chosen. Before using, IR-VIS converters must be activated, e.g. by UV light or
daylight. Due to the long storage time, luminescent light is emitted over hours or
days. Hence, virtually no afterglow is observed. If infrared light of a suitable
wavelength irradiates an activated converter, then immediately the emission of
visible luminescent light is triggered. With commercially available IR-VIS con-
verters, the spectral range between 0.7 and 2 pum is covered. They are also called
IR sensor cards.

The phosphorescence is a temperature-dependent effect, i.e., the storage time of the
phosphors decreases with increasing temperature. This effect is used in the so-called
thermal converters. If IR radiation falls on an activated thermal converter, visible light
is emitted under the influence of the heat generated by the absorbed IR radiation.
Thermal converters can also be used in the range A > 2 um. Therefore, they are suited
to detect radiation of the CO, laser, which has a wavelength of 10.6 pm.

IR-VIS and UV-VIS converters are not suitable for quantitative and time-
resolved measurements since they only provide a visual impression of the spatial
irradiance distribution. This visual impression is often sufficient, for example, to
adjust optical components. Therefore, IR-VIS and UV-VIS converters are indis-
pensable tools while working with IR and UV lasers. Continuous minimum laser
irradiances of about 2 pW/cm? to 1 W/cm?—the last value is typical for thermal
converters—are required to observe the luminescence of a converter in a darkened
room with the naked eye.

5.4.4 Image Converter

The structure of an image converter is sketched in Fig. 5.35. The object is imaged
onto the photocathode via an optical imaging system. There, the incident light
induces the emission of electrons from the cathode, according to the photoelectric
effect. Thus, the optical image is converted to a corresponding negative charge
pattern on the cathode. This charge pattern is then mapped onto a phosphor screen
acting as anode. Finally, a visible image of the object arises. In order to store the
image, it can either be photographed or recorded with a video camera.

The imaging of photoelectrons from the photocathode to the phosphor screen
can be realized in several ways. In the electron-optical image converter, an
electron lens is used. Such an electron lens maps the electrons to the anode by
suitably selected electrical and magnetic fields.

In the so-called image converter diode, the electron lens is omitted. Photocathode
and anode face each other at a small distance of a few mm. Applying a high voltage of
several kilovolts, the photoelectrons are accelerated along the shortest path to the
phosphor screen and anode. This is referred to as a 1:1 imaging. Such an image
converter is called proximity focus image intensifier diode.
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Fig. 5.36 Image converter with a microchannel plate

In recent years, microchannel plates (MCP) are used increasingly in image
converters. A microchannel plate consists of a large number of typical 10’ min-
iaturized channel electron multipliers, see Sect. 5.2.3. The single channels have
typically only a length of 1 mm and a diameter of 10 um. The charge pattern of
the photocathode is transferred to the input of the microchannel plate with the help
of an electron lens or, as sketched in Fig. 5.36, achieved by a 1:1 mapping using
the proximity approach as described above. The electrons then pass through the
channels of the microchannel plate, where they are multiplied by secondary
emission. At the exit side of the microchannel plate, the amplified charge pattern
of the photocathode occurs. Finally, the electrons are accelerated towards the
phosphor anode, where they form the visible image. Image converters cannot reach
the high resolution of photographic films. On the phosphor screen up to 80 line
pairs per mm can be distinguished.

Depending on the spectral sensitivity of the photocathode, an image converter
allows to record images in the invisible spectrum, e.g. the UV and X-Ray region.
Image converters have found widespread use as infrared cameras. Another
application focus of image converters is in high-speed measurement techniques. In
this case, either the voltage applied to the electron-optical imaging system is
pulsed, or the flow of the photoelectrons from the photocathode to the phosphor
screen is controlled by an electrical grid. By these ways it is possible to make
recordings with exposure times of less than 1 ns. Finally, it should be pointed to
the fact that an image converter can also be used as an image intensifier. Because
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Fig. 5.37 Schematic representation of a MOS capacitor. a Prior to exposure, b after exposure

of the acceleration of electrons between cathode and anode or because of electron
multiplication in case of the microchannel plate, bright images of faint objects can
be recorded. Image converters operate as image intensifiers, for example, in night
vision equipment and in astronomical telescopes.

5.4.5 Solid-State Image Sensors

Solid-state image sensors have in general two parts:

e They consist of one or more rows of closely spaced light-sensitive detectors
(pixels). Commercially available are lines with partly more than 10° pixels and
two-dimensional arrangements with partly over 10® pixels.

The light-sensitive elements of solid-state sensors are either reversed biased
photodiodes, as explained in Sect. 5.3.2, or so-called MOS capacitors.

MOS stands for metal-oxide-semiconductor. A MOS capacitor is depicted
schematically in Fig. 5.37a. It is composed of three layers. On a, e.g., p-doped
silicon substrate, a thin insulation SiO,-layer is applied. On top of that an
electrode follows, which is initially held at a positive potential of about 10 V.
Incident light generates electron-hole pairs in the p-doped substrate. The
positively charged holes flow to the ground, while the electrons migrate
towards the positive electrode. However, due to the insulating layer the elec-
trons do not reach the electrode. They accumulate underneath the electrode, see
Fig. 5.37b. The number of stored electrons in a MOS capacitor is a direct
measure of the local exposure.

e Solid-state image sensors have a readout circuit, which relays and multiplexes
the signals from each pixel to the output. There are different designs for readout
electronics. Most common are MOSFET readout, CCD readout and CMOS
readout.

Today, three types of solid-state image sensors are established. We briefly look
at these three most used types of sensors.
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Fig. 5.38 Illustration of the
principle of charge-coupled
transport. 1-4 electrodes cf.
Fig. 5.37

(a) Photodiodes with MOSFET readout—photodiode array

Photodiode arrays (PDAs) consist of a silicon substrate on which up to some
thousands of photodiodes are monolithically integrated as e.g. lines with 128, 256,
512 or 1024 pixels or 2-dimensional arrays with 256 x 256 pixels. At the beginning
of a recording cycle, the PDA, which are reversed biased, are charged, see
Sect. 5.3.2. Subsequently, the individual p-n junctions are—more or less—dis-
charged depending on the exposure by the incident light. Via a MOSFET switch,
each p-n junction is connected to the video output. During a recording cycle, each p-
n junction is connected sequentially to the video output. This is realized with a shift
register that works with a clock frequency of about 1-10 MHz. Thereby, the par-
tially discharged p-n capacities are recharged. The charging current is used as video
signal. If a photodiode array consists of N p-n junctions, the video signal is com-
posed of a series of N pulses per image. The pulse height of a single pulse is a
measure of the incident radiant energy at the corresponding pixel.

(b) MOS capacitors with CCD readout—CCD image sensor

Let us now consider construction and operation of a CCD image sensor. The
abbreviation CCD stands for Charge-Coupled Device. For the invention of CCD
detectors, W. Boyle and G. Smith received in 2009 the Nobel prize in physics.

A CCD chip consists of a large number of MOS capacitors. In order to read out
the stored charges in the various MOS capacitors, the charge-coupled device
transport principle is applied. This principle is shown schematically in Fig. 5.38.
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Fig. 5.39 Quantum efficiency of back illuminated and front illuminated CCD image sensors
based on silicon as a function of the wavelength, data from [33]. By an UV coating the sensitivity
range can be extended significantly into the UV spectral range

Let us consider four juxtaposed MOS capacitors. At the beginning, only capacitor
number 2 is energized and charged, see Fig. 5.38a. Subsequently, electrode 3 is
also set to a positive potential. Then, the stored charges are redistributed between
the two electrodes 2 and 3, see Fig. 5.38b. Then, electrode 2 is grounded.
Therefore, all charges are gathered under electrode 3, see Fig. 5.38c. Hence, the
goal is achieved: charges stored in a certain MOS capacitor have been pushed into
the adjacent capacitor. The charge transfer from one cell to another is virtually
lossless, i.e., the charge transfer efficiency is about 100 %.

The principle of charge-coupled device transport is repeated in all MOS
capacitors again and again. The charge packets generated by the exposure and
stored in the MOS capacitors travel in the direction of the output stage along the
interface between silicon substrate and insulator. The output stage converts the
individual charge packets into a voltage signal, i.e. the actual video signal. Silicon-
based photodiode arrays and CCD detectors are sensitive in the visible and near
infrared spectral range from 0.4 to 1.1 pm, see Fig. 5.39. CCD sensors are
available with up to some 107 pixels. The spatial resolution of an image sensor
depends on the distance between two neighboring pixels. A resolution of more
than 100 line pairs per mm is achievable. With modern CCD detectors, the dis-
placement of charges from one MOS capacitor to the adjacent MOS capacitor lasts
a period of a few 10 ns.

Electron-hole pairs are not only induced by incident light, but also due to the
temperature of the semiconductor material. This leads to a dark current. Hence, for
special applications where low radiant fluxes have to be detected, the sensors are
cooled to reduce the noise level.
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Fig. 5.40 Set-up of a a lateral effect diode, b a four-quadrant diode

(c) MOS capacitors or photodiodes with CMOS readout—CMOS image sensor

A CMOS image sensor is based on CMOS technology. CMOS is the abbrevi-
ation of Complementary Metal Oxide Semiconductor. A CMOS sensor is com-
posed of a greater number of MOS capacitors or photodiodes of up to some 10”. In
contrast to a CCD sensor, each pixel of a CMOS image sensor contains some
transistors to read out the signal. Partly, components for exposure control and A/D-
conversion are integrated too. Therefore, each pixel can be processed individually.

CMOS image sensors can be read out faster and reach higher frame rates.
Moreover, CMOS sensors have no unwanted charge transfers between adjacent
pixels called blooming effect or smear effect. They have a lower power con-
sumption and are cheaper to produce. On the other hand, CCD image sensors are
more sensitive with lower noise. In the 70 and 80th of the last century, CCD image
sensors had clearly a better performance than CMOS image sensors. Nowadays,
with an improved CMOS technology, both are equivalent alternatives in measuring
techniques.

5.4.6 Lateral Effect Diode

A simple realization of one-dimensional position measurement is provided by the
lateral effect diode. The principle is shown in Fig. 5.40a. An elongated PIN
photodiode, see Sect. 5.3.2, of length L and three connections, A, B and M, is
reverse biased. A light beam incident at location x generates electron-hole pairs
and a photocurrent I, starts to flow. Like a potentiometer, the photocurrent I,
corresponding to position x, divides into two currents /5 and I, which drain off via
the connections A and B, respectively, see Fig. 5.40a. The partition ratio is:
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I I
x=—02_1=2"p (5.58)
In+1p Iph

Under favorable conditions, a spatial resolution of about 1 pm can be achieved.
In a non-spot-light illumination, (5.58) gives the “center of mass” of the irradiance
distribution.

In the quadrant-photodiode, the photoelectric layer is mechanically divided into
four quadrants. When light falls on the reverse biased diode, the photocurrent is
distributed to four electrodes A, B, C and D, see Fig. 5.40b. The current distri-
bution yields the “center of mass” of the incident radiation distribution. Provided
all four quadrants deliver the same photocurrent, then the center of the irradiance
distribution is in the middle of the diode.

5.5 Measuring of Detector Signals

Most detector signals are available both, as electric current or voltage signals. In
this section we want to deal three tasks of electrical metrology, which are
important for measurements with detectors.

5.5.1 Broadband Signals

All previously discussed detectors convert absorbed light energy into an electrical
signal. Usually, the signal is available in the form of a voltage, which is picked off at a
measuring resistor R,,. Thereby, we speak of a broadband signal, if the frequency
spectrum spans a wide range. The width of the frequency spectrum increases for
shorter rise times and shorter pulse widths of the signal, cf. relation (5.8a).

When measuring the voltage drop across R, it must be ensured that the
transmission of the signal from the measuring resistor to the measuring electronics
occurs without significant distortions. As an example, we consider the voltage
measurement with an oscilloscope, see Fig. 5.41.

Commercially available coaxial cables have wave impedances in the range of
50-93 Q. For most measurement purposes, 50 € cables are used. In order to avoid
a signal reflection at the end of the cable, which would lead to a distortion of the
measured signal, the input resistance R; of the oscilloscope must be equal to the
characteristic impedance Z of the coaxial cable. This is for some oscilloscopes the
case. However, for many oscilloscopes typical input resistors are about 1 MQ.
That is why the input resistor R; of the oscilloscope has to be bridged with a
matching resistor R,,,, = Z, see Fig. 5.41. A coaxial cable being bridged at the end
with its characteristic wave impedance operates like a parallel circuit of an ohmic
impedance Z with the measuring resistance R, see Fig. 5.42. The effective
resistance of this equivalent circuit is:
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Fig. 5.42 Equivalent circuit of a coaxial cable, which is matched with a resistor (R, = Z)

. R.Z
R, = —m2 55
" Rnt+Z (5:5%)

Since mostly Ry, > Z, (5.59a) simplifies to:
Ry~ Z. (5.59b)

In this case, the measuring resistor can be omitted since the bridged coaxial
cable acts as a measuring resistor.

The sensitivity of the system is changed by the matched coaxial cable. In the
common case that the detector is—for a given radiant flux—a constant current
source and R, > Z holds, the measured voltage is reduced by a factor of
ZR, < 1.

While measuring static signals, no matching resistor R, is necessary since no
disturbing reflections occur at the end of the cable. This also applies to ‘slowly’
varying signals. In this context, ‘slowly’ means that the largest frequency com-
ponents of the signal are small compared to the reciprocal roundtrip transit time of
the cable. For a typical cable length of 2 m and a signal speed 2 x 10® m/s, signals
up to a bandwidth of about 1 MHz, which corresponds to rise times of about
350 ns, can be considered as ‘slow’.



140 5 Detection of Electromagnetic Radiation

from the to measuring tool
detector or coaxial cable

(o, L O

Fig. 5.43 Non-inverting operational amplifier with an amplification factor G = 1 for impedance
conversion

5.5.2 Impedance Conversion

In many measurement problems a big measuring resistor, e.g., 10 MQ is needed to
achieve a high sensitivity. In this case, voltage measurements can be problematic if the
input resistance of the voltmeter is no longer small compared to the high-impedance
measuring resistor. In case of an oscilloscope, for example, the input resistor is usually
1 MQ or, when using a matched 50 Q coaxial cable, only 50 Q. Therefore, in general,
the voltage drop across R, changes, when a measuring instrument is connected. This
must be considered for the evaluation of the measured signal.

This problem can be avoided, if a suitably chosen preamplifier is arranged
directly behind the measuring resistor. The preamplifier must have an input
resistance R;,, which is large compared to the measuring resistor R,,. On the other
hand, the output resistance of the preamplifier must be small compared to the input
resistance of the subsequent measuring instrument or the characteristic impedance
of the coaxial cable to be connected. In other words, the preamplifier operates as
an impedance converter. Operational amplifiers as well as FET amplifiers are used
as preamplifiers. Figure 5.43 shows a typical circuit of an operational amplifier
with amplification factor G = 1. Thus, impedance conversion allows to connect a
measuring instrument, which displays the unaltered measuring voltage.

Many manufacturers offer radiation detectors with an integrated preamplifier.
The preamplifier serves not only as an impedance converter, but also as a multi-
plier of the sensitivity (G > 1). However, an increase of the amplification factor is
always accompanied by a decrease of the bandwidth of the amplifier.

5.5.3 Current=Voltage Conversion

In the matters discussed in Sect. 5.3.2, we learned that the short circuit current /.
of a photovoltaic cell is proportional to the radiant flux of the incident light. The
measured voltage drop Uy, across the measuring resistor Ry, is proportional to the
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Fig. 5.44 Measurement of the short-circuit current for, e.g., a photovoltaic element. a without
current—voltage conversion, b with current—voltage conversion

short circuit current Iy, if the resistor R, is chosen to be sufficiently small, see
Fig. 5.44a. This inevitably leads to a very small voltage U,, to be measured. Hence
in practice a current-voltage converter is used mostly. For the circuit sketched in
Fig. 5.44b, even with larger measuring resistors Ry, the equation

Un = Rl (5.60)

is valid, as long as the current flowing through R, is large against the input current
of the operational amplifier. With a resistor of Ry, ~ 1 M, this should apply
generally.

5.6 Summary and Comparison

In Chap. 5 an overview of the most used light detectors in laser measurement
technology was given. The most important characteristics of the different detectors
are summarized in the following tables.

In Table 5.4 the maximum sensitivity given refers to the minimum rise time. If
the rise time increases, in general, the sensitivity increases, too. For detectors,
which provide a current signal, the sensitivity was always based on a 50 Q resistor.
The specified spectral range will not be covered by a single detector type, in
general. Some special detectors are being used outside the specified spectral range.
Partly, a cooling (to 4.2 K) is necessary.

In Table 5.5 the most important spatially resolving detectors are compiled for
the use in laser measurement technology.
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Table 5.4 Summary of typical characteristics of non-position-sensitive light detectors

Detector version Min. rise time Max. sensitivity Typ. spectral
Trmin [NS] at T [VIW] application area [pum]
Thermal element 10* 10 0.2-30
Thermopile 10* 150 0.2-30
Metallic bolometer 5 x 10° 40 0.4-1000
Thermistor 5 x 10° 107 (T = 42 K) 0.4-1000
Pyroelectric detector 0.1 1073 0.1-1000
Phototube 0.1 15 0.1-1.2
Photomultiplier 0.1-1 10*-107 0.1-1.2
Photoresistor 1 5 x 10* 0.4-20
Photovoltaic cell 1 . 0.2-12
Photodiode 0.2 30 0.3-12
PIN photodiode 0.02 90 0.4-1.8
Avalanche photodiode 0.1 1,500 0.4-12
Schottky diode 10 5 0.2-1

Table 5.5 Maximum achievable spatial resolution and spectral range of position sensitive light
detectors

Detector type Max. spatial resolution Typ. spectral application
[line pairs /mm] area [pum]
Photographic layer 5% 10° <1.2
Thermoplastic layer 2 x 10° 0.3-0.6
IR-VIS—converter 15 0.7-1.7; 10.6
UV-VIS—converter 15 0.3-0.5
Image converter 80 0.1-1.2
Photodiode arrays 70 0.4-1.1
CCD 70 0.4-1.1
Position sensitive detector 10° 0.4-1.1
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Chapter 6
Laser Interferometry

Abstract First, we explain the basics of interferometry. Then we deal with
distance measurement using a polarization interferometer and a dual-frequency
interferometer. This discussion also includes angular and straightness measure-
ments. Finally, the Twyman-Green interferometer is presented, which can be used
for testing the quality of optical imaging components.

In the preceding chapters, the basics of laser measurement technology were pre-
sented. In this chapter and following Chaps. 7-14, some of the most significant
methods of laser measurement technology are explained. We start with laser
interferometry [1-5].

In interferometry light waves are superimposed that have traveled, in general,
differently long distances. The intensity—or more precisely the irradiance—of the
resulting wave is measured and from this, the path difference is determined. By
using interferometry, path differences can be determined with an accuracy of less
than a half wavelength. Interferometers have been known for a long time. In 1882,
A. A. Michelson performed interferometric experiments with the arrangement
described in Sect. 2.4.2. Because of the small coherence lengths and the low
spectral radiance (unit: Wsr™'m~2nm™") of thermal radiation, measurable path
differences were initially limited to less than 1 mm.

With the invention of the laser, i.e., a strong and coherent radiation source,
interferometry has gained new impetus. Through the use of lasers, the measuring
range was extended by orders of magnitude. Further, the accuracy was improved
and novel measuring methods could be developed.

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 145
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_6,
© Springer-Verlag Berlin Heidelberg 2015
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6.1 Fundamentals of Interferometry
6.1.1 Principle of Superposition and Complex Notation

The basis of interferometry is the principle of superposition, which was already
explained in Sect. 2.2.2. According to this principle different light waves do not
influence each other and can be brought to undisturbed superposition. If n light
waves are superimposed in a point in space, then the resultant field can be
calculated by vector addition of the individual sub-field strengths:

E= ZE (6.1)
i=1

When applying the principle of superposition (6.1), one should have in mind
that, in general, the summands describing the sub-waves have different amplitudes,
wavelengths and polarization directions and are shifted in phase with respect to
each other.

The determination of the sum (6.1) is simplified, if the real notation of a light
wave

E = Eqycos(wt — kz — @) (6.2)

is substituted by the complex notation

E = Eyel (k=) (6.3a)
or
E = Byl k) (6.3b)
with the complex amplitude
E, = Epe . (6.3¢)

In the following, we will always use the complex notation (6.3a), (6.3b) and
(6.3c). However, we should observe, that only the real part of (6.3a)—(6.3c) has a
physically demonstrative meaning:

E’v — Re [Evoei(wt—kz—(ﬂo)} = EO cos(a)t — kz — (PO)- (64)

The advantage of the complex notation is that additions can be executed easily,
without any knowledge of trigonometric addition theorems. After application of
the superposition principle using complex notation, the real part of the resultant
wave gives the same result as a calculation with real notation.
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The field strength of a light wave cannot be measured by direct observation.
However it is possible to measure the irradiance I, which is proportional to the
square of the amplitude, I o< E2, see (2.6). A look at (6.3a—6.3c) shows that

[ x E} = EE* = E\E},. (6.5a)

Here, the asterisk * denotes the complex conjugate quantity. Therefore, the
irradiance I of a light wave is given—except for a constant factor—by the absolute
square of the complex field strength or the absolute square of the complex
amplitude.

More precisely, the irradiance I corresponds to the time-averaged absolute

value of the so-called Poynting vector S=E x H, i.e.,

W (B B B

[ — < > _ <‘ _ Z0 _ Teff .

|S| z 22 Z (6.50)
with
T
R D
EX = >=7 Ejcos”(wt)dr. (6.5¢)
0

Z is the so-called wave impedance. For a plane wave, Z is given by:

Ko _ [Haz,, (6.5d)
&0 &

where

Zy = ? ~ 120mQ (6.5¢)
0

is the wave impedance of the vacuum.

In this section the complex field strength was underlined in contrast to the real
field strength to provide a better distinction. In the following we will use the
complex notation only. Hence, for the sake of simplicity, we do not underline the
symbols for the complex field strengths as done in (6.3a-6.3c), (6.5a).

6.1.2 Principle of a Laser Interferometer

In the widest sense an interferometer is any optical arrangement, in which two or
more light waves are caused to interfere. In case of a laser interferometer, a laser is
used as light source. All laser interferometers are based on the same principle: an
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Fig. 6.1 Set-up of a Michelson interferometer with retroreflectors

incident laser beam is split into, mostly two, coherent sub-beams. Subsequently,
the sub-beams, after they have traveled, in general, different long optical paths, are
superimposed again. Finally, the occurring interference pattern is analyzed.

If the two beams are shifted exactly an integer multiple of a wavelength against
each other, the interference pattern is the same as before the shift. Therefore an
interferometer determines distances in multiples of the laser wavelength.

Interferometers are used to solve a large number of metrological tasks. Inter-
ferometric distance and angle measurements have attained a particular industrial
importance, for example in mechanical engineering. The principle of interfero-
metric distance and angle measurement is explained in Sect. 6.2. Section 6.3 treats
the Twyman-Green interferometer which allows to test the optical quality of optical
components, such as e.g. lenses and mirrors. Other interferometric measurement
methods are described in Chap. 7, holography, and Chap. 8, speckle interferometry.

In laser interferometry, mostly optical arrangements are used, which are similar
in their basic structure to the interferometer proposed by A. A. Michelson, see
Sect. 2.4.2. Their set-up is sketched in Fig. 6.1. Compared to Fig. 2.19, retrore-
flectors are often used in laser interferometry. Regardless of their orientation, these
mirrors reflect incident radiation back into the direction from which the light came,
see Sect. 4.1.1.

If mirror 2 in Fig. 6.1 is moved along the x-direction, then the interference
pattern, i.e., a system of bright and dark fringes, moves in the detector plane, see
Fig. 6.2. (In Fig. 6.2 the fringes are illustrated in a simplified way with only two
intensity levels. In reality the fringe intensity varies continuously between maxima
and minima).

The active detector surface F should be minimized in order to gain a detector
signal with a large degree of modulation in terms of a high difference between high
and low signal levels. On the other hand, in the limiting case F' — 0, the absorbed
light power and thus the detection signal approaches zero. As a compromise, the
diameter of a circular active detector surface should be selected equal to the width
of a bright or dark interference fringe.
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Fig. 6.2 Simplified pattern detector
of interference fringes with a

detector to count bright-dark

transitions. The arrow
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From the number of bright-dark transitions of the detector signal, the dis-
placement of mirror 2 can be determined. However, the arrangement sketched in
Fig. 6.1 represents not a powerful interferometer since the direction of displace-
ment is not discriminable. If mirror 2 vibrates, for example, the caused bright-dark
transitions are incorrectly added leading to nonsensical results.

6.2 Distance Measurement Using Laser Interferometers

In practice polarization interferometers and dual frequency interferometers are
established [3-28]. The first commercial interferometer, which was used for length
measurement, was a polarization interferometer. In 1970, the first dual frequency
interferometers were put on the market. These two types of interferometers are
presented in the following.

6.2.1 Polarization Interferometer

Figure 6.3 shows the basic structure of a polarization interferometer. A helium-
neon laser (HeNe laser) generates a linearly polarized light beam, whose direction
of polarization encloses an angle of 45° against the plane of projection of Fig. 6.3.
With a telescope the beam diameter is expanded to a few millimeters thus reducing
the beam divergence, see Sect. 4.2.3. The subsequent beam splitter 1 reflects a
small part of the laser beam, which is required for frequency stabilization of the
laser. By a further beam splitter 2 the not deflected beam is split into a reference
beam and a measuring beam of equal irradiances. Measuring and reference beams
are reflected by retroreflectors. Both returning beams are split again and super-
posed. With the detectors A and B constructive and destructive interferences are
measured.
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Fig. 6.3 Set-up of a polarization interferometer

Let us ignore for a moment the quarter waveplate in Fig. 6.3. If we denote the
phase shift between the two waves at detector A with ¢, then the phase shift of the
two waves at detector B is ¢ + m. This phase difference of «t is a consequence of
the different numbers of reflections and transmissions that the waves have expe-
rienced at the beam splitter. If, e.g., the intensity at detector A is zero then—due to
the phase difference of m—the signal is maximal at detector B. However, this is not
the case here. The quarter wave plate converts the linearly polarized measuring
beam into a circularly polarized wave, i.e., in two linearly polarized beams ori-
ented perpendicularly to each other. The phase shift between these two beams
amounts to +n/2 or —n/2. The actual sign depends on the quarter wave plate. That
is why the phase shift of the two waves is ¢ + © £ ©/2 at detector B whereas it is
¢ at detector A. In order to enable the waves to interfere at detectors A and B,
polarizers are required in front of these. The forward directions of the polarizers
are chosen to be parallel or perpendicular to the plane of projection, respectively,
cf. Fig. 6.3. The field strengths at the two detectors are then given by:

Ex ox Egel®) + Eyei(@rte) (6.6a)
and
Eg o Egel() 4 Eyel(@rtox05m), (6.6b)
The respective irradiances are calculated as
Ipn o<1+ cos ¢, (6.7a)
Iy < 1 £ sing. (6.7b)

When the retroreflector 2 is displaced in the x-direction by the distance Ax, this
changes the phase ¢ of the measuring beam at the location of both detectors
according to:
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Fig. 6.4 a Signals of
detectors A and B having a
phase shift of /2,

b Representation of the two
detector signals in the X-Y
mode of an oscilloscope (see i 5 .
second quadrant) and input 0 A2 diagd A tA 3412
signals /4 at the Y-input, Iy at (b) SRACAMISIL e

the X-input of the [ &
oscilloscope, respectively, as
a function of the
displacement Ax

intensity o

Y

Ax
¥ins
Ap = 4117 (6.8)
For that reason, we can write:

Ax
In < 1 4 cos (q)o + 41'57>7 (6.9a)

Ax
Iy o< 1 £ sin (q)(, + 4117). (6.9b)

Here, ¢, is a system-specific constant. Its value is not required for the
evaluation.

The displacement of retroreflector 2 is measured in relation to the position of
beam splitter 2. The positions of beam splitter 2 and retroreflector 1 must therefore
be kept absolutely stable. However, a movement of the laser source is without
influence on the measurement. Therefore, it is advantageous to separate
mechanically the laser from beam splitter 2 and retroreflector 1.

Previously, it was tacitly assumed that the polarization state of the laser beam is
not changed at the beam splitters and retroreflectors. This is valid only in special
cases. Generally, compensators must be used to correct these undesirable changes
in polarization.

The curves of the intensities /5 and Iy as a function of the displacement Ax,
according to (6.9a, 6.9b), are shown in Fig. 6.4a. The phase shift between the two
signals is & m/2. Their spatial period is 4/2. The absolute value of the displace-
ment can be determined by counting the minima or maxima. But we can also gain
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Fig. 6.5 Set-up of a dual-frequency interferometer

information about the direction of displacement. To see this, we suppose that the
two detector signals are applied to the two inputs of an oscilloscope, operating in
the X-Y-mode. Then, a displacement Ax of retroreflector 2 causes a circle on the
oscilloscope screen. Each round corresponds to a displacement of Ax = A/2. Shifts
in the +x- or —x-direction differ in the sense of rotation, see Fig. 6.4b. For the
signals shown in Fig. 6.4a the resulting sense of rotation is anti-clockwise, see
leftward curved arrow in the second quadrant in Fig. 6.4b. If the phase of signal B
is shifted by =, see dash-dotted line of signal B in the third quadrant of Fig. 6.4b,
then the sense of rotation changes to clockwise, see rightward curved dash-dotted
arrow in second quadrant.

6.2.2 Dual-Frequency Interferometer

Figure 6.5 illustrates the basic structure of a dual-frequency interferometer.
Usually, a wavelength-stabilized HeNe laser is used where the discharge tube is
located in a longitudinal magnetic field. The magnetic field causes the laser to emit
two oppositely circularly polarized waves with slightly different frequencies f; and
f>. This is due to the so-called Zeeman effect. Without loss of generality, it is
further assumed that f; > f>.

The subsequent quarter wave plate converts the two circular waves into two
linearly polarized waves with orthogonal polarization directions. Their frequencies
differ typically by some MHz.

The subsequent telescope expands the laser beam. Beam splitter 1 extracts a
portion of the laser beam and guides the beam via a polarizer to detector A. The
forward direction of the polarizer is oriented in such a way that approximately
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equal fractions of the mutually perpendicularly polarized waves reach the detector.
Detector A yields a signal being modulated with the difference frequency f| — f>
and is deployed, inter alia, for wavelength stabilization of the laser source.

The non-deflected laser beam, which is not reflected by beam splitter 1, prop-
agates towards the interferometer. With the polarization-dependent beam splitter
cube 2, the incident wave is split into a reference beam with frequency f; and a
measuring beam with frequency f,. Both beams are linearly polarized with mutually
perpendicular directions of polarization. The retroreflectors deflect reference and
measurement beam by 180°, respectively. After reunion in the beam splitter cube,
they pass through a polarizer to detector B. Detector B delivers in the static case
(i.e. retroreflector 2 is not moving)—as detector A—a beat signal oscillating with
the difference frequency f; — f,. However, if retroreflector 2, which is fixed at
the object to be measured, moves in the positive x- or negative —x-direction, the
frequency of the reflected measuring beam decreases or increases due to the
Doppler effect:

Af = 2% (6.10)
A2

Here, v, is the velocity component in the x-direction of retroreflector 2, which is
mounted at the measuring object, and /1, is the wavelength of the incident mea-
suring beam without Doppler effect. Therefore, the signal measured by detector B
is modulated with the frequency f; — f> + Af>.

The beat signals yielded by the two detectors are fed to two separate counters.
For the further discussion we assume that one counter step corresponds to the half
of a beat period. Therefore, the counters A and B measure the following numbers
of steps:

Ny = Z(f] —fz)At (611&)
and
Np = 2(fi —fo + AR)Ar (6.11b)

in the time interval Az, respectively. Only the difference between the two counter
readings is displayed:

_ 4y, At B 4Ax

AN = N — Ny = 2AHAr = 22 =22 (6.12)
b 7

Here, Ax is the displacement of retroreflector 2—being mounted at the mea-
suring object—in the x-direction relative to the position of beam splitter cube 2.
Hence, the difference AN between the counter readings gives directly the shift
Ax in multiples of a quarter wavelength (4,/4). The sign of AN indicates the
direction—+x- or —x-direction—of the movement.
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The term f; — f> + Af> in (6.11b) becomes negative, if Af, < —(fj—f>). Since a
counter measures only the absolute value 2 |f; — f> + Afz2|At, (6.12) can therefore
be used only if Af, > —(f] — f>) or

Vy > Vymin = —M (6.13)

holds. With the wavelength of the HeNe laser (41, = 633 nm) and a difference
frequency f; — f> of 2 MHz, the minimum allowed velocity is v, = —63 cm/s, i.e.,
the absolute value of the speed |v,| of retroreflector 2 towards beam splitter 2 must
be less than 63 cm/s.

In practice, the maximum displacement speed is usually limited by the cutoff
frequency of the counting electronics to about 30 cm/s.

6.2.3 Wavelength as Length Scale

An interferometer measures distances in multiples of the laser wavelength. So, the
measuring accuracy depends on the exact knowledge and the constancy of the laser
wavelength. Thus only laser radiation with low bandwidth should be used for laser
interferometry.

In practice, usually frequency stabilized HeNe laser with a vacuum wavelength
of J9p =632.991399 nm [13] are deployed, which have a relative wavelength
stability of typically 10~'~10"®. The advantages of the HeNe laser are its good
beam quality, long service life and low price. As disadvantages we mention its
relatively large size, its sensitivity to acoustic and mechanical disturbances, as well
as its relatively low power output. Alternatives are semiconductor lasers and
diode-pumped solid-state lasers.

For an accurate distance measurement a precise knowledge of the laser
wavelength is required. The wavelength 4 depends on the refractive index n of the
propagation medium. It is:

ko

J (6.14)

n

Here, /¢ is the laser wavelength in vacuum.

Mostly, laser beams are traveling through atmospheric air. The refractive index
n of the surrounding air depends slightly on temperature, pressure and humidity.
In addition, other gases, e.g. solvent vapors, can influence the refractive index. At
normal conditions, i.e., temperature 7 = 20 °C, air pressure p = 1013.25 hPa
and humidity 59 % (corresponding to a partial pressure of water vapor of
Pwater = 13.3 hPa), the refractive index n of air is 1.000271274. In case of deviating
ambient conditions, the change in the refractive index can be calculated with the
approximate formula [13]:
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A 108 (27Ap _92AT 4.2prm)

6.15
hPa K hPa ( )

In the so-called parameter method, the air parameters along the measuring path
are measured at several positions. With this data the laser wavelength is calculated
by means of (6.14) and (6.15).

Another option is to measure interferometrically the refractive index of the
surrounding air with a refractometer. Absolute measuring refractometers compare
the refractive indices of air and vacuum. Commercial devices achieve a mea-
surement accuracy of An = 1.4 x 1077 [17].

6.2.4 Measuring Range and Measuring Uncertainty

The measuring range of interferometric measurements is principally limited by the
coherence length of the utilized laser light. Frequency-stabilized HeNe laser being
applied for interferometric measurements, have at most a relative bandwidth of
typically 10~’—10%. This corresponds, according to (2.28) and (2.29), to coher-
ence lengths between 3 and 30 m. If the length difference between the two
interferometer arms of a Michelson interferometer is approximately equal or
becomes greater than half the coherence length, the contrast of the interference
fringes decreases, see Sect. 2.4.2 and Appendix A.l. Therefore, the measuring
range of an interferometric system is limited by the order of magnitude of the
coherence length of the laser light.

With a more elaborate frequency control it is possible to achieve relative
bandwidths of less than 10~%. Experimentally, under ideal laboratory conditions, a
relative bandwidth of 2 x 10~' was reached for several seconds corresponding to
a measuring range of over 1,000 km [29]. Nevertheless, such large measuring
ranges cannot be realized practically.

Due to air turbulences, e.g., the measuring range of commercial systems is
limited to about 50-60 m.

Interferometric length measurements are among the most accurate methods at
all. The uncertainty of measurement will, inter alia, be determined by:

the wavelength stability of the laser,

the mechanical and thermal stability of the whole mechanical structure,

the resolution of the electronics, which evaluates the detector signals and by
the knowledge and constancy of the refractive index of the ambient air.

In most practical cases, the effects of the ambient air contribute dominantly to
the measurement errors [20]. Uncertainties and fluctuations in the air temperature
of 0.3 K (0.1 %), the air pressure of 1 hPa (0.1 %) and the relative humidity of
30% points, for example, lead together to a relative error of about 8 x 10~". For a
measured distance of 1 m this corresponds to an absolute error of 0.8 pm, which is
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more than one wavelength of the HeNe laser. In fact, the measurement uncertainty
is even greater. With the parameter method, see Sect. 6.2.3, relative accuracies of
typically 3 x 107 can be reached. More accurate results can be achieved, if the
refractive index of the air is monitored by a refractometer. For commercial devices
the relative measurement error amounts to about 3 x 107"

An interferometer measures a distance in steps of 4/2 or 1/4. For a HeNe laser
this is equivalent to a resolution of about 300 or 150 nm. The resolution can be
further increased by electronic interpolation. The resolving power can reach values
of about 10 to even 1 nm [17].

The absolute measurement error AL is given by:

AL =A + FL. (6.16a)

Here, A is the resolution, F' the relative measurement error and L the length of
the path to be measured. In case of short measurement paths (L < L. = A/F), the
absolute measurement error is determined essentially by the resolution A:

AL ~ A. (6.16b)
In the other limiting case (L > L. = A/F), we have:
AL ~ FL. (6.16c¢)

Example: If the resolution A and the relative measurement error F are 6 nm and
3 x 1077, respectively, L. = A/F is 2 cm.

6.2.5 Angle Measurements

A modified arrangement of a laser interferometer outlined above allows to measure
rotations of components. For this purpose the reference beam is deflected in the
direction of the measurement object and the previously fixed retroreflector 1 is
mounted on the measuring object. Thereby the original reference beam is con-
verted into a second measuring beam, see Fig. 6.6. If the component is rotating,
both retroreflectors move at different speeds. This results in two different Doppler
shifts. In case of a dual-frequency interferometer, the displayed difference of
counts is:

AN:4<&—%>, (6.17)
1

A2

where Ax; and Ax, are the displacements of the two retroreflectors in the
x-direction. If we neglect the slight difference between 4; and 4, the result is in a
good approximation:
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AN = 4g. (6.18)
A
Here, Ax = Ax,—Ax; denotes the relative displacement of the two retroreflec-
tors in x-direction and 4 is the averaged wavelength. The sign of AN indicates the
sense of rotation.
If the distance d between the two retroreflectors is known, the angle of rotation
Ao can be calculated, see Fig. 6.7. In case of small angles, i.e. « < 1, the fol-
lowing relation holds:

Ax A

A = =
x dcoso  4dcosa

(6.19)

The angle o describes the position of the two retroreflectors at the start of
measurement (Ao = 0). Usually o = 0° is chosen, i.e., cos oo = 1.
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Fig. 6.8 Interferometer set-up for straightness measurements

The uncertainty of interferometric angle measurements is mainly determined by
the measurement error of the relative displacement Ax of the two retroreflectors in
x-direction, see Sect. 6.2.4. The measurement range is limited to about +10° [17].

6.2.6 Straightness Measurements

The previously discussed methods of measurement were performed with a
Michelson interferometer. For straightness measurements slightly different light
paths are chosen [23].

A modified dual-frequency interferometer—cf. Figure 6.5—is deployed to
measure straightness. The orthogonal arms of the Michelson interferometer are
replaced by the set-up shown in Fig. 6.8. A Wollaston prism, see Sect. 4.1.2, splits
the incident laser beam into two linearly polarized light waves with orthogonal
polarization directions having the frequencies f;, f>, respectively. The two beams
diverge at an angle 0 and travel to the two planar surfaces of an angle mirror,
respectively, see Fig. 6.8. The reflected beams are reunited by the Wollaston prism
and, finally, directed via a polarizer to detector B, see Fig. 6.5.

For the measurement the Wollaston prism is moved, while the angle mirror
remains stationary. Alternatively, the angle mirror can be moved, while the
Wollaston prism is fixed. Tilting movements of the Wollaston prism have only a
small influence on the measurement in contrast to tilting of the angle mirror [24].
Therefore, in practice the first option, i.e., a moving prism and a fixed angle mirror
is selected usually.

For the sake of simplicity, we explain the measurement principle in the case of
a moving angle mirror. If the angle mirror is shifted precisely in the x-direction
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with speed v then both laser beams reflected on the moving mirrors experience the
same Doppler shift of:

Af; Vx 0 .
7 . cos <2>, i , (6.20)

Therefore, the measured beat frequencies of both detectors are equal and the
indicated counter difference is zero.

The situation is quite different, when the angle mirror is moved with the
velocity v, perpendicularly to the x-direction, see Fig. 6.8. In this case, the upper
plane mirror 1 departs with speed v, sin(0//2) from beam 1, while the lower plane
mirror 2 runs with the same speed towards beam 2. Both reflected beams are
Doppler shifted with opposite signs:

' p oW (Y
fi=h 2/1151n<2), (6.21a)
22 gin (O
h=hH+ 2)L2 sin <2) (6.21b)

The detectors A and B yield signals, which are modulated with different beat
frequencies. Analogous to (6.18), we obtain for the difference between the two
counts:

8Aysin (%)

AN = 7

(6.22)

The counter difference AN is a measure of the deviation Ay from the reference
line x, which is defined by the laser beam. If the angle mirror or the Wollaston
prism is moved exactly in the x-direction, the counter difference remains always
zero. With this method the straightness of the movement can be controlled.

In order to detect deviations perpendicular to the xy-plane, see Fig. 6.8, the
measurement must be repeated with Wollaston prism and angle mirror twisted by
90° about the x-axis.

The maximum range of straightness measurements is limited to 30 m. At a
measuring length of 1.5 m, for example, a minimum measurement uncertainty of
about 1.5 pm can be achieved.

Finally, we consider the case that the laser beam defining reference line x is
deflected by 90° with a pentaprism, see Sect. 4.1.1. This creates a second reference
line y oriented perpendicularly to x. If Wollaston prism and angle mirror are
arranged in the laser beam deflected by 90°—as shown in Fig. 6.9—the deviation
Ax of the angle mirror or the Wollaston prism from reference line y can be
determined. Thus, the perpendicularity of the movement of the angle mirror or the
Wollaston prism with respect to reference line x can be measured.
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6.2.7 Examples of Applications

There is a broad range of applications of laser interferometers. They are widely
used in mechanical engineering, especially in machine tool building and precision
engineering [24].

The more and more precisely working machine tools—especially the numeri-
cally controlled devices—enabling production tolerances of less than 1 pm,
require accurate length measurement systems. Laser interferometers with their
large measuring ranges and high resolutions represent a nearly perfect scale of
length with sufficient accuracy. Therefore, laser measuring systems are used to
calibrate secondary length standards, such as gauge blocks, line scales, etc.

With a laser interferometer, not only length, but also other mechanical
parameters, such as tilt and rotation angle, ripple, straightness, parallelism and
perpendicularity, can be measured. Hence, laser interferometry is an essential tool
for calibration and uncertainty testing of machine tools, robots, and coordinate
measuring machines, see Fig. 6.10.

6.3 Twyman-Green Interferometer

With a so-called Twyman-Green interferometer [1, 2, 25-31], the quality of
optical imaging components can be tested.

A Twyman-Green interferometer is a modified Michelson interferometer, see
Sect. 6.1. Figure 6.11 shows e.g. a Twyman-Green interferometer to test a convex
lens. A plane mirror of the conventional Michelson interferometer, see Fig. 2.19, is
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Fig. 6.10 Controlling the feed rate of a moving part of a machine tool. a Interferometric length
measurement, b interferometric straightness measurement

replaced by the combination of a convex mirror and the convex lens to be tested.
The focus of the lens and the center of the convex mirror, which is assumed to be
perfect, fall together.

For an understanding of the Twyman-Green interferometer, we consider the
beam path through the combination of lens and convex mirror. We assume that the
incident expanded laser beam is a plane wave being converted by the convex lens
into a spherical wave. This spherical wave is reflected by the convex mirror and
propagates, after passing through the convex lens again, back as a plane wave.
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Fig. 6.11 Basic design of a Twyman-Green interferometer to test a convex lens. Bottom right
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That is because the focus of the lens and the center of the convex mirror coincide.
Therefore, two plane waves are superimposed on the observation screen. If the
plane mirror in the reference arm is tilted slightly by an angle «, not indicated in
Fig. 6.11, then the propagation directions of the superimposed waves enclose the
angle 2o. On the screen results a system of parallel interference fringes. In case of
o < 1 the fringe spacing is given by, see Sect. 2.2.3:

A
Ax =~ 7 (6.23)

The straight fringe pattern on the observation screen arises only under ideal
conditions. If the lens is not perfect or misaligned, then the reflected measuring
wave is no longer plane. Depending on the aberrations, the fringe pattern is more
or less distorted, see Fig. 6.11. From the distortion of the fringes the so-called
fitting error can be determined [30]. The fitting error describes the deviation
between the surface of the test object—in the considered case the two surfaces of
the convex lens—and the surface of the reference object. Here the latter is the
surface of the convex mirror assumed to be ideal. In practice, the interferogram is
scanned by a video camera and evaluated by a computer.

In our previous discussion we assumed that the reference surface of the convex
mirror is perfect. However, in reality ideal convex mirrors transforming an ideal
plane wave into an ideal spherical wave do not exist. For that reason, the accuracy
of the measurement is limited by the quality of the reference object. Commercial
Twyman-Green interferometers are able to detect deviations down to 1/80 from
the desired shape of the optical surface.

The set-up outlined in Fig. 6.11 allows also to test convex mirrors. In this case a
very well manufactured lens is used as reference object. In addition, there is a great
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Fig. 6.12 Configurations to test coplanar plates and prisms

variety of optical elements that can be tested with Twyman-Green interferometers.
Figure 6.12 shows e.g. appropriate configurations to test coplanar plates and
prisms.

With Twyman-Green interferometers errors of optical components are not only

determined at the final inspection. Partly, optical components are monitored
continuously during the process of production. In this way, optical components of
highest quality can be manufactured.
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Chapter 7
Holographic Interferometry

Abstract The principle of holography is introduced comprising the formation of
virtual and real images of the reconstructed object. Holographic interferometry
allows to make visible slight changes of the object shape as those induced by
deformations or vibrations. The quantitative determination of the displacement
vector with the help of the phase-shifting method is explained. We present
the fundamentals of digital holography and digital holographic interferometry.
Measurement set-ups of holographic interferometry are shown and various
examples of applications are given as e.g. the visualization of vibrational modes of
mechanical components.

Holographic interferometry is a measuring technique that is used for non-
destructive testing and for the analysis of vibrations. With this method it is for the
first time possible to measure technical objects with rough surfaces with inter-
ferometric exactness, i.e. to the fraction of a wavelength. The basis of this is
holography by which a three-dimensional picture of the object to be inspected is
produced. The wavefronts of the holographically recorded images of an object can
interfere with one another, similar to the interference of light waves which were
described in Chap. 6. The following chapter puts forward the holographic
principle.

7.1 Holographic Principle

The holographic principle was proposed by Dennis Gabor as early as 1948, but the
process has only obtained practical significance through the development of lasers
in 1960 [1, 2]. In 1971 Gabor received the Nobel Prize for his pioneering
invention. Holography made possible the storage and reconstruction of a wave
scattered by an object, preserving amplitude as well as phase. This process goes far
beyond that of conventional photography, where light intensities—without any
phase information—are recorded.
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photographic hologram

reference wave

virtual image real image

Fig. 7.1 Holographic principle, left recording of the hologram, right reconstruction of the
hologram. The object portrayed consists of two object pieces—rectangle and triangle—which are
placed at different distances to the photographic plate. In the reconstruction the original spatial
position of the object is reconstructed in the so-called virtual image, while in the real image both
foreground and background as well as near side and far side of the object are transposed, see text

Figure 7.1 shows the principle of holographic recording and reconstruction.
The wave scattered by an object is superimposed with a coherent reference wave.
The interference pattern created is registered on a photographic plate. The
developed plate is called a hologram. To reconstruct the image of the recorded
object the hologram is exposed with a reconstruction wave. This wave is diffracted
by the recorded interference pattern in the hologram. A virtual and a real image of
the object are therefore created. If the reconstruction wave has the same wave-
length, wavefronts and direction as the reference wave, the virtual image is visible
to an observer at the position where previously the object was. The reconstructed
image is three-dimensional, i.e. the object is reproduced in its spatial dimensions.

The superposition of reference and object wave causes destructive and con-
structive interference in the plane of the photographic plate according to the phase
difference between the waves, cf. Sect. 2.2.2. Hence the interference pattern
produced, and with it the exposure of the photographic plate, depend not only
on the amplitude of the incoming waves but also on their respective phases.
In conventional photography the phase of a lightwave has no influence on the
exposure of the photographic film.

Since with holography additional phase information of the light wave is stored on
the photographic plate it is possible for a recorded object to be reconstructed in its
spatial structure. Similar to this is stereophony in acoustics [3]. The single sound
waves of a sound source are by phase precisely recorded through several micro-
phones. On playback over several loudspeakers the sound waves reach the human
ear with definite phase differences. An impression of a sound pattern is created.

In the following, hologram recording and reconstruction are described with the
aid of complex amplitudes of the waves concerned, cf. Sect. 6.1.1. The complex
amplitudes of the object wave and of the reference wave in the plane of the
photographic plate are indicated by E, and E,. For simplification the vector


http://dx.doi.org/10.1007/978-3-662-43634-9_2
http://dx.doi.org/10.1007/978-3-662-43634-9_6

7.1 Holographic Principle 167

character of these quantities is not considered in the following. The interference
pattern is described by the irradiance distribution as a function of the coordinates
(x,y) in the recording plane:

1 * *
I(x,y) :2 (Eo + Er) (Eo + Er)’

(7.1)
1 2 2 . .

I(xay) = Z (|Eo‘ + |Er| +ErEo + EoEr)’
where Z is the wave impedance, cf. Sect. 6.1.1, (6.5d), E, the complex amplitude
of the object wave, E; the complex amplitude of the reference wave and E* the
conjugated complex amplitude. The quantities E, and E; are functions of the
coordinates (x,y) in the recording plane.

Through this intensity distribution the photographic plate is exposed corre-
sponding to its sensitivity. The transmission of the developed hologram plate is
reduced with greater exposure time and greater intensity. This behaviour of a light
sensitive material is displayed by the density curve, cf. Sect. 5.4.1. In the fol-
lowing the amplitude transmission ¢ as a function of intensity and exposure time,
instead of the density curve, is examined. In parts this function can be approxi-
mated by a linear course described as follows:

t=1—etl, (7.2)

where ¢ is a factor, proportional to the slope of the straight line, with which the
amplitude transmission curve is approximated in the linear regime; 7 is the
exposure time and / the irradiance.

If the developed photographic plate—the hologram—on reconstruction is
illuminated with the same reference wave E., the transmitted wave E; immediately
behind the hologram is given with (7.1) and (7.2):

E = (1—etl)E,

I ! 1, (7.3)
o (1 —ot ( |E(,|2+|Er|2)>Er — o1 |ELE, — o7 - EIE;.

The first term is proportional to the reference wave E,. The factor in the
brackets describes the transmission degree of the hologram for this wave. The
second term is directly proportional to the original object wave E,. That means,
through the illumination of the hologram with the reference wave E,, the original
object wave was again reconstructed except for a factor. This object wave appears
to the observer to be coming from the object, cf. Fig. 7.1, right hand side, dotted
beam paths. In this case a virtual image is spoken of. For this image the objects are
reproduced in their spatial positions as they were at the recording of the hologram.

The third term in (7.3) is proportional to the conjugated object wave with a
complex coefficient. The wave generated is the so-called real image of the object
as shown in the right hand portion of Fig. 7.1.
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What is, then, the physical reason for the emergence of a virtual and a real
image? Figure 7.2 illustrates a simplified case of a plane reference wave and a
scattering point-like object P;. The spherical wave starting from the object
interferes with the plane wave and produces a ring shaped distribution recorded on
the photographic plate. The hologram displays in this case the so-called Fresnel
zone plate [4]. This consists of a system of concentric light and dark zones, whose
widths decrease with increasing diameter of the rings (not shown in Fig. 7.2).

On reconstruction the reference wave is diffracted by the zones. The Fresnel
zone plate acts like a grating bent into a ring with a variable grating constant. With
the diffraction on a grating with a sinusoidal transmission the +1. diffraction order
occurs as well as the 0. order, cf. Sect. 2.3.4. Analogous to it, the reference beam is
diffracted on the ring shaped grating, namely the zone plate, both in the direction
of and away from the axis of symmetry. Thus the diffraction angle is enlarged as
the distance between the adjacent zones is decreased. That means the diffraction
angles are larger on the edge of the zone plate than in the center.

Hence the Fresnel zone plate in a single diffraction order therefore works like a
convex lens, where the beams with increasing distance from the axis of symmetry
are likewise more strongly deflected. The other diffraction order corresponds to a
concave lens. In this way both orders each produce a virtual and a real image of the
object point.

Each point of an extended object produces a corresponding zone plate on the
hologram. On reconstruction the virtual and the real image of the recorded object
are produced point for point in the manner described above.

Through the overlapping of a number of zone plates in the hologram, which
correspond to the single object points, undesirable intermodulation effects also
occur. Assuming that the wave scattered by the object possesses an appreciably
smaller amplitude than the reference wave, these phenomena can be neglected.

The virtual image, Py,, appears undistorted at the location where the object P,
was situated as would be expected from (7.3). The real image, Py, is produced
between the observer and the hologram. It shows, however, a so-called pseudo-
scopic distortion. For clarification a second point, P,, is shown in Fig. 7.2, above.
The distance to the hologram plane is smaller and correspondingly the widths of
the Fresnel zones are also smaller. On reconstruction the light is more strongly
diffracted, the real image thus likewise occurs a smaller distance away from the
hologram. To the observer ‘back’ and ‘front’ are transposed. Convex forms,
therefore, appear concave and vice versa. In this sense the distorted image is not
the same as an object observed from the rear. This characteristic conceals itself in
the conjugated phase of the object wave in the third term of the equation (7.3).

Until now it has been assumed that the reconstruction process is carried out in
the same configuration and with the same wavelengths as the hologram recording.
In addition it was tacitly taken for granted that on developing and processing no
change in size or shape of the hologram occurred. The above mentioned
assumptions are in general not rigorously fulfilled and the reconstructed picture
shows a row of aberrations. A detailed examination of this effect is referred to in
the literature [5].
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object points P,, P,

photographic plate

hologram real images P,, P.,

Fig. 7.2 Top: recording of the interference pattern generated by the superposition of a plane
wave and a spherical wave emanating from the scattering point P;; for P, and s see text. Bottom:
reconstruction of the hologram by illumination with a reconstruction wave, formation of virtual
image P;, and real image P,

In the following we want only to discuss the effect of different wavelengths on
the recording and reconstruction of the hologram. In Fig. 7.2 a plane reference
wave is examined. The wave used for the reconstruction is likewise a plane wave
with the same propagation direction as the reference wave. The perpendicular
distance of the virtual or real image point from the hologram plane is then equal to
the focal length of the zone plate which is working as a lens. This focal length is a
function of the wavelength as illustrated in Fig. 7.3. If Ar is the width of a
transmitting ring of the zone plate the light would be diffracted at the angles
+2/Ar in the 1. order, cf. Sect. 2.3, assuming small angles.

For short wavelengths the angle of diffraction becomes smaller, i.e. the focal
length becomes greater. It scales there with the wavelength as f o< 1/4. On
reconstruction with another wavelength the perpendicular distance to the hologram
plane would change correspondingly for the points Py, P, of Fig. 7.2. The mutual
distances in the lateral direction remain, on the other hand, unchanged; cf. e.g. the
distance s in Fig. 7.2, top. The angle under which an observer sees the recon-
structed virtual image P,, is proportional to 1/f and thus proportional to A. If the
reconstruction wavelength 4, is different to the recording wavelength 1; the
so-called angle enlargement amounts to: My = A2/ 4;.

The distance of a reconstructed object point P from the hologram plate is z. As
we have seen above, z; o 1/4; is valid, for another wavelength correspondingly is
72 x 1/4;. From this follows the equations:
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Fig. 7.3 Focal length of a Fresnel zone plate

1A = 22/127
52])4 = (3Z2)v2.

The enlargement in the z-direction is defined as M, = 0z,/0z;, i.e. the following
is valid:

M=

(7.4)

A more detailed examination of scale relationships is referred to in the literature [5].
There are several types of holograms described in the following.

(a) Plane hologram and volume hologram

Until now we have assumed that the hologram behaves like an ordinary diffraction
grating, which consists of the superposition of all Fresnel zone plates of the object
points. This assumption is, however, only valid if the thickness of the recording
medium is small in comparison to the average distance of the interference fringes or
rings of the hologram. This hologram type is therefore—in contrast to the volume
hologram described below—denoted as a plane hologram. The thermoplastic film
used in holography, cf. Sect. 5.4.2, behaves approximately like a plane hologram.

If the thickness of the recording medium is larger than the average distance
between the interference fringes a volume hologram is produced [6]. Figure 7.4
shows a simplified structure of a volume hologram for the case of a plane reference
and object wave propagating at an angle of 6 against the normal vector of the
hologram. The resulting interference fringes have a mutual distance of:

d=12/(2sin0). (7.5)
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Fig. 7.4 Structure of a
volume hologram. A
simplified situation is shown
where two plane coherent
waves interfere leading to
interference fringes with a
distance d oriented
perpendicularly to the plane
of the hologram

k.
two-beam interference hologram

The particular characteristics of a volume hologram are the angle and wave-
length selectivity. On reconstruction the amplitude of the object wave is at a
maximum, if the angle 0, and the wavelength 4, of the wave used on reconstruction
fulfil the condition:

sin6; = 4,/(2d). (7.6)

In the case A, = A relation (7.6) is identical with (7.5). If the reconstruction
wave with the same wavelength strikes the volume hologram at an angle of 0, = 0

(in Fig. 7.4 in the direction of Ez) then an object wave of maximum amplitude

emerges (in Fig. 7.4 in the direction of k).

Equation (7.6) is completely analogous with the Bragg condition, which
describes the diffraction of X-rays in crystals. In this sense the volume hologram
behaves like a three dimensional crystal lattice [7]. According to (7.6) each angle
has a corresponding definite wavelength A;. This characteristic makes it possible to
store several holograms with different reference beam angles in a single volume
hologram. The terms “plane hologram” and “volume hologram” are used as
generic terms for different hologram types. The differentiation of holograms
described below refers to the way of recording the interference pattern on the
photographic plate.

(b) Amplitude hologram and phase hologram

In general on reconstruction of a hologram, the amplitude as well as the phase
of the transmitted light of the reconstruction wave is altered. This characteristic is
described by the complex amplitude transmission #:

1(x,y) = e e P, (7.7)
with (x,y) coordinates in the hologram plane, o = a(x, y) absorption coefficient at

(x,¥), D = D(x,y) thickness of the hologram at (x,y), n = n(x,y) refractive index
at (x,y) and k angular wavenumber.
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Table 7.1 Comparison of the experimentally achieved diffraction efficiencies for different
hologram types

Hologram type Diffraction grating Diffraction efficiency [%]
Plane/amplitude o(x, y) 6

Plane/phase D(x, y) 33

Volume/amplitude o(x, y) 3

Volume/phase n(x, y) 90

With a normal photographic emulsion the absorption coefficient « changes on
exposure, the hologram produced is an amplitude hologram. In contrast to this if
no absorption takes place, i.e. « = 0, and only D or n change on exposure, a phase
hologram is produced. With thermoplastic film a surface relief is generated, i.e. the
thickness D of the hologram varies, cf. Sect. 5.4.2.

(c¢) Transmission hologram and reflection hologram

The holograms up to now shown in Figs. 7.1 and 7.2 are called transmission
holograms. Reference and object waves from the same side meet on the recording
medium. On reconstruction of the hologram with the reference wave the virtual
image is observed from the opposite side in the direction of transmission. In
contrast to that with a reflection hologram the reference and object waves are
directed onto the photographic plate from different sides. On reconstruction the
virtual image can be observed from the side of the recording medium where the
reference wave was irradiated.

The light intensity of the reconstructed virtual image varies greatly for different
hologram types. Here the diffraction ratio is taken as the parameter, which is given
through the relationship between the radiant flux in the reconstructed image to the
incoming flux of the reconstruction wave. Table 7.1 shows the maximum effi-
ciencies for transmission holograms achieved in experiments [5].

7.2 Principle of Holographic Interferometry

With the aid of holographic interferometry static and dynamic deformations of
objects can be measured. The geometric variations of test objects, which are
exposed to mechanical forces, temperature changes or oscillations, can be regis-
tered with high accuracy. Holographic interferometry simply presupposes that the
test objects possess a diffuse scattering surface. With conventional interferometry
on the other hand only specular reflective surfaces can be measured, cf. Chap. 6.

Of the different holographic interferometry methods, the double exposure and
the real-time method will be described below. A description of the time-averaged
method for the observation of stationary harmonic oscillations of an object will not
be given in this chapter. The reader should refer to Sect. 8.3.4 where the analogous
time-averaged method of speckle interferometry is discussed.
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Fig. 7.5 Principle of double-exposure holographic interferometry

7.2.1 Double-Exposure Method

Figure 7.5 shows the principle of holographic interferometry by the double
exposure method [8, 9]. The object wave of a temporally changing object is
recorded at two different times on a hologram plate.

The test object is holographically recorded once at the time #;. Between the
times #; and f, (f;, > t;) the object undergoes a geometric change, which, for
example, comes about through an oscillation or through forces acting on the test
object. The test object is again recorded on the same hologram plate at #,. On
reconstruction the waves scattered by the object at #; and #, are simultaneously
reproduced. These waves interfere with one another and the emerging interference
pattern reproduces the geometric alterations of the object between the two
recording times. The double-exposure method is suitable for the analysis of
momentary object changes, e.g. due to oscillations, as well for the observation of
object deformations through a static load.

In Fig. 7.5 the object waves resulting from the reconstruction of the double
exposed hologram are denoted by E, and EY. For simplification, we assume that
when the object geometrically changes only the phase ¢ of the object wave has
altered:

EY = Eyel?. (7.8)

For the wave resulting from the superposition of the reconstructed object
waves, the following is valid with (7.8):

E=E,+E=E,(1+¢"), (7.9)

where E, is the amplitude of the object wave at first recording time #; and Eg the
amplitude of the object wave at second recording time f,.
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Fig. 7.6 Principle of
real-time holographic
interferometry

reference wave

=1 hologram

o L object wave
/ \— reconstructed virtual image
displaced object of the object at the initial state

This interference is described by the following irradiance distribution using
relation (7.9):

[ = |E[*/Z = 2|E,[*(1 + cos(¢))/Z. (7.10)
Bright interference fringes are observed if the following condition is fulfilled:
¢ = n 21, ninteger. (7.11)

If the object did not change between both exposures then ¢ = 0 holds for all object
points and no interference fringes occur.

7.2.2 Real-Time Method

Another variant of holographic interferometry is the real-time method, which is
suitable for the on-line control of the changes of an object. The principle of the
real-time method is displayed in Fig. 7.6. The wave scattered by an object is
recorded in a hologram, as in Sect. 7.1. After development the hologram is again
brought into the original recording position. The object is continuously exposed
with the laser beam which was also employed for the recording. At the same time
the recorded hologram of the object in its initial state is reconstructed. The
reconstructed object wave—E, in Fig. 7.6—and the wave scattered on the altered
object which is transmitted through the hologram, EY in Fig. 7.6, interfere with one
another. If the object is deformed or displaced due to stress a changing interference
fringe pattern emerges. In this way geometric object alterations can be observed in
real time with interferometric accuracy.

The hologram is illuminated by the deformed object wave as well as by the
reference beam. For the amplitude of the transmitted wave the following is valid:
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E =t(ES+E), (7.12)

where ¢ is the amplitude transmission of the hologram, cf. (7.2); Eg is the
amplitude of the wave of the deformed object state, and E; is the amplitude of the
reference wave.

For simplification of further calculation it is accepted that the intensity
of the object wave is small in comparison to that of the reference wave, i.e.

|E,|*, |Eg|2<< |E¢|*. For the amplitude of the object wave E¢ transmitted from the
hologram the following is valid, cf. first term in (7.3) with EY instead of E;:

1
Eq = (1 —at |Er|2> ES. (7.13)
For the reconstructed object wave E, the following is valid, cf. second term in (7.3):
|
Ep = —et 7 |E:|"Es. (7.14)
Therefore, the interference pattern (with (7.13), (7.14) and (7.8)) results in:
1 pr—

(Eq + Ep) (Ej; + E)),

I= |E0|2

NI— NI~

1 : 1
(1 — er|Er2> +8212?|Er|4. . (7.15)

1 1
—ety |E;|? (1 —et Er|2> 2cos q’)} .
Dark interference fringes occur if the phase ¢ is an integral multiple of 2m:
¢ =n2m, ninteger.

The interrelationship between the phase ¢ and the geometric alteration of the
object is explained in Sect. 7.3.1.

7.3 Interpretation and Evaluation
7.3.1 Sensitivity Vector

Holographic interferometry allows to record interference patterns of objects with
scattering surfaces. The phase fronts of the waves interfering with one another
have a similar structure, which are determined through the characteristics of the
object surface. The following is valid for the phase difference at two corresponding
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Fig. 7.7 Phase shift caused
by a displacement of the
object surface

object surface

points, P and P/, on the object surface in the original state and in the altered state,
cf. Fig. 7.7:

¢ = (%1 - 122) 1, (7.16)

where El, Ez are the angular wavevectors of the incoming and scattered light and 1
is the displacement vector.
In (7.16) the scalar product is formed with the difference of the angular wave-

vectors %1 — 122 and the displacement vector 1. Only the projection of the dis-
placement vector 1 in the direction of the vector (El — %z) contributes to the phase

difference. The difference of the wavevectors Ak is therefore denoted as the sensi-
tivity vector because an object shift only in this direction leads to a phase difference.

For example, if we take the case that ki is aligned anti-parallel to k> and the

object is shifted in the beam direction, i.e. %1 is parallel to f then (7.16) is sim-
plified to: ¢ = (4r/A) . For [ = n(1/2), n integer, ¢ is a multiple of 27. Between
two neighboring interference fringes the phase varies at A¢ =2m, cf. (7.11),

corresponding to an object shift in the direction of %1 respectively —Eg of 1/2.

7.3.2 Interference Fringe Patterns for Object Translation
and Object Rotation

The interference pattern created by holographic interferometry depends on the
deformation or shifting of the recorded object. In general a multitude of inter-
ference patterns of different shape and position are observed. The fringe pattern
only indirectly yields the information about object alterations. To simplify the
interpretation of the fringe patterns the following simple cases of object shifting
should be looked at in connection with their interference fringe systems.
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Fig. 7.8 Observation of a reconstructed object

The reconstructed wavefronts of a hologram are, in practice, generally recorded
with a camera. Figure 7.8 shows the principle arrangement with a reconstructed
object, lens and image plane.

The light in a diffraction limited point in the observation plane, cf. Sect. 2.3,
comes from a finite surface element A of the scattering object surface. If the
observation plane lies in the focal plane of the lens, the diameter of this surface
element equals the aperture of the lens. This case is shown in Fig. 7.8. If this
object, however, is imaged by the lens, then the observed surface element A cor-
responds to the Airy disk, cf. Sect. 2.3.2. This surface element A is denoted in the
following as a resolution element. Next we discuss the recording of two mutually
shifted resolution elements by holographic interferometry.

The phase differences between corresponding pairs of points of an undisplaced
and a displaced resolution element are, in general, not constant but change
depending on the position of the points. This means, for example, that the path
difference does not amount to 4/2 for all pairs of points of a resolution element. In
this case, no complete destructive interference appears and the fringe contrast is
smaller than one, cf. Chap. 6. To achieve a high fringe contrast it is necessary that
the phase ¢ in (7.16) varies only slightly within the resolution element. With
x;, i = 1, 2 the coordinates of a point within a resolution element A are marked, cf.
Fig. 7.8. High fringe contrast is reached, if, with (7.16)

dp = s, + 5,
GX] 6x2
- 7.17)
NN (
d¢ = i; <a—.x[ (k] — kz) . lei + (k] — kz) . a—)Cini)

takes a minimum. Equation (7.17) describes the change of the phase within the
resolution element caused by an incremental displacement dx;, 8x, of the points
viewed. The maximum size of dx;,dx, is limited by the size of the resolution
element. To illustrate (7.17) two limiting cases are considered:


http://dx.doi.org/10.1007/978-3-662-43634-9_2
http://dx.doi.org/10.1007/978-3-662-43634-9_2
http://dx.doi.org/10.1007/978-3-662-43634-9_6

178 7 Holographic Interferometry

AX

Ax=R-

—

A 4
At

_ A
Ax = 2 tan i (,0"_

Fig. 7.9 Interference fringe patterns for different object changes, top in-plane shift, middle
out-of-plane shift, bottom rotation. O object, L lens, B observation plane

(a) Pure translation, i.e. I = const. and 67/ ox; = 0.

In this case, the second term of (7.17) equals zero and the first term should be

minimized. This term equals zero, however, if %1 and %2 are constant. This is
equivalent to an illumination of the object with a plane wave and observation of

the interference fringes in the focal plane of a lens, i.e. ;2 = const., too. The lens is
then focused at infinity. In this sense, the observed interference fringes are located
at infinity.

(b) Pure rotation, i.e. T=0and 67/6x,~ =+ 0.

The first term in (7.17) equals zero and the second term reduces, if Ox; is
minimized. This is achieved with an image of the object surface, because then the
resolution element assumes its smallest possible size. In this case the interference
fringes are located on the object surface.

The cases considered are illustrated in Fig. 7.9. With a hologram produced by
the double-exposure method, an image of the object O is reconstructed (hologram
and reconstruction beam are not shown in Fig. 7.9). The reconstructed object is



7.3 Interpretation and Evaluation 179

observed with a lens L in the plane B. Depicted are the characteristic interference
fringe patterns and the image geometry for three different changes in the objects
position between the two hologram recording times: (1) translation parallel to the
object surface (top), (2) translation perpendicular to the object surface (middle)
and (3) pure rotation (bottom). A point P of the object surface is located after
the object displacement at position P’. This displacement is described with the

translation through the displacement vector 1. The angular wavevector El char-

acterizes the illumination wave of the object on the recording of the hologram, k;
the light scattered by the object: the object wave, cf. Sect. 7.3.1.

As shown above, the interference fringes for the pure object translation are
located at an infinite distance. The observation plane B is therefore located in the
focal plane of lens L, cf. Fig. 7.9, top and middle. In cases of an object displacement
parallel to the object surface, an interference fringe pattern, as shown top left in
Fig. 7.9, is observed. The distance Ax between two adjacent interference fringes in
the object plane is given in Fig. 7.9. This distance is determined analogous to that of
the distances between interference fringes on diffraction at a grating, cf. Sect. 2.3.3.
The quantity R indicates the distance between object and lens.

For an object displacement perpendicular to the object surface a ring shaped
interference fringe pattern occurs, analogous to the so-called interference fringes
of equal inclination on a plane parallel plate [10]. The diameter of the innermost
interference ring in the object plane is, likewise, shown in Fig. 7.9, middle. The
derivation of this equation is referred to the literature [10].

In cases of a pure rotation of the object, as shown in the bottom section of
Fig. 7.9, parallel interference fringes appear, located on the object. The object is
imaged with the lens into the observation plane, cf. increased distance between
lens and observation plane in Fig. 7.9, bottom right. A pattern of parallel inter-
ference fringes occurs where the spacing between the fringes depends on the angle
of inclination ¢ and the wavelength 4. Assuming a distance between the object
and the lens being large with respect to the lateral object dimensions—i.e. the

wave vectors k 1 and %z are approximately antiparallel to each other (not shown in
Fig. 7.9, bottom)—then the optical path difference for two adjacent fringes on the
object is given by:
A

51 tan(p—sztan(pZE, (7.17a)
where 51, s, denotes the positions of two neighboring fringes relative to the axis of
rotation being perpendicular to the plane of projection shown in Fig. 7.9, bottom
right. Hence for the fringe spacing we obtain:

A
2tan ¢

Ax:S] — 8§ = (717b)

To clarify the interpretation of interference patterns for holographic interfer-
ometry, the fringes located on the object are normally used. Moreover, the
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experimental set-up is chosen in such a way that global translations of the object
between the recording times is to a large extent ruled out.

7.3.3 Phase-Shifting Method

Without further information, the interference fringe pattern of a holographic
interferogram is not sufficient to work out the phase ¢, cf. (7.10). This is, however,
necessary to determine quantitatively a local object displacement, described

through the displacement vector f, see (7.16).

These displacements can be established with the aid of the phase-shifting
method [11]. In Fig. 7.10 the construction for holographic interferometry with the
phase shift method is schematically depicted.

In contrast to the usual holographic arrangement, here two reference beams
with different propagation directions are applied. For a double-exposure recording,
reference beam 1 is used for the first exposure and for the second exposure,
reference beam 2. On reconstruction each reference beam produces two virtual
images of the object, which according to the different propagation directions of the
reference beams are laterally displaced against one another (for clarification this is
not shown in Fig. 7.10). In total four reconstructed images are observed. Two of
these four images completely overlap, so that they interfere with one another. This
is the image of the object in recorded state 1 with reference beam 1 and the image
of the object in recorded state 2 with reference beam 2.

The other pair of images partially overlap with this interferogram. If the angle
between the propagation directions of the reference and reconstruction beams 1
and 2 is, however, chosen sufficiently large, these appear displaced further to the
side and do not interfere with the interferogram.

The intensity distribution of the holographic interferogram relating to the object
plane is described as follows:

J(x,y) =5 + 5L +2VILcos ¢, (7.18)

with (x,y) coordinates in the object plane, J(x,y) intensity distribution in the
object plane and ) »(x,y) intensity of the reconstructed object wave at the
recording times 1, 2.

Equation (7.18) is a generalization of (7.10) for the case that |E,| # ng| The

phase ¢ is via the equation (7.16) combined with the object shift /. Equation (7.18)
contains Iy, I, as unknowns as well as the phase ¢. Hence with this equation not
enough information is available in order to be able to determine the phase ¢.

With the phase shift method, the phase of the wave used for reconstruction is
shifted with a phase shifting element in a defined way. This is indicated sche-
matically in Fig. 7.10 for reconstruction wave 1. A practical realization is intro-
duced in Sect. 7.4. Through the additional phase shift, which is indicated by ¢,, a
different interference fringe pattern develops, which is described as:
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Fig. 7.10 Principle of phase-shifting holographic interferometry, left recording, right reconstruction

1

Ji(x7y):]l+12+2 IIIZCOS<¢+¢1‘)) (719)

where ¢; is an additional phase shift in a reconstruction beam.

If three different phase shifts are introduced, i.e. ¢;, i = 1, 2 and 3, then there
are three equations of the form (7.19). The respective interference patterns J; are
recorded, the ¢; are likewise known, so that three equations are available to
determine the unknowns /1, I and ¢. In order to record the interference patterns J;,
the object is reconstructed and observed e.g. with a video camera. For every phase
shift ¢;, the respective video frame with the interference fringe pattern J; is fed
into an electronic memory and processed. On solving the equations of form (7.19)
for the three recorded interference patterns, the following equation for the phase ¢
is obtained:

(J3 —J2)cos ¢y + (J1 — J3) cos ¢, + (Jo — J1) cos 3
(J5 = J2)sin ¢y + (J1 — J3)sin ¢, + (J2 — J1) sin ¢y

tan ¢ = (7.20)

Due to the tangent function in (7.20) the phase ¢ can only be determined
uniquely in the interval —1t/2 < ¢ < + ©/2. The absolute phase differentiates itself
from this value by a whole-number multiple of Il. Nevertheless, in order to
determine the phase overcoming the irregularities at +m/2, the gradients of the
phase function on both sides of an irregularity are compared for the computer
aided evaluation. In this way, the phase ¢ = ¢(x,y) for the complete interfero-

gram and with it the displacement vector 1 are calculated in the direction of the
sensitivity vector, see Sect. 7.3.1.
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7.4 Digital Holography
7.4.1 Fundamentals of Digital Holography

The rapid development of computer technology in recent decades has made it
possible to perform recording and reconstruction of a hologram with a computer
[11-18]. This topic is discussed in the following. We will not treat computer
generated holography, which allows to produce artificial holograms by numerical
methods; the interested reader is referred to the literature, e.g. [12—-17].

Classical holography is, as discussed in Sect. 7.1, divided in two different steps:

Step 1: Recording

In classical holography, the interference pattern

I(x,y) o (Eo(x,y) + Ex(x,y)) (Ej(x,y) + E; (x,y)) (7.21)

produced by the superposition of the object wave E,(x,y) and the reference wave
E.(x,y) in the xy-plane of the hologram, is stored on a photographic plate. The
developed plate is referred to as a hologram.

Step 2: Reconstruction

When the hologram is illuminated with the original reference wave E,(x,y), the
diffracted wave field E4(x,y) immediately behind the hologram consists of three
terms:

Eq(x,y) = Ei(x,y) + Eo(x,y) + E-1(x,y), (7.22)

where the indices 1, 0, —1 denote the respective diffraction order. In the following
we assume that the reconstruction is made under the same geometrical conditions
as the recording, E(x,y) is constant and |E,(x,y)| < |E;(x,y)|. Then, cf. (7.3):

Ei(x,y) o< Eo(x,Y), (7.23)

Eo(x,y) o E:(x,) (7.24)
and

E_i(x,y) < EJEj(x,y). (7.25)

The wave Ej(x,y) is proportional to the original object wave (corresponds to
the second term in relation (7.3)). An observer perceives this wave as a virtual
image, which is located exactly where the object was placed during the recording,
see Fig. 7.11. This virtual image is indistinguishable from the original object. The
reconstructed object wave corresponds to the +1% order of the diffracted reference
wave. The second wave Ep(x,y) is the transmitted reference wave (zeroth
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Fig. 7.11 Reconstruction of a hologram with —1., 0. and +1. diffraction orders

diffraction order, so called DC term; corresponds to the first term in relation (7.3)).
The third wave E_{(x,y) is the so-called conjugate object wave (—1*" diffraction
order, twin image term; corresponds to last term in (7.3)). It is responsible for a
distorted—because of the term E? and the conjugated field E? in (7.25)—real
image of the object.

Digital holography is very similar and thus also separated in two different steps:

Step 1: Recording

In digital holography the photographic film is replaced by a CCD or CMOS
sensor with high spatial resolution, see Sect. 5.4.5. The holographic interference
pattern is recorded electronically and stored—pixel by pixel—as so-called virtual
hologram in digital form, e.g. on a hard drive of a personal computer or a memory
stick. Alternatively, it is possible to produce a digital hologram by scanning and
digitizing an analogue hologram, which was generated by the classical way.

Step 2: Reconstruction

In classical holography, the virtual and real images of an object are produced by
diffraction of the reconstruction wave by the hologram. In digital holography the
image of an object is calculated numerically by a computer program based on the
digital stored data, i.e. the virtual hologram, and displayed on a computer screen.

Since only real images can be displayed on a screen, there are two options:

(a) The object wave, which corresponds to the virtual image, is computed in a
first step. Then, with a virtual lens—corresponding to the eye of an obser-
ver—a real image is calculated numerically and displayed on a screen.
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Fig. 7.12 Sketch of the ) )
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hologram plane / £ / z / X
p
= v =
| & z
- (——

object plane hologram plane

(b) Alternatively, the conjugate object wave, which corresponds to the real image
of the object, can be calculated directly and displayed on a screen. Because
the corresponding real image is distorted by the reconstruction wave—see
(7.25) and cf. the explanation of the pseudoscopic distortion of the real image
in Sect. 7.1—the diffraction of the conjugate complex reference wave
E?(x,y) by the hologram is computed. In this case, an undistorted real image
results. The relation between the stored intensity pattern h(x,y) and the
intensity distribution

I(&n) o E(En)E™(E,n) (7.26)

of the image on the computer screen is given by the Fresnel-Kirchhoff
integral [15]

o« * e—iz/—?[p
s [ ) Ely) - day (7.27)
with
p= =+ -+ (7.28)

where d is the distance between the object (object plane) and the sensor
(hologram plane), see Fig. 7.12; x and y or ¢ and 5 are the coordinates of
the hologram plane and the object plane, respectively, see Fig. 7.12.
Equation (7.27) holds in the case that the observer looks perpendicularly
to the hologram, i.e. in negative z-direction in Fig. 7.12.

It should be noted that—because of the diffraction of the conjugate complex
reconstruction wave—the locations of the real and virtual image—compared to
Fig. 7.11—have interchanged their positions. Therefore the real image coinci-
dences with the object.

The numerical processing of the Fresnel-Kirchhoff integral (7.27) is very time-
consuming. Therefore, approximations are made and the so-called convolution
theorem is used, which is beyond the scope of this book.
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Fig. 7.13 Numerical
reconstruction of a dice
chosen as object [12]

As mentioned before, the diffracted light field, which is calculated with the
Fresnel-Kirchhoff integral (7.27), corresponds to three different waves, i.e. object
wave, transmitted reference wave and conjugate object wave. All these waves
contribute, more or less, to the image displayed on the screen. Figure 7.13 shows a
calculated image of a dice. The bright square in the center is the undiffracted
reference wave, which is not related to the object (called also DC term). The twin
image is out of focus and cannot be recognized. Both, the DC term and the twin
image term, can be eliminated numerically.

The advantages of digital holography are diverse. A great advantage is the
absence of time-consuming wet chemical processing connected with the photo-
graphic material development. Additional benefits are the possibilities to compen-
sate numerically errors, to reduce numerically speckle noise and to remove
numerically unwanted diffraction orders from the image plane. So sometimes a better
resolution can be achieved compared to classical holography. With modern graphic
cards parallel processing with several hundreds of processors can be implemented
reducing calculation times by orders of magnitude. For a measuring field of
4 x 4 cm? the digital hologram enables a lateral resolution of 20 pm and an axial
resolution of 1 mm [18]. With digital holographic microscopy 3D information of
biological or technical objects can be extracted achieving spatial resolutions down to
300 nm by the use of oblique illumination and a wavelength of 193 nm [19].

7.4.2 Digital Holographic Interferometry

In classical holography the phase of the object wave or the conjugate object wave
is not obvious. Therefore, a classical holographic interferogram is usually given by
a single hologram, on which an object in two different states is stored. When the
hologram is illuminated with the original reference wave, two interfering object
waves and two interfering conjugate object waves occur, i.e., images with dark and
bright fringes result, see Sects. 7.2 and 7.3.
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In digital holography the complex field strength E(&, 1) of the real image of an
object is numerically calculated, see (7.27). That is why the phase @(¢,#) of the
conjugate object wave can be calculated for any arbitrary object point (&,7)
modulo m:

(&, n) = arctan ImE(& 1)

—ReE(f, 0’ (7.29)

If there are two different digital holograms, the phases ¢, (&, 1) and @,(&, 1) of
each hologram can be determined and subtracted. So the phase shift

Ap(&n) = @a(&m) — @i(&m) (7.30)

and thus the displacement vector—see (7.16)—of each object point (&, ) can be
determined.

7.5 Set-up for Holographic Interferometry and Examples
of Applications

In the following sections the set-up to perform double-exposure holographic
interferometry will be described followed by examples of applications.

7.5.1 Measurement Set-up

Figure 7.14 shows the set-up of holographic interferometry using the double-
exposure method. Radiation sources are lasers operating in continuous wave mode
(CW) as well as pulsed mode provided that their coherence length is greater than
the longest optical path difference between object and reference beam paths. CW
lasers are used to record objects, that are at rest during exposure of the hologram.
Rapidly changing objects are investigated with pulsed lasers.

Figure 7.14 shows a ruby laser generating pulses with a full width at half
maximum (FWHM) of about 20 ns and radiant energies of the pulses of up to
some joule. The pulse duration of the laser pulses determines the exposure time of
the hologram recording. Due to the short pulse duration of the ruby laser the
motion of even fast changing objects can be frozen for the holographic recording.
Such object changes are occuring, e.g., while an object is oscillating. The ruby
laser is operated in such a way, that two laser pulses are emitted with an adjustable
interpulse separation of 1 pus—1 ms. The point in time for the exposure as well as
the interpulse separation between both exposures are tuned for the studied state of
motion or oscillation of the measuring object.

The laser beam is split by a wedge plate W into an object and a reference beam,
see Fig. 7.14. The object beam is expanded by a diverging lens to illuminate larger
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Fig. 7.14 Set-up for double-exposure holographic interferometry. W wedge plate, L lens, G grey
filter, M mirror, R splitting of reference beam, cf. Fig. 7.15; H hologram

objects. The pulse energies of the ruby laser are sufficient to record objects with
dimensions of about 1 m x 1 m.

A grey filter G attenuates the reference beam in order to adjust the irradiance in
such a way that object and reference beam expose the hologram plate within the
linear regime of the characteristic curve, cf. Sect. 5.4.1, Fig. 5.30. As a rule
the ratio of irradiances of reference to object beam is chosen to be 5:1 up to 10:1. If
the irradiances would be equal, then the interferences would lead to the largest
variations of intensities and therefore the exposure would no longer be restricted to
the linear range of the characteristic curve.

For a quantitative evaluation of holographic interferograms according to the
phase-shifting method the reference beam is split into two reference beams whose
propagation directions are inclined to each other, see Sect. 7.3.3, Fig. 7.10, left.
The splitting of the reference beam R—cf. Fig. 7.14—is shown in Fig. 7.15. The

direction of polarization is given by the electric field vector E, cf. Sect. 2.2.5. The
reference beam is guided through a Pockels cell which allows to change
the direction of polarization within a short time. An electric voltage is applied to
the electro-optic crystal causing a change of the polarization direction of the
transmitted light, cf. Sect. 4.1.3. During the first laser pulse the Pockels cell is

de-energized, i.e. the direction of polarization of E is not changed. This polarization

state of the light beam exiting the Pockels cell is denoted with Ei. A polarizing
beam splitter reflects this beam to path 1.
Prior to the second laser pulse a voltage is applied to the Pockels cell. Thus the

polarization is turned by 90° to the polarization direction E,. This laser pulse is
transmitted by the polarizing beam splitter to path 2. With the help of a half wave
plate this polarization direction is again rotated by 90° so that both reference
beams have the same direction of polarization after the second beam splitter. This
is a necessary condition to observe stationary interference patterns, cf. Chap. 6.
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Fig. 7.15 Splitting of the reference beam into two reference beams inclined to one another for
two laser pulses of the ruby laser; detailed illustration of the unit “splitting of reference beam”,
R, shown in Fig. 7.14
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The mirrors are aligned in such a way that the reference beams are inclined to
one another, cf. Sect. 7.3.3. In Fig. 7.15 this splitting is shown exaggerated (top
left), in Fig. 7.14 it is omitted to give a clearer picture of the beam path.

Both reference beams are expanded with a lens combination—as illustrated in
Fig. 7.14—and lead via mirrors to the hologram plate H.

The exposure times and the temporal distance between both exposures are to be
synchronized with the object movement. This is illustrated by means of Fig. 7.16
for the case of the investigation of an oscillating object. The oscillation of an
object point is plotted as a function of time. For simplification, only the case of a
harmonic oscillation is looked at here. This signal can be obtained, e.g. from the
vibration excitation of a test object or through a sensor, such as e.g. a vibration
pickup or a laser vibrometer. The times #; and #, mark the recording times relative
to the zero crossing of the oscillation signal. The ruby laser is correspondingly
triggered so that the first laser pulse is generated at time #; and the second laser
pulse at time 7,. The position and distance of these times are chosen in such a way
that holographic interferograms, which can be evaluated, could be recorded, i.e. a
sufficient number of interference fringes appear over the object.

In Fig. 7.17 the reconstruction of the hologram with two reconstruction beams
E,, E, corresponding to both reference waves is shown (the mutual inclination
between the beams is not reproduced in Fig. 7.17, it is generated through the tilting
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Fig. 7.17 Reconstruction of the hologram for the phase-shifting method. L lens, BS beam
splitter, M mirror

of e.g. the mirror M). The phase of one reconstruction beam is altered by a
piezoelectric adjustable mirror, in order to generate the single interferograms for
the quantitative evaluation according to the phase-shifting method, cf. Fig. 7.10,
right. These interferograms are fed into a computer system with a video camera.

7.5.2 Examples of Applications

From the very beginning holographic interferometry was applied as a tool in
experimental physics to study e.g. plasma phenomena, to determine refractive
index distributions and electron densities [20, 21].

In the following section application examples for holographic interferometry
from the realm of vibration investigations are put forward where engineering tasks
are in the focus. The reproduced holograms were generated with a set-up corre-
sponding to that of Fig. 7.14.

In the first example the object under test is a loudspeaker housing, whose
oscillation behavior was examined for definite frequency ranges. The objective is
to obtain information about the spatial structure of the oscillations of the loud-
speaker housing, in order to deduce the appropriate constructive measures to
reduce unwanted sound emitters.

The loudspeaker housing has a height of about 1 m. For the experiments, it was
excited over the built in loudspeaker system with a sinusoidal signal of definite
frequency and amplitude. On the left in Fig. 7.18 the holographic interferogram of
the loudspeaker housing is shown. On the front of the loudspeaker two distinct
antinodes appear, and a torsion-like oscillation of the side wall is observed.

On the right in Fig. 7.18 the same loudspeaker housing is shown under the same
excitation conditions after a constructive modification. The side wall was
mechanically stiffened and additionally filled with an absorbing material. The
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Fig. 7.18 Holographic interferograms of a loudspeaker housing with the same excitation
conditions. At the front side of the cabinet the membranes of two dynamic speakers can be seen
(two black circular areas in the upper third). Left original situation, right after constructive
changes to the loudspeaker housing

unwanted oscillations of the casing could be substantially reduced so that the
electroacoustic properties of the system were improved.

In Fig. 7.19 the holographic interferogram of an oscillating engine bonnet of a
passenger car is reproduced [22]. The dimensions of the bonnet are approximately
0.9 x 1.2 m% This hologram was evaluated according to the phase-shifting
method. The determined absolute deformations of the bonnet between both
recording points are shown in Fig. 7.20 as a function of the coordinates in the
surface of the engine bonnet. Thus for every surface point of the object the
deformation can be given. With the help of such investigations qualitative infor-
mation on oscillation forms as well as quantitative data on spatial distributions of
oscillation amplitudes of components or machines are obtained.
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Fig. 7.20 Deformation of the engine bonnet determined from the holographic interferogram
shown in Fig. 7.19

These test informations can also be used to calculate sound fields. The objective
is to localize the sources of the sound, which cause e.g. unwanted noise stress for
people in the vicinity of the oscillating component.

Extensions of holographic interferometry aim at measuring the three-dimen-

sional displacement vector [ for every point of an oscillating object [23, 24]. For
this an optical set-up is used, which measures in three sensitivity directions
simultaneously, cf. Sect. 7.3.1. The set-up shown in Fig. 7.14 records merely one
sensitivity direction.

With a knowledge of the vector 1 for each point of the object surface the
oscillation behaviour of an object can be described completely [24]. With the help
of e.g. three different illumination directions and one observation direction three
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Fig. 7.21 Measurement of the mode of vibration of a turbine housing with three dimensional
holographic interferometry; excitation frequency 1,700 Hz. Top left photograph of the turbine

with the three sensitivity vectors A%ayo,AEbyo,AEC,o and the direction of observation %o being
perpendicular to the plane of projection. Top right and bottom phase images for the three
sensitivity directions

different sensitivity vectors can be measured for each object point. Figure 7.21
shows a turbine housing of a vacuum cleaner motor with the three sensitivity
vectors and the corresponding phase images for an excitation of the turbine with an
eigenfrequency of 1,700 Hz [24]. Figure 7.22 displays the three-dimensional
deformation fields of the mode of vibration deduced from the data of the phase
images of Fig. 7.21.

The flexibility of a set-up for holographic interferometry can be increased if it is
possible to guide the laser pulses via fiber optics [25]. For the reference beams
monomode fibers must be used to preserve the spatial coherence across the
hologram aperture for recording and reconstruction. The required energies of the
reference beams are in the range of 10-100 pJ, which can be transmitted by fibers
with small core diameters. For the object beams multimode fibers come into
question, if the condition is fulfilled that a phase shift in the object beam path
between the two hologram recordings is caused only by object displacements and
not by changes of the mode structure within the optical fiber. Necessary object-
beam energies amount to several joule, depending on object size. An approach to
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Fig. 7.22 Three dimensional deformation fields of the mode of vibration of a turbine housing
based on the data of Fig. 7.21. Top left photograph of turbine with cartesian coordinate system.
Top right and bottom x-, y- and z-deformation of the turbine housing at an excitation frequency of
1,700 Hz. ptv = peak-to-valley

deliver laser pulse energies of 300 mJ for a ruby laser through multimode fibers is
based on pulse stretching in order to keep the peak irradiances below the damage
thresholds of the fiber material [26].
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Chapter 8
Speckle Metrology

Abstract The formation of speckles while illuminating an object with a laser
beam is described. Different types of speckle interferometers are presented to
measure out-of-plane, in-plane or derivatives of object displacements. The set-up
of an electronic speckle interferometer is shown and examples of applications are
given ranging from deformation analysis of stressed mechanical components, the
detection of internal flaws in foam parts or tires to the analysis of stationary
vibrations of components.

Speckle metrology comprises a number of different methods for measuring the
geometric variation of objects with an optically rough surface. These methods use the
so-called speckle effect which is discussed in Sect. 8.1. The areas of application of
the speckle measuring methods, in particular of speckle interferometry, are com-
parable to those of holographic interferometry. Different types of object variations,
for example dilatations, displacements or bulges can be determined quantitatively.
Speckle interferometry allows to measure such object alterations with a video camera
and electronic image processing, cf. Sect. 8.3. Electronic speckle interferometers
distinguish themselves in practice through their simple and flexible operation.

8.1 Formation of Speckles

If a rough surface is illuminated with coherent laser light, this surface appears
grainy to the observer. The light scattered from the surface varies in its spatial
intensity distribution, bright and dark spots appear. This phenomenon is known as
the speckle effect [1, 2]. The single bright or dark spots are called speckles. The
speckles develop if the surface of the scattering object is rough as opposed to that
of a mirror or a lens. A surface in optics is described as rough, if the roughness is at
least of the order of the wavelength of the illuminating light. What is the reason for
this statistically variable scattering intensity?

Each point of the surface which is illuminated by the incident laser light,
scatters this light with a definite phase relative to the phase of the incoming wave.

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 195
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_8,
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laser beam

observation screen

scattering surface

Fig. 8.1 Formation of speckles, interference pattern of two scattered waves emanating from the
points P; and P, of a coherently illuminated surface

Due to the microscopic structure of the surface, which is characterized through the
roughness, the optical path lengths between the various scatterers of that surface
and an observation plane varies statistically and so do the phases of the waves
arriving at a given point in the observation plane. In the following, two surface
points are considered which are chosen in such a way that they scatter the
incoming laser light and the waves emanating from these two points have equal
phases (this is not a necessary assumption, it is just a simplification which leads to
the central bright interference fringe on the observation screen in Fig. 8.1 lying on
the z-axis). Figure 8.1 depicts this situation. A laser beam is directed onto a
surface. An observation screen is mounted in the distance L to the scattering
surface. Both of the waves emanating from P, and P, interfere and generate an
interference pattern on the observation screen which is similar to that of the double
slit, cf. Sect. 2.3.3. The interference fringes run approximately parallel to one
another in the middle of the screen. For geometric quantities within the plane of
the scattering surface the index “s” is used and for those in the observation screen
“0s”. For the distance between two neighboring interference fringes in x-direction,
the following is valid, cf. Sect. 2.3.3, for sufficiently large distances L:

A
AxXog %d_L’ (8.1)

S

where 4 is the wavelength, d; the distance between P, and P, and L the distance
between the scattering surface and the observation screen.

As well as the pair of points shown in Fig. 8.1, there are on a rough surface
many more pairs of points with varying mutual distances and orientations. All
these pairs generate their own interference pattern similar to that shown in
Fig. 8.1. According to the size of the distance ds between the points in compliance
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laser beam

scattering aperture observation
surface screen

Fig. 8.2 Formation of speckles by imaging a coherently illuminated surface with a lens on an
observation screen

with (8.1), each of these interference patterns have different fringe spacings or are
each—according to the angular position of the point pair—twisted towards each
other. As a result this statistical superposition of many interference patterns with
different orientations and different fringe spacings leads to the formation of
speckles on the observation screen.

The smallest typical dimension of a speckle can be estimated with the aid of
equation (8.1). The smallest fringe spacing appears for two points which have the
largest possible mutual distance ds from one another. The largest possible distance
is given through the size of the illuminated field. This so-called illumination
aperture defines therefore the smallest dimension of the speckles in the observation
plane.

In the following, the case of a lens being situated in the beam path, as shown in
Fig. 8.2, is considered. With the lens the illuminated surface is imaged onto an
observation screen. The aperture of the lens has a diameter D. The aperture plane
can itself be regarded as a plane, on which a statistical wave field with spatially
varying phase strikes. Similar to that already shown above, two points, which have
the same phase, are again found in this plane. They generate an interference
pattern in the observation plane. The superposition of many such interference
patterns leads again to the formation of speckles. The smallest diameter arises
analogous to (8.1):

~—b 2
d)OS D ) (8 )

with D diameter of the aperture, b distance between lens or aperture plane and
observation screen.

Apart from a constant numerical factor, cf. Sect. 2.3, the result (8.2) corre-
sponds to the diameter of the so-called Airy disk. The Airy disk is the smallest
possible area on which an object point can be imaged.
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8.2 Speckle Pattern Photography

The different types of speckle pattern photography are introduced below [3-5].
They are based on a double exposure method, with which the geometric changes of
the surface of an object, which appeared between both exposures, are registered.
The imaging speckle photography is suitable for the determination of displacement
gradients parallel to the surface of the test object, as they occur, for example, with
the expansion or compression of a body. With the unfocused speckle photography
the displacement gradients perpendicular to the object surface are obtained. These
appear with the bulging or inclining of an object.

8.2.1 Imaging Speckle Pattern Photography

The principle layout for imaging speckle pattern photography is shown in Fig. 8.3.
A laser beam illuminates the object. This object is imaged with a lens on a film
plane. The speckle pattern of the object in state 1 is recorded in a first exposure on
the film. The resolving power of the film must be so large that single speckles can
be resolved. If necessary the diameter of the aperture of the imaging lens in
Fig. 8.3 must be decreased, in order to increase the size of the speckles, cf.
Sect. 8.1. After this illumination the position of the object is altered; in Fig. 8.3 a
displacement in the plane of the object in negative x-direction is shown. The same
speckle pattern exists in the film plane. It is, however, in contrast to state 1 now
displaced, according to the magnification of the viewing system, in the positive
x-direction. This speckle pattern in state 2 is recorded in a second exposure on the
film. On the developed film two similar speckle patterns are recorded which are
displaced against one another. Figure 8.3 shows for example the position of a
speckle P'(;y and P’(,) for both exposures belonging to the same object point P in
the two states 1 and 2 (the index for these two states is written as “(1)” or “(2)”
for the points P’ in the film plane). The imaging of the object into the film plane
can be described by the imaging equation, cf. (4.28):

: (8.3)

Sl =

1
~+
g

=

with the quantities object distance g, image distance b and the focal length of the
lens f. For the magnification holds the relation:
B b
—=-, (8.4)
G g
where B is the size of the image and G the size of the object.

The displacement between both speckle positions are determined with the
layout shown in Fig. 8.4. A collimated laser beam is directed onto the developed
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Fig. 8.3 Principle of speckle pattern photography, recording of the speckle pattern

observation screen

- D,
it ] \\!
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Fig. 8.4 Determination of the local object displacement from a speckle pattern photography. For
clarity only a reduced number of speckles is shown on the film

film. The diameter of the laser beam in the film plane is chosen at least as large as
the largest distance between a speckle pair Py and P/ (). The illuminated speckles
P'(1y and P'(5) represent two sources of equally phased coherent waves, which
generate Young interference fringes. For the diagram Fig. 8.4, it was taken that the
displacement between state 1 and state 2 is small compared with the distance L
between the film and the observation plane. For this reason interference fringes
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essentially parallel to one another appear, as opposed to the situation shown in
Fig. 8.1.

From the measured interference fringe spacing the displacement between both
speckle positions P'(jy and P,y is calculated. It follows:

A

dyy = ——
p Axos

L, (8.5)

with Ax, interference fringe spacing in the observation screen, L distance between
film and observation plane, dp, displacement between P'(;, and P, in the film
plane.

The displacement in the object plane d,, can then be determined with (8.5) and
(8.4):

dop = dfp% (8.6)

Up to now it has been assumed that between both exposures the object expe-
riences a pure translation in x-direction. The method described is also suitable for a
spatially dependent object displacement in the xy-plane, like e.g. an expansion. For
the evaluation in this case the film is scanned with the laser beam, in order to
determine the local object displacement for each object point from the corre-
sponding interference fringe system. The interference fringes are always aligned
perpendicular to the direction of the local object displacement in the xy-plane.

The smallest still detectable displacement of the object depends on the size of
the speckles in the film plane. For

dip > dp, (8.7)

where dy, is the speckle displacement in the film plane and ds, the speckle size in
the film plane, the displacement of the speckles can still be measured, but cannot in
the reverse case. This limit can, too, be illustrated in another way. As shown in
Fig. 8.4, the interference pattern in the observation plane is circularly limited. This
circle, inside of which the interference fringes appear, is created by the diffraction
of the laser light at individual speckles. The diffraction pattern is similar to that of
a circular aperture, cf. Sect. 2.3. For the diameter of the circle in the observation
plane D, the following is valid:

)
D.=2442"1, (8.8)
dyp

see Fig. 8.4.

If the fringe spacing in the observation plane is larger than half the diameter
D./2, it can no longer be determined. From the equations (8.5) and (8.8), the
following condition has to be fulfilled: Ax,s <D./2. Then, for the smallest
resolvable object displacement holds the following relation:


http://dx.doi.org/10.1007/978-3-662-43634-9_2

8.2 Speckle Pattern Photography 201

observation
plane

Fig. 8.5 Set-up to observe fringe patterns indicating locations of constant local object
displacement

diy > (1/1.22)dyp. (8.9)

This relationship is identical to the inequation (8.7) with the exception of a
constant numerical factor. The detection limit for speckle pattern photography is
reached if the displacement of the speckle pattern is smaller than, or equal to, the
size of the speckles. With equation (8.6), inequation (8.7) yields the condition for
detectable object displacements for a given speckle size in the film plane dp:

dop > dsp% (8.10)

Up till now it has been shown how, for imaging speckle pattern photography,
the exposed film is scanned point for point according to Fig. 8.4 in order to
determine the respective local object displacement. With the arrangement shown
in Fig. 8.5, points with the same object displacement can be displayed on the
object which is imaged by lens 2 onto the observation plane. The coordinates of
the object which is imaged into the film plane, cf. Fig. 8.3, are represented by
(xfp, yfp). On the film, a local displacement d, (xfp, yfp) of a speckle pattern was
recorded in y-direction, e.g. with the arrangement according to Fig. 8.3. (A dis-
placement in y-direction was chosen for the example in Fig. 8.5, in order that the
beam paths could be shown more clearly). The displacement of the speckle pattern
corresponds to a local object displacement in the y-direction, which should be
determined.

The film is illuminated with an expanded laser beam. The laser beam is dif-
fracted at the recorded speckle patterns, which are shifted against one another. An
aperture is placed in the focal plane of lens 1 of Fig. 8.5. In the aperture plane an
interference fringe pattern is formed due to the diffraction at the local speckles,
which are shifted against each other on the film by d, (xfp, yfp). For a local dis-
placement of the object in the y-direction, the interference fringes are oriented
parallel to the x-axis. Only such interference fringes which run parallel to the
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x-axis are allowed to pass through the slit shaped aperture. A second requirement is
that the interference fringe distance must correspond to the distance of the slit in the
y-direction from the axis of symmetry, (or an integral part thereof; see below). The
zeroth order of the diffracted laser beam has a distance of y = 0 from the axis of
symmetry and is therefore not allowed to pass through the aperture (cf. Sect. 2.3).

Lens 2 produces an image of the object recorded on the film in the observation
plane (lens 1 is arranged directly behind the film and influences only slightly the
imaging through lens 2). Due to the presence of the aperture the object points
which contribute to the imaging are those which have a local displacement in the
y-direction leading to an interference fringe pattern, the orientation and fringe
spacing of which, is such that the diffracted beams of a diffraction order are
allowed through by the aperture. In this way, those object points, at which a
definite object displacement appeared in the y-direction, are imaged on the
observation plane. The image of the object is covered by a fringe pattern, whereby
the fringes correspond to points of constant local displacement in the y-direction.

If Y is the distance of the slit in the y-direction from the axis of symmetry, then
for the interference fringes which contribute to the imaging, the following is valid:

(ni/d))fi =Y, (8.11)

with n diffraction order, n = 0, 1, 2,...; d, local displacement d, (xfp,yfp) of the
speckle pattern in the film plane, f; focal length of lens 1 of Fig. 8.5.
Solving equation (8.11) for d, gives:

dy(x¢p, yip) = nifi/Y. (8.12)

The local displacement is a multiple of Af; /Y, if the corresponding interference
fringes contribute to the imaging. We study two neighboring points x5, and x¢, in
the film plane, for which the local displacements

dy(x16p,y1p) = (41/Y), (8.13)
dy(xap; Yip) = 2(#1/Y) (8.14)

appear. The points (Xig,Ys), (%ofp,yp) where these displacements occur are
imaged according to condition (8.11) into the observation plane. Furthermore, for
simplification, it is assumed that lens 2 generates a 1:1 imaging of the film plane in
the observation plane, i.e. the magnification is 1, cf. (8.4). The displacement
gradient is determined from the distance between two neighboring fringes x, —
x1 = —(% — x1fp) in the observation plane, with (8.13) and (8.14):

ad, Jox ~ (1Y) (x2 — x1). (8.15)

The displacement gradients Od, / Oy, 0d,/0x, 0d, /0y can be calculated com-
pletely analogously. The displacement gradient in the object plane is the same as the
one given in (8.15) since numerator and denominator are transformed according to
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Fig. 8.6 Unfocused speckle pattern photography

(8.6). For the determination of the displacement gradients in the x-direction, the
aperture in the arrangement according to Fig. 8.5 is simply rotated by 90°.

8.2.2 Unfocused Speckle Pattern Photography

In Fig. 8.6 the principle for unfocused speckle pattern photography is shown. An
object is illuminated by a plane laser wave. A lens is situated in front of the object.
The observation or film plane is arranged in the distance of the focal length. The
laser light is scattered on the object in state 1. The scattering waves emanating
from the points P and O lead to an interference pattern in the focal plane of the
lens, which reaches a maximum at a given point S. Through a multitude of such
scattering pairs of points, a speckle pattern, which is recorded on a film, cf.
Sect. 8.1, is formed in the observation plane.

If the object in state 2 is inclined towards the original state, the phase relation
between the points P’ and O changes. This phase change leads to a displacement of
the observed interference maximum of S towards S’ in the observation plane. This
phase change can be calculated as follows, see Fig. 8.6:

PP’ = Dsiny,
P'Q = Dsinycosa, (8.16)

where D is the diameter of the aperture and 7, o are the angles shown in Fig. 8.6.

If the phase of the scattering waves from P and O in state 1 is the same, then the
phase from Q in state 2 is delayed with respect to the phase of the wave coming
from O by the following amount:

A¢p = (2n/2)D(siny + siny cos a), (8.17)

with A¢ phase difference between the scattering waves of Q and O, cf. Fig. 8.6. If
the phase difference amounts to 27, then the position of the interference pattern in
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the observation plane changes by just by one fringe spacing. For phase angles
between 0 and 2m the interference pattern is displaced by the corresponding
fraction of the fringe spacing. It is therefore valid:

Ap SS
GO (519

with SS’ displacement of the interference pattern in the observation plane, f focal
length of lens, (A/D)f interference fringe spacing in the observation plane, cf.
(8.1). For sufficiently small angles y using the approximation siny = tany ~ y the
following is valid:

y & 0d, /0y, (8.19)

with d, displacement of the object in z-direction, see coordinate system in Fig. 8.6,
0d, /0y partial derivative of the displacement in z-direction with respect to y.
From (8.17), (8.18), (8.19) it follows that:

SS” = (1 + cos a)f (3d. /dy). (8.20)

The displacement of the interference or speckle pattern can again be measured
with the arrangement according to Fig. 8.4 or 8.5. With the help of equation (8.20)
the gradient dd,/0y is calculated. Therefore unfocused speckle pattern photogra-
phy offers the possibility to determine the displacement gradient of an object
perpendicular to its surface. It is in this sense complementary to the imaging
speckle pattern photography, with which the displacement gradient in the surface
of an object is recorded, cf. Sect. 8.2.1.

8.3 Speckle Interferometry

Speckle interferometry distinguishes itself most markedly from speckle pattern
photography in the following ways:

(a) With speckle interferometry a speckle pattern is observed, formed by the
interference of the speckle pattern of a wave, scattered at the object, and a
reference wave. The reference wave is for example a spherical wave or
another speckle pattern.

(b) In speckle interferometry, two speckle patterns belonging to different object
states—as described under (a)—are compared with one another. The
observed fringes correspond to points at which the speckle patterns correlate.
From the position and the structure of these fringes, the type and size of the
spatial object change is determined.
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8.3.1 Principle

The principle of speckle interferometry is represented by Fig. 8.7 [3, 4, 6].
Essentially, the design corresponds to that of a Michelson interferometer, cf.
Sect. 6.1.2. Using a beam splitter, a plane wave is split into two. The waves
illuminate a diffuse scattering surface of a test object and a reference object. Both
objects are imaged, via the beam splitter and a lens, onto an image plane. The
scattered waves from the test and reference objects interfere at this observation
plane and a speckle pattern develops, as shown in Sect. 8.1, Fig. 8.2. The scattered
waves are described in the image plane through their complex amplitudes, cf.
Sect. 6.1:

Em - |Em(xa y)| exp(i'&m(xay))a

E, = |Ey(x.) | exp(ids(x, ) (520
with Ep.(x,y) complex amplitudes of the scattered waves from the test and ref-
erence objects in the observation plane, cf. Fig. 8.7, ¥m,(x,y) phases of the
scattered waves in the observation plane.

Amplitudes and phases take on statistically varying values at different locations,
as is characteristic of a speckle pattern. An interference pattern develops in the
image plane, which itself becomes a speckle pattern. For the intensity distribution
(the argument (x,y) is omitted for clarity) the following applies:
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I} = const.(Ey, + E;) (Em + E)7,

(8.22)
I = I + I, + 2v/In1; cos(Oy — ¥;),
with I, ; intensity of the scattered waves in the image plane.
A shift of the measuring object in Fig. 8.7 by a small amount in the z-direction
gives rise to a phase difference between the waves Ey, and E, amounting to:

P(x,y) = (2r/4) 2d(x, y), (8.23)

with A wavelength of the laser light, d, displacement of the test object in the
z-direction, cf. Fig. 8.7. In general, this displacement would be locally different,
i.e. d, = d (x,y) and also therefore ¢ = ¢(x,y). As a result of the phase difference
¢, the interference pattern changes, as follows:

L =1+ I + 2V cos(V — U, + ¢). (8.24)

The interference patterns I; and I, are equal if the following condition is
fulfilled:

¢ =n2m, (8.25)

with n integer.

The degree of correlation between the two interference patterns can be observed
as will now be described. The interference pattern I; is recorded on a photographic
film. The developed film is brought back again to the position of the shot and if the
test object has not changed, then the interference pattern I; will also have stayed
the same. Only a very small amount of light is allowed through to the film, since
the resulting dark areas will accurately overlap the bright speckles of the inter-
ference pattern /; where they exist. However, had the object changed locally, i.e.
varying shifts occur in the z-direction at different object points P(x,y), then a
fraction of light would have been allowed through. Dark fringes appear on the film
in the image of the object. These occur in the areas where a phase difference of
¢ = n 27 exists. Bright fringes occur where ¢ = (2n+ 1)n is valid. At these
positions both interference patterns I; and I, do not overlap, i.e. in general dark
regions do not appear on the film at the same places as bright speckles. Between
two waves emanating from two neighboring dark fringes there is a path difference
of 4, cf. (8.23).

Another variant of speckle interferometry following Fig. 8.7 is that both
interference patterns, /; and I, are recorded on the same film. In areas in which
there is no correlation, the film would be almost completely blackened. Regions
which had not been exposed by speckle pattern /; would now be exposed by the
bright speckles of the other speckle pattern. However, in areas in which the speckle
patterns do show correlation, the film would be only partially exposed, as here,
dark areas in both interference patterns lie at the same positions. The resulting
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Fig. 8.8 Speckle interferometer to measure object displacements oriented mainly perpendicular
to the object surface

fringes mark those object locations where a high correlation exists between the two
speckle patterns. In this sense, fringes observed with speckle interferometry are
called correlation fringes, in constrast to usual interference fringes.

8.3.2 Speckle Interferometer

The different variants of speckle interferometers distinguish themselves, among
other things, by the way in which object displacements are measured. In the set-up
shown in Sect. 8.3.1, Fig. 8.7 the object displacements were measured perpen-
dicularly to the object surface—so-called “out-of-plane displacements”. In gen-
eral, the object displacement to be determined depends on the illumination and
observation geometry. For the phase change of a scattered wave at a point the
following equation is valid, in analogy to (7.16) and Fig. 7.7 in Sect. 7.3.1:

¢ = (75 - /?) -d, (8.26)

with & angular wave vector of the incident light, K angular wave vector of the
scattered light in the observation direction and d displacement vector.

Relationship (8.26) is a generalization of (8.23). In Fig. 8.7, k and X' are ori-
ented parallel and antiparallel to the direction of the z-axis, so that, through a

displacement of the test object, only the component of d in the z-direction causes a
phase shift.

(a) Measurement of object displacements perpendicular to the object surface by
speckle interferometry.

Figure 8.8 shows schematically how a speckle interferometer is used to mea-
sure displacements which are essentially perpendicular to the surface of an object.
Using the speckle interferometer as illustrated in Fig. 8.8, a spherical wave is
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employed as a reference wave, in contrast to the speckle pattern used in the
arrangement in Fig. 8.7.

The object is illuminated by a plane wave, which is inclined at an angle « to the
z-axis. A lens projects the object onto the image plane. The reference wave is
coupled with a beam combiner behind the lens. The aperture in front of the lens
and the reference wave are both adjusted in such a way, so that the resulting
speckle pattern can be resolved in the image plane, as is required by the selected
recording medium—e.g. photographic film or a CCD camera. For the aperture this
means that a sufficiently small diameter must be chosen, in order that the speckle
dimensions are larger than the smallest still-resolvable structure of the recording
medium in the image plane, cf. Sect. 8.1, equation (8.2).

The reference wave is projected initially from a point Q,. The positions of Q, and
the beam combiner are adjusted so that the reference wave emanates from behind the
beam combiner, as it would if it was being projected from the center of the aperture of
the lens. In this case, the interference between the reference wave and the imaged
speckle pattern leads to bright and dark speckles in the image plane, whose typical
dimensions are larger than the smallest speckles caused by the aperture (for the
development of the smallest speckles cf. Sect. 8.1). In this way, it can be guaranteed
that the resolving ability of the recording medium is not exceeded.

For the angular wave vectors applied in equation (8.26) we have in the
arrangement of Fig. 8.8:

= (2n/A) (—sinoé, — cosaé,),

(n/3)z. (8.27)

Q

oy

where e,, e, are the unit vectors in the x-, z-directions.

The relationship given for K applies only approximately if the width of the
illuminated object is small in comparison to the distance of the object from the

lens. For the displacement vector d applies:
d = d@, +d2, +d.é.. (8.28)
With the equations (8.26) to (8.28) it follows that:
¢ =—(2n/2) (sinod; + (1 + cosa)d;). (8.29)

For a sufficiently small angle o, the phase difference ¢ following (8.29) is
essentially dependent on the object displacement in the z-direction. In the limiting
case o =0 (8.29) yields again the expression ¢ = —(2n/1)2d, analogous to
equation (8.23).

From the distance between neighboring correlation fringes Ax in the x-direc-
tion, the displacement gradient dd,/0x can be determined approximately. There-
fore, we will consider two neighboring points (x;,y) and (x»,y) on the object
surface. For the local displacements at these points, the following should apply:
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Fig. 8.9 Speckle interferometer to measure object displacements in the plane of the object
surface

d,(x1,y) = A4/2,

d; (Xz,y) =4

In this case, the phase difference, according to (8.23), between the neighboring

correlation fringes, is just 27. The displacement gradient dd,/0x can be expressed,
using equations (8.30) in a first approximation, as a differential quotient:

10d, /0x| ~ 1/ (2Ax), (8.31)

with Ax = |x, — x| fringe spacing in the object plane.
The speckle patterns in the image plane can be recorded on a film or with a
CCD camera and evaluated, as previously described in Sect. 8.3.1.

(b) Measurement of object displacements in the object surface by speckle
interferometry

Figure 8.9 represents schematically how a speckle interferometer can be used
for the measurement of object displacements in the object surface—so-called “in-
plane” displacements [7]. The object is illuminated by two plane waves which are
inclined at an angle « to the z-axis, and whose angular wave vectors lie in the xz-
plane. A lens projects the object onto the image plane.

For the angular wave vectors of the incidents waves holds, cf. Fig. 8.9:

= (2n/2) (—sinaé, — cosaé,),

(8.32)

> =

2 = (2n/A) (+sino &, — cos 0 &;).

For the angular wave vector in the observation direction, the following
approximation is valid:
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K =~ (2m/5)e.,
cf. (8.27).
A shift of the object leads to a phase change of the scattered waves, relating to

both waves %1 and Ez, which, with equation (8.26), can be given by:

—

¢ = (El —zl) -d,

. (122 ) 1?) P (8.33)

If the phase change ¢ at a point on the object surface caused by an object

displacement in the field of the wave 121 is exactly as large as that in the field of the

wave ko, or if it differs by a multiple of 27 only, then the speckle pattern in the
image plane does not change. This implies that, at those object locations at which
the following equation

¢ = ¢y +n2m, (8.34)

n integer, is satisfied, the speckle patterns agree locally and it is here that their
correlation attains a maximum value. From equations (8.32), (8.33) and (8.34)
follows

¢, — ¢, = (2n/A)2sinad, = —n2m. (8.35)

Using (8.35) it follows that the object displacement in the x-direction d,, for
which the speckle patterns are identical, is given by:

dy =—nl/(2sina). (8.36)

The phase difference, which is calculated in (8.35), depends only on the

x-component of the displacement vector d. Hence the speckle interferometer from
Fig. 8.9 is not sensitive to object displacements in the y- or z-direction. If the local
displacement of the object in the x-direction takes the value of (8.36), then the
corresponding local speckle patterns are correlated.

The result given in (8.36) can be explained also in another manner. The two
incident waves shown in Fig. 8.9 are interfering, cf. Sect. 2.2.3. The waves described

by the angular wave vectors El and Eg generate a fringe pattern on the object surface.
The fringe spacing in x-direction is given by, cf. Sect. 7.1, equation (7.5):

a=7/(2sina), (8.37)

with a fringe spacing, « angle of incidence, cf. Fig. 8.9.
If the object is locally displaced in the x-direction just by the amount of the
fringe spacing or a multiple of that fringe spacing, then obviously all points of that
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region of the object surface are illuminated in the same way as before. That means,
that the local phase of the incident waves has not changed or just changed by an
integral multiple of 27. The speckle patterns are correlated and correlation fringes
appear.

From the distance between correlation fringes the displacement gradients
within the object surface can be deduced. In the following we consider two
neighboring points (x;,y) and (x,,y) on the object surface. For the local dis-
placement at these points we take:

i, ) = 4/(2sin3), 539

di(x2,y) =2A/(2sina).

In this case, according to (8.36), the speckle patterns are identical at the points

(x1,y) and (x,y). At these locations correlation fringes occur. Their mutual dis-

tance amounts to Ax = |x; —xy|. The displacement gradient can be calculated
approximately with equations (8.38) as a differential quotient:

|dx(x2ay) - dx('xlay)|
Ax

|0d, /0x| ~ = A/(2sin o Ax), (8.39)
with Ax = |x, — x| fringe spacing in the object plane.

With the help of (8.39) and the observed fringe spacing Ax the displacement
gradient Od, /Ox can be determined. In the same way the gradient dd, /0y is gained,
with Ay being the fringe spacing in the y-direction. If in Fig. 8.9 the incident

waves k; and Ez are located in the yz-plane instead of the xz-plane then in an
analogous way the gradients |6dy / 6x| and lﬁdy / 6y| can be determined.

(c) Measurement of the derivation of object displacements perpendicular to the
object surface by speckle interferometry

Figure 8.10 shows a speckle interferometer which can be used to measure the
derivation of object displacements perpendicular to the object surface [8, 9]. This
variant is also described as shearing interferometer and the method is known as
shearography. The characteristic feature of the shearing interferometer is the fact
that it is sensitive to local changes of the object surface but it is insensitive to
whole-body translations of the test object. For this reason, this type of interfer-
ometer has found widespread use.

The test object is illuminated by a laser beam. A lens projects the object surface
onto the image plane. A beam splitter and mirrors 1 and 2 are located in the imaging
ray path. At first, we will consider mirror 2 only. An object point P, is projected onto
the point Q in the image plane by way of the beam splitter, mirror 2 and the lens. A
second object point P,, in the neighbourhood of point Py, is projected likewise onto
the point Q via the beam splitter and the slightly inclined mirror 1. The waves,
resulting from the projection of the points P, and P, in the image plane, interfere at
the point Q. For the calculation of the phase difference associated with a position
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Fig. 8.10 Speckle interferometer to measure the derivative of object displacements oriented
perpendicularly to the object surface

change of the object surface, it is assumed, referring to equation (8.26), that the point

P, is displaced by ;z’(xl) and the point P, by ;i(xn), where x; and xj; are the
x-coordinates of these points, see Fig. 8.10. Furthermore, P, lies close to P, which

means that the wave vectors of the incident and scattered waves, k and ¥/ , for both
points, are approximately the same. The phases of the waves scattered from points P,
and P, are changed due to the object displacement as follows:

o= (K= F) -dw),

o o\ o (8.40)
ou = (K—F) - ().
For the difference of these phase changes, follows:
¢y — du = (/: - /?) ‘ (Ei(xl) - 3(1611))- (8.41)

We assume furthermore that the angular wave vectors k and k' are set opposite to
each other and oriented parallel to the z-axis, cf. Fig. 8.10, in order to simplify (8.41):

$1 — du = (4m/2) (d:(01) — d: (o)), (8.42)

where d, is the z-component of the displacement vector d.
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Table 8.1 Properties of the different speckle interferometers; d, refers to object translations
perpendicular to the object surface and d, to those lying within the object surface, cf. coordinate
systems in Figs. 8.8, 8.9 and 8.10, s, image shear in the x-direction

Speckle interferometer for Correlation fringes correspond to Distance between
measurement of object locations, where the following neighboring correlation
translations quantities are constant fringes in x-direction
Out-of-plane d, Al
21]0d.|
o
In-plane d, A 1
sin a %‘
Oox
Shearing od, A1
ox 210%,
e

Atthe locations at which the difference of the phase changes is an integral multiple
of 27, the speckle patterns are identical. At these positions, correlation fringes occur.
With 0d_/0x, the derivative of the z-component of the displacement vector with
respect to the x-coordinate is described. This derivative is given approximately by:

od; _ d;(x1) — dz(xu)

RSPV . 8.43
Ox X1 — X11 ( )
Inserting the relation (8.43) into (8.42) leads to:
471 0d,
— R ——8,, 8.44
b1 — bn 7 ox S ( )

where s, = x; — xy1 is the image shear in the x-direction in the object plane.

If the phase difference ¢; — ¢y is an integral multiple of 27, then the speckle
patterns will locally agree. The correlation fringes correspond to those locations at
which 9d_/0x is constant.

In analogy to the deduction in the previous sections (a) and (b), the curvature

0%d. / Ox? can be calculated approximately from the fringe spacing:
o
ox?

A1
N ——. 8.45
2 sAx ( )

In Table 8.1 the properties of the described interferometer types are summarized.

8.3.3 Electronic Speckle Interferometry

With electronic speckle interferometry—abbreviated to ESPI—speckle patterns are
recorded by CCD cameras instead of using photographic film, cf. Sects. 5.5.5 and
5.5.6) [10]. The principle of the various possible types of speckle interferometers
which can be used for ESPI has already been explained in the previous section.
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Fig. 8.11 Set-up of an electronic speckle interferometer. M mirror, BS beam splitter, L lens, G
grey filter, A aperture, O objective, BC beam combiner. The video camera is operated without
objective

The set-up of a typical electronic speckle interferometer, including the laser
source and beam path, is represented by Fig. 8.11. It is based on the principle
already shown in Fig. 8.8. A laser beam is split into a reference beam and an
illumination beam. The illumination beam is directed at the object while the
reference beam is passed through an optical delay line. This serves to equalize the
different pathlengths of the reference and illumination beams, so that both are able
to interfere, within the coherence length of the laser radiation, at the beam com-
biner located behind the objective.

The object is projected onto the light-sensitive detector with the aid of an
objective. The reference wave is coupled into the beam path via a beam combiner
and is superimposed with the wave scattered from the object. As was already
described in Sect. 8.3.2, the reference wave and the aperture of the objective are
chosen so that the speckle pattern can be resolved by the camera. The video signal
is electronically processed and the image information is buffered. The resulting
image data are subsequently displayed on a monitor.

In order to measure object displacements, the speckle patterns of the object in
the initial state and in the final state are detected and stored. Following this, the
video signals of both images are subtracted from one another and displayed again
on the monitor. Another variant exists in the fact that the stored image is sub-
tracted in real-time from the actual video signal of the camera. The regions of the
image, in which the speckle patterns have not changed, yield a negligible differ-
ence signal, which appears as a dark zone on the monitor. If, however, the speckle
pattern had changed locally, then a large difference signal would result. These
regions appear on the monitor as bright areas.

In the following, the signal processing which accompanies electronic speckle
interferometry should be considered closely. The intensity distribution of the
displayed speckle patterns can be described by equations (8.22) and (8.24) from
Sect. 8.3.1:
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I = I + I + 211 cos(¥), (8.46)
L = Iy + I, + 2Tl cos(9 + ¢), (8.47)

with I, intensity distribution of the object wave in the image plane, I intensity
distribution of the reference wave in the image plane, 1) spatial statistically varying
phase in the image plane, ¢ phase difference due to a local object displacement
between the two recorded speckle patterns, cf. (8.23).

The voltage of the video signal is proportional to the intensity of the speckle
pattern:

U, (8.48)

where U is the voltage of the video signal.
For the subtraction of the video signals of both images, with equations (8.46)
and (8.47), follows:

U=U —UyxI} — L x 4/II sin(9 + ¢/2) sin(¢/2). (8.49)

Equation (8.49) can attain both positive and negative values. Negative voltages
would be represented on the monitor as dark regions. In order to prevent this, the
signal is previously rectified. The brightness on the monitor is then proportional to
the amount of U. This gives:

H = B\/Inlisin?(0 + ¢/2) sin’(6,/2), (8.50)

with H brightness on the monitor and f§ proportionality constant.

The distribution of brightness on the monitor is subject to statistical fluctua-
tions, which occur because of the statistical spatial variation of the intensity /,, and
of the phase ¥. The phase difference ¢ changes only negligibly over the range of a
few neighboring pixels of the CCD-chip. These statistical fluctuations can be
eliminated using a spatial averaging process:

(H) = B(VInL) (2/m) y/ sin(/2), (8.51)

where the brackets “< > denote the spatial averaging and (2/7) is the average

value of the function Vsin® ¥ in the angle interval [0, 7).
The averaged brightness, dependent upon phase change, can attain different
values. It follows that:

(H) = ﬂ<\/lm_lr> (2/m), for¢g=02n+1)mn,n=0,1,2,...,

(H) =0, for ¢ = 2nm. (8.52)
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Following equation (8.52), dark areas appear if the phase change between the
recordings amounts to a multiple of 2x, cf. Sect. 8.3.1.

The phase cannot be unequivocally determined from the brightness using
relationship (8.51). In order for it to be correctly determined, the phase shift
method is again used, in analogy with holographic interferometry, cf. Sect. 7.3.3.
In the latter, the additional phase change, which is necessary for the phase shift
process, can be achieved through the reconstruction of the hologram, cf. Fig. 7.10,
right. In contrast to this, the correlation fringe pattern in electronic speckle
interferometry is generated after the subtraction of the second speckle pattern from
the first. Therefore, an additional phase displacement cannot be introduced at this
step, it is instead carried out when the speckle pattern /;, is recorded [11]. Rela-
tionship (8.26) and the known phase lead to the calculation of the displacement
field. An example using the method of subtraction of two speckle patterns and the
obtained displacement field, in electronic speckle interferometry, is introduced in
Sect. 8.4.

8.3.4 Time-Averaged Vibration Electronic Speckle
Interferometry

The so-called time-averaging process is suitable for an investigation of vibrations
with the help of speckle interferometry [12]. The set-up corresponds to Fig. 8.11.
For simplification we assume that the observation is undertaken in a direction
opposite to that of the illumination; this corresponds to the situation o = 0 in
Fig. 8.8. The object exhibits harmonic oscillation. A time-varying speckle pattern
is the result at the input of the video camera. It is assumed, in the following, that
the period of oscillation is small in comparison with the video camera’s integra-
tion. This has the consequence that the speckle patterns—contrary to the case
outlined in the previous section—are added on the camera detector. The oscillation
at an object location is described through the following relationship:

s(t) = so sinwt, (8.53)

with s(¢) local elongation, sy local amplitude, w angular frequency of oscillation, ¢
time.

If this elongation occurs in a direction parallel to the illumination and obser-
vation directions of the speckle pattern, then, for the associated phase displace-
ment ¢(t), the following is valid:

o(t) = 7 s(2). (8.54)

The time-varying speckle pattern, with equation (8.47), is given by:
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1(t) = m+1r+2\/l_njrcos(19 +47ﬂs(t)>. (8.55)

These speckle patterns would be integrated within the integration time of the
video camera, so for the video signal U we have:

U % / 1(0)dr, (8.56)

0

where T is the integration time of the video camera.
Substitution of equation (8.55) in (8.56), assuming 7 > 2n/w, yields:

U =y(In + I + 2Tl  cos 9 Jo(47so/ 7)), (8.57)

with y proportionality constant, Jy zeroth order Bessel function.

The features of the Bessel function will be discussed later. For reasons of the
statistically varying phase ¥ in equation (8.57), a change of contrast is to be
expected on the monitor, due to the object oscillation. To improve the monitor
display, the following procedure is undertaken:

1. averaging of the signal in equation (8.57):

2. subtracting the averaged signal from the actual signal value:
U-—- <U>a

3. averaging the modulus of the signal difference, cf. (8.50):

(U~ (U)]) = 9(02 + 62 + 2} ()T (4ms0/ 2)) 12,

with 62, = (I2) — (In)?, o2 = (I?) — (I,)".
Hence we obtain for the brightness on the monitor:

(H) = (02 + 07 + 2(In) (I)T3 (47s0/ 1)) V2. (8.58)

Figure 8.12 represents the function J3(x), where x = 4msy/Z. If the Bessel
function has its values such that a zero is assumed, dark fringes appear. The first
four zeros are approximately:

4
TTES(, —24;55,87; 11.4. (8.59)
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A dark correlation fringe corresponds to those locations which have constant
local vibrational amplitude. For sy = 0, the Bessel function J; has its maximum
value, i.e. following equation (8.58) the brightest regions exist at the nodal lines.
Due to the features of the Bessel function, the contrast between the correlation
fringes falls off with increasing amplitude.

8.4 Examples of Applications

The following examples relate to electronic speckle interferometry. The principle
set-up used is shown in Fig. 8.11. Figure 8.13a shows a sketch of a holding and
adjustment device of a laser mirror for a CO, high-power laser. A photograph of
this component is reproduced in Fig. 8.13b. Due to the high thermal loading of the
laser mirror, this holder also comprises a cooling cycle. The deformation of the
holder caused by the pressure of the cooling water was investigated using elec-
tronic speckle interferometry. A speckle image is recorded, by the method
described in Sect. 8.3.3, without the pressure loading of the cooling water. A
second speckle image is taken after the pressure loading of the cooling water is
applied. The subtraction of the two images leads to the fringe pattern represented
in Fig. 8.13c. Figure 8.13d shows the result of the calculated displacement field in
a pseudo-3D representation. Over the component coordinates (x,y) the displace-
ment field is plotted in the z-direction in a magnified way. The maximum dis-
placement over the diameter of the holding and adjustment device amounts to ca.
3 pum. There appears locally, in the region of the circular opening of the holding
device for the mirror, an increased deformation.

Another application example is the inspection of foam parts, such as e.g.
dashboards of modern automobiles or car door handles consisting of an aluminum
or plastic supporting base and a moulded skin behind which a polyurethane foam is
expanded. Inclusions of air in the foam are typical production flaws. They generate
voids situated underneath the skin. The flaws become visible as blisters if the
automobile is subjected to intense solar irradiation. The air trapped in the void is
heated and expands. The blister appearing on the surface detracts from the visual
appearance of the component. Such types of defects can be detected in a pro-
duction line by speckle interferometry since even small deformations in the
micrometer level can be made visible. Figure 8.14 illustrates the different types of
stress applied for the inspection of materials and components. A heat load,
mechanical force or change of ambient pressure can induce an expansion of the
flaw in the elastic material leading to a slight deformation of the surface of the
component.

Figure 8.15 shows schematically the sequence of material inspection with
speckle interferometry. The specimen is positioned in the laser’s field of irradia-
tion, see Fig. 8.15a. Then the component to be inspected is put under stress so that
a minute elastic deformation occurs, cf. Fig. 8.15b. The speckle interferometer
detects the irregularities of the surface alteration caused by flaws in the material,
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Fig. 8.13 a Illustration of the mirror holder of a high-power CO, laser mirror, b photograph of
the mirror holder, ¢ speckle interferogram under pressure load of the cooling water, d deformation
field

cf. Fig. 8.15c. Finally, the measured signals are processed by a computer to yield
an inspection decision and are documented in an inspection report, cf. Fig. 8.15d.
Typical inspection times are in the order of a view seconds. The laser radiant flux
necessary for the illumination of the component depends on the size and surface
quality of the specimen. Light or white component surfaces scatter light better than
dark or black surfaces. Therefore the necessary irradiance varies typically between
0.1 and 2 mW/cm?.
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Figure 8.16 shows the determination of defects in a car door handle [13].
A view of a part of this door handle is shown in Fig. 8.16a. Essentially, the handle
consists of a metal part, polyurethane foam and a film coating as described above.
The handle is positioned in a pressure chamber and observed using the speckle
interferometer according to Fig. 8.11. First, a speckle image of the unloaded
handle is recorded. Then, it is exposed to a pressure change in the chamber, where
upon the surface of the handle is deformed slightly in the regions of the voids. The
resulting speckle pattern is compared with that obtained first. Figure 8.16b shows
the result. The regions on the surface of the handle in which many correlation
fringes are visible indicate the position of a defect.

With image processing methods, it is possible to automatically indicate voids
by evaluation of the fringe information [13]. Figure 8.17 illustrates the geometrical
quantities used for the evaluation of the image signals. A calibration process
defines a limit LT to mark the found defect in such a way that the area of the
marking corresponds to the area A of the flaw projected onto the surface of the
specimen.

Figure 8.16¢ shows the result obtained using this method of examination. The
detected flaw is indicated as black spot superimposed with the camera image of the
car door handle.

The calibration is carried out with test pieces in which pre-defined voids are
present. The material of these test pieces is chosen to have a similar deformation
behaviour as the specimens to be inspected in the production line. Evaluating a
sequence of speckle interferograms while reducing the pressure load step-by-step
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Fig. 8.15 Inspection sequence for flaw detection in foam parts with speckle interferometry.
a positioning of the measuring object, b putting the sample under stress, ¢ illumination of the
workpiece with an expanded laser beam and measurement with a speckle interferometer, d signal
evaluation, inspection decision and documentation. S specimen, HS heat source, L laser source,
SI speckle interferometer, R infrared radiation, LI laser irradiation, C computer, I inspection
report

Fig. 8.16 a Partial view of a car door handle, b speckle interferogram of the handle with a
pressure loading, ¢ examination result following an automatic defect recognition and assessment
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allows to indicate the depth of the voids below the component surface. Figure 8.18
shows as example a component with two voids at different depths. The component
is put under stress by reduction of the pressure, i.e. from py to p;. Around flaw
FW1 a deformation of the surface is already detectable. Flaw FW2 can only be
seen under a larger underpressure load p,. With an appropriate calibration of the
inspection system the distance of a flaw from the surface can be estimated in this
way.

The detection limit for flaws depends on the material properties, the position
and form of the flaws as well as on the viewing angle of the speckle interferometer.
In a simplified scheme, the form of the void is approximated by a sphere, see
Fig. 8.14c. The diameter of the sphere is defined in such a way that the volume V
of the void in question corresponds to the volume of the sphere with diameter D.
The distance of the void from the center to the surface is denoted as DP, cf.
Fig. 8.14c. A nondimensional parameter P is defined by P = D/DP. The results of
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Fig. 8.19 Nondimensional parameter P as a function of the equivalent diameter D, cf.
Fig. 8.14c. Filled circles show voids detected by speckle interferometry. DL detection limit

the test measurements are shown in Fig. 8.19. The parameter P is plotted as a
function of the diameter D. The flaws detected by speckle interferometry are
shown as filled circles.

The open circles are voids which could not be shown clearly. Small flaws with
an equivalent diameter of 2 mm situated directly beneath the skin are detected
corresponding to P-values of 2. If the voids are lying lower, corresponding to
P <0.6, they are no longer detected. The industrial requirement for this application
is the detection of flaws of a diameter of D > 8 mm up to a depth of DP = 9 mm
corresponding to P = 0.9. Figure 8.19 shows that all voids with P > 0.7 can be
detected. The quantity DL = 0.7 is called detection limit.

The inspection of tires is another application field of shearing speckle inter-
ferometry, see Fig. 8.20 [14]. The tire is placed on a rotating disk. The speckle
interferometer is placed inside the tire to be inspected. Step by step the whole
internal surface of the tire is rastered while the tire undergoes a pressure load and
is turned. The tire is placed inside a vacuum chamber to exert pressure differences
in the order of a few 10 mbar to several 100 mbar [15]. Figure 8.21 shows a
photograph taken during inspection of a tire with a shearing speckle interferom-
eter, cf. Fig. 8.10.

The following materials can be inspected, e.g.: rubber compound, sandwich
material, glass-reinforced plastic laminates, foam composites. Detected defects are
for example debondings, material delaminations, cracks, impacts, indents, material
inclusions.
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Fig. 8.20 Set-up of an inspection machine to detect flaws in tires. SI speckle interferometer, TI
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Fig. 8.21 Inspection of the
internal surface of tires with a
shearing interferometer

Fig. 8.22 Fringe pattern of a
harmonically oscillating
membrane using the time-
averaged ESPI method
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In the next example, a stationary vibration of a membrane was investigated
using the time-averaged vibration electronic speckle interferometry method, cf.
Sect. 8.3.4. Figure 8.22 shows the result. The bright regions correspond to the
nodal lines, the dark regions to those locations with equal local vibrational
amplitude. A six-fold symmetry of vibration is observed. With the change of
excitation frequency and amplitude of the membrane, the different stationary
forms of vibration can be observed online on the monitor. The frequencies of
resonances and the associated vibration patterns are determined in this manner
using the time-averaged ESPI method.

The magnitude of the local vibrational amplitude at the location of the dark
fringes is calculated with equation (8.59), given in Sect. 8.3.4.
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Chapter 9
Optical Coherence Tomography: OCT

Abstract Optical coherence tomography (OCT) allows to measure geometric
features inside translucent objects such as organic materials or organic tissues. The
principle is based on interferometry. Time-domain and Fourier-domain methods
are applied to make visible differences in the refractive index profile of the
measuring object. We present the set-up of OCT sensors and show examples of
applications such as 3D-imaging of an eye, B-scans of blood vessels or thickness
measurements of multi-layer polymer films.

Optical coherence tomography (OCT) is an interferometric method to measure
geometric features inside an object such as an organic tissue or an organic material
like a polymer [1, 2]. The light used in OCT is able to propagate inside the material.
According to the wavelength-dependent absorption and scattering properties the
penetration depth is in the range of a few 100 pm up to several millimeters.

In Sect. 9.1 the principles of the two main variants of OCT methods will be
presented. The set-up of OCT sensors is described in Sect. 9.2. OCT is applied as a
medical imaging technique and here especially in ophthalmology. Industrial
applications are found e.g. in non-destructive testing, thickness measurement of
silicon wafers and polymer films, cf. Sect. 9.3.

9.1 Principle

The basic set-up for OCT is shown in Fig. 9.1. A light source, which emits light
with a low coherence length, is coupled into a Michelson interferometer, cf.
Sect. 6.1.2. The beam is split into reference and measuring beam. The mirror in the
reference path can be shifted. The beam in the measuring path irradiates the
measuring object and penetrates partially into the object. Inside the object the light
is attenuated and scattered depending on the chosen wavelength and the properties
of the organic object material. At interfaces between regions of different refractive
indices the light is reflected. A part of this radiation propagates in the backward
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Fig. 9.2 Scan modes for optical coherence tomography

direction and another part—depending on the thickness of the object—is leaving
the object as transmitted radiation on the backside.

Radiation from the reference and measuring path are combined at the beam
splitter and the detector registers the interference signal, if the optical path dif-
ference between both signals is smaller than the coherence length of the applied
light, cf. Sect. 2.4.2, Fig. 2.19. Since the coherence length was chosen to be small,
for most scattering centers of the object this path difference will be greater than the
coherence length. As a consequence only an incoherent superposition occurs. The
reference mirror is now translated to match the reference path length to a defined
measuring path length thus yielding a coherent superposition of both beams for a
defined depth inside the measuring object. Now a high modulation degree of the
superimposed beams in the sense of a high interference fringe visibility is detected.
With a step-by-step translation of the reference mirror and its known position
depth scans are generated.

Such depth scans are called A-scans a terminology taken over from ultrasonic
methods [3]. They correspond to a one dimensional measurement. By a lateral
relative motion between the measuring beam and the object two and three-
dimensional images of translucent objects can be obtained. Figure 9.2 illustrates
these A-, B- and C-scans.
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9.1.1 Time-Domain OCT

Figure 9.3 shows the principle of the so-called time-domain OCT (TD-OCT) which
is similar to the one described in the previous section. The light used has a
spectrum with e.g. a full width at half maximum (FWHM) of AAgwym = 100 nm.
The reference path length is changed by shifting the mirror position, see double
arrow in Fig. 9.3 and the detector registers the time-dependent interference signal.

This signal is shown in Fig. 9.4. The envelope of the interference pattern has a
FWHM temporal width Az—assuming a constant velocity vg of the reference
mirror—which follows the relation:

v - Af-2 =L, (9.1)

where vg is the velocity of the reference mirror and L. is the coherence length. The
left hand side describes the optical path difference occurring, when the reference
mirror moves with vg for a time Az. The factor 2 takes into account that the light



230 9 Optical Coherence Tomography

travels the reference path in forward and backward direction. The coherence length

determines the axial resolution for the measurement of the distance to the sample.
The coherence time depends on the angular frequency width of the light source,

cf. (2.29) in Sect. 2.4.2, AwT. ~ n from which follows 2nAfT, = 7 and finally:

1
T.~—, 2
20f (9:22)

where Af is the frequency width of the light source. For the coherence length
holds:

c b
L.=cT.~ —=— 2
c Cl¢ 2Af AL (9 b)
where
2n
k=— 9.3
. 93)

is the angular wave number and A the wavelength. From ¢ = Aif, cf. (2.4) in
Sect. 2.1, follows |Af| = 3|AZ| for sufficiently small values of Af and A4, so the

coherence length and axial resolution is given by:

127

C2AL

For the following calculation we assume as origin for the considered waves the

center of the beam splitter, cf. Fig. 9.3. Here the spatial phases of reference and

measurement wave are set to be zero. This is an arbitrary assumption without loss

of generality. Any other computation point could also be taken, e.g. the location of

the detector. The only difference would be a constant spatial phase. Then for the

electrical field of the reference wave reflected at the reference mirror with angular
wave number k holds the following relation in complex notation:

(9.4)

E = Eoei(wFZkz;)’ (95)

with z; describing the position of the reference mirror with respect to the center of
the beam splitter. Assuming a reflection coefficient r,,, for the measuring object, we
have for the electrical field coming from the measuring arm:

Em = rmEge! @ 2m) (9.6)

with z;, denoting the position of the object where the reflection takes place. The
intensity of the resultant wave at the detector is:

I =1+ L+ 2V cos[2k(zy — zm)]- (9.7)
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Relations (9.5)—(9.7) are generalized for a spectrum of angular wave numbers
by replacing the amplitude Ey by the spectral amplitude Ej; referring to angular
wave numbers as follows:

Ey — Eox- (9.8)
Equations (9.5) and (9.6) become then:
Epj = Egge! ™2 (9.9)
and
Enmp = rmEoge! ™), (9.10)

where E, ; and E,, ; are the complex spectral field strengths of both light waves—
reference beam and measuring beam—at the detector, respectively.

Now we have to consider that not only a single reflection at the object surface
but several reflections at different depths z, ; within the object occur. In the simple
case of a set of discrete reflection layers, the reflection coefficient per unit length
can be described as follows:

rm,zm(zm) = Zrm,ja(zm - Zm,j)v (9-1 1)

j=1

where ry, ; is the reflection coefficient at the position zp, ; and S(Zm — Zm, j) is the
Dirac function. For the Dirac function holds:

fla) = [ fat - ayax 9.12)

with f(x) arbitrary function (in a rigorous description f(x) is a continuous com-
pactly supported function), x integration variable, a constant. If x has the unit of a
length and f(x) has no dimension, then it follows from (9.12) that the unit of the
Delta function is the inverse of the length unit. Hence ry , (zm) in (9.11) is a
reflection coefficient per unit length. Hence the index “z,” was added to ry,.

Assuming zp, ; > 0 and using (9.11), (9.12) we obtain for the spectral electric
field strength of the beam traveling backward to the beam splitter (9.10) the
following expressions:

7 N
Em ¢ = Eo x / i(or—2kzm ) (Z Fm, j0(z — zm,j)) dzm, (9.13)
0

=

N
Em, P = EO,k Z rmyjei(wtfszm./)' (914)

J=1
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For relation (9.14) we have implicitly assumed that the partial reflections or any
other attenuations of the measuring radiation are small and can be neglected. This
is not a necessary condition to apply OCT, but it simplifies the representation
chosen here to a large extent.

With (9.9) and (9.14) the spectral electric field strength of the resulting wave at
the detector is given by

N
Ek = Eo_ kei((ut—2kz,) + Z vajEO, kei((ot72kzm‘/) (9153)
J=1

or

N
E = (em“‘ + rm, jeiszm.f> Eo, 1€\ (9.15b)
j=1

The corresponding time-averaged spectral intensity—referring to angular wave
numbers—is

N N
* * —i2kz, § —i2kzm j i2kz; E * i2kzm. n
Ik XX EkEk = EO, kEO, k <6 + rm3je J) <e —+ rm, ne )
j=1 n=1

(9.16a)
or
Le=1Io e + Z T, j& 2Kmi | | ek 4 Z S X (9.16b)
Jj=1 =1
or
N ) N ) N
1+ Z rm’je—nzk(zm.fzr) + Z r;nelzk(zm,nfzr) + Z rmAjrr*n,j o
I =1 =1 =1
k — 10k N N . N N .
ot Z Z rmyr;wefl2k(z.n.u7z.n.w) + Z Z r:;]yvrm‘weak(Zm.v’Zm,w)
v=1 w=1,v#w v=1 w=1,v#w ’
(9.16¢)
Assuming

rm,j:r;7j: \/Rm,ja (917)
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with 7y ; complex conjugate reflection coefficient, Rm ; reflectivity in the mea-
surement path at location j we obtain:

N N
1+ ZR‘“’J' + 22 \/Run,jc0sk(zm j — zr))- - -

=1 =1
I = Iox ! . (9.18)

N
Z Z \ Rm,v \V Rm,WCOS(Zk(Zm,v - Zm.w))
=1 welv

The term Ip (1 + Z]N:I Rn, j> in (9.18) describes the background part of the

detected signal, which does not depend on the path difference of the two inter-
ferometer arms. The term 214 ijv: 1 \/Rm,jc08(2k(zm, j — z;)) is the interference
term or cross correlation term depending on the path difference. This term con-
tains the depth information zy,; to be gained. The last term 2oy Z]vv:1

Zx:” 2w/ Rin vy /Rin w082k (zZm v — Zmaw)) is called auto-correlation term which

depends on path differences between different depths within the measuring object.

For time-domain OCT the signal S caused by the spectral intensity (9.18) is
detected as a spectrally integrated signal to which all angular wave numbers of the
light source contribute:

[o.¢]

:n/lk dk = nl, (9.19)
0

where 7 is the detector constant—assuming a linear detector response—and [ the
intensity of the superimposed reference and measurement beams. The measured
signal is a time-dependent signal described by the relation z, = vz, cf. Fig. 9.4.
For Fourier-domain OCT the position of the reference mirror is kept constant,
i.e. z; = const., while the signal is detected spectrally resolved, thus we have:

S = nly(k,z; = const.). (9.20)

In the following Sect. 9.1.2 this method will be presented in more detail.

In order to evaluate relation (9.19), we consider the spectrum of the radiation
source to have a maximum at the angular wave number ko and describe this
spectrum in a simplified way by a Gaussian function:

I() _ [("’ko)}
I, = ak 21
0k = Ak’ ’ (9:21)
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Fig. 9.5 Top reflection
coefficient per unit length, cf.
(9.11), as a function of the
distance z,,. Bottom detector
signal for time-domain OCT
as a function of the position
of the reference mirror z;, cf.
(9.23), (9.24)
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where Ak < ko is a measure of the width of the emission spectrum of the light
source and

I = / I dk, (9.22)
0

where I, is the intensity of the beam. Putting (9.21) in (9.18), (9.19) then leads
after some calculation steps to:

N N
1(z;) = I <1 + R, ,) +200 Y \/Rum, ;08 (2ko (2 — zm, j))e*(Zr*Zm-f)zAkz_
j=1 j=1

(9.23)

For the derivation of (9.23) the autocorrelation term in (9.18), i.e. the last term,
was not taken into account. Assuming small reflection coefficients—as we did so
far—this term scales with a product of two small reflection coefficients and is
therefor small compared to the preceding terms. The derivation of (9.23) is
described in A.3.

In relation (9.23) again the first term describes the background. The second
term is the sum of products of an oscillating function—the cosine function—and
an envelope of Gaussian shape. Figure 9.5 illustrates the meaning of (9.23) taking
as example two depths of the measuring object where backscattering occurs with
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different reflection coefficients. At position z;,; the reflection coefficient is higher
than at position zy,,. Close to these positions of the reference mirror—see bottom
graph—the detector signal shows an oscillation due to the interference within the
coherence length. On a base line given by the first term of (9.23) an oscillating
signal with a Gaussian envelope appears whose amplitude is proportional to the
reflection coefficient, i.e. the square root of the respective reflectivity Ry; or Rpy».
The measuring result

S(z) = nl(z) (9.24)

can be interpreted as a convolution of the reflection profile with the coherence
function of the light of the source. The carrier frequency of the observed oscillation
is determined by kg, the central angular wave number of the light source spectrum,
cf. (9.21), which appears in the argument of the cosine function in (9.23).

Due to this carrier frequency signal processing can be accomplished by lock-in
techniques. Finally, the distances z,; and z., are determined as well as the
strength of the backscattered signal at these locations. In this way a depth scan, see
Fig. 9.2, is generated.

9.1.2 Fourier-Domain OCT

Starting point of Fourier-domain OCT (FD-OCT) is (9.20). The signal is detected
spectrally resolved as a function of the wavelength by use of a spectrometer based
on a dispersing prism or a grating, cf. Sect. 2.3.4. Figure 9.6 shows the simplified
set-up with a fixed reference mirror and a spectrometer with detector array (details
of the spectrometer are omitted here for better clarity). In a first step we transform
the measured spectrum S;(4) to the equivalent representation Si(k) by use of
relation (9.3). The spectrum S (k) is a function of the angular wave number k and
is proportional to the spectral intensity I, see (9.20).

The principal characteristics of the detected spectrum is shown in Fig. 9.7. The
spectrum has a bell-shaped envelope, whose bandwidth is equal to the bandwidth
of the light emitted by the source. This envelope is modulated. For a given single
scattering surface of the measurement object a simple modulation occurs as shown
schematically in Fig. 9.7. The modulation contains the information about the
distance to the scattering structure of the object, see (9.18).

To extract this information the signal Sj(k)—which is proportional to the
spectral intensity with respect to angular wave number—is processed by an inverse
Fourier transformation to go from the k-space to the z-space:

+o00

- 1 .
S(z):ﬂ / Sceedk. (9.25)

—00
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Executing this integration requires the inverse Fourier transform of the spec-
trum of the light source Iy, cf. (9.21), multiplied by the detector constant 7, which
is given by:

+00

5 1 (k=k0)1° . Ioelkoz 2.2

() :% / \/_(’Ake*[ 2 elkzdk:%e—%. (9.26)
T
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Fig. 9.8 Left reflection coefficient per unit length, cf. (9.11), as a function of the distance zp,.
Right inverse Fourier transform according to (9.27) of the detected spectrum S (k) of a Fourier-
domain OCT

Formula (9.26) is derived in Appendix A.4. This function has its maximum at
z = 0. The full width at half maximum (FWHM) is given by:

4+/In2 T
A S Ak (9.26a)

Azpwam =

With (9.2b) it follows that
Azpwum ~ Le. (9.26b)

Inserting (9.18) to (9.20) and (9.25) and some calculation steps, we finally
obtain:

8(z) =f<z)<1 +ZRm.j> + (Z VR, (F(z+ Az) +f(zAz,-)> Fee o (9.27)

with the abbreviation Az; = Z(Zr — Zm, j). The autocorrelation term is again not
considered here (this term is indicated by “...” in (9.27)). Relation (9.27) is
derived in Appendix A.5. Figure 9.8 illustrates this result. In the example shown—
see the graph in Fig. 9.8, left—two positions exist where a backscattering occurs:
Zm1 and zyp. Furthermore we assume that z; <zm; <zZmp holds, then the Az;-values
are negative. The inverse Fourier transform of the measured spectrum shows five
peaks, cf. Fig. 9.8, right.

The central peak corresponds to the first term in (9.27), which is proportional to f (2)
and attains its maximum at z = 0, cf. (9.26). The two peaks on the negative z-axis
belong tothe terms f (z — 2(zr — zm,1)) andf (z — 2(z — zm2) ) of (9.27) forj = 1, 2.
On the positive z-axis the two peaks correspond to f (z + 2(zr — zm‘l)) and

f(z+2(z — zm2)). From e.g. the two peak positions on the positive axis the dis-
tances zmy,1 and zy,» to be measured are deduced for a given position of the reference
arm z;.
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Fig. 9.11 Principle of a spectrometer for Fourier-domain OCT

9.2 OCT Sensors

The set-up of a time-domain OCT sensor is shown in Fig. 9.9. Instead of free beam
paths fiber optics are used to guide the light from the light source, to split the light
into reference and measurement path, to combine the backpropagating signals and
finally to transmit the superimposed light beams to the detector. Typically as light
source a superluminescent diode is applied. Various methods are used to change
the optical path length of the reference arm, such as piezoelectric transducers to
shift the reference mirror or fiber stretchers [1].

Figure 9.10 shows a block diagram of a fiber-based Fourier-domain OCT
sensor. The detector block comprises a spectrometer with fiber optics, collimators,
grating, objective and camera.

A possible spectrometer set-up illustrates Fig. 9.11 making use of the light
diffraction by a grating, cf. Sect. 2.3.4. The collimated incident light irradiates a
transmission grating and is diffracted depending on the wavelength. In the focal
plane of the objective a position sensitive detector is placed, such as those
described in Sect. 5.4.5.

The raw data captured for a given distance of the measuring object is displayed
in Fig. 9.12a as a function of the wavelength, which is the primary measured
quantity with a spectrometer. In a first data processing step the background is
subtracted to yield the interference signal with high modulation degree, cf.
Fig. 9.12b. A close look shows that the distance between two neighboring minima
is not constant but shows a chirp, i.e. for increasing wavelength this distance
increases as well.

To understand this characteristic we assume a given path difference between
reference and measurement arm of As. A minimum occurs if this path difference
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(a) (b)
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Fig. 9.12 a Raw data of the detected spectrum as a function of the wavelength for a Fourier-
domain OCT sensor, b Spectrum after background subtraction. Two neighboring minima are
considered at the wavelengths A, and A, see text

corresponds to a phase difference of 180° for a given wavelength. Hence, for the
minimum at 4; in Fig. 9.12b the following condition holds:

y
Mh+%:A& (9.28)

where N is an unknown integral number. For the minimum at 4, we have:

M@+%:m. (9.29)

Since 4, > A; is assumed, cf. Fig. 9.12b, then from (9.28), (9.29) follows:
N, <Nj. For neighboring minima the smallest distance of integral numbers is just
1, i.e. Ny = N; — 1. Inserting this relation in (9.29), then subtracting (9.28) from
(9.29) yields:

A2
As = .
T heh

(9.30)

With the abbreviation AA = A, — A and two wavelengths being close to each
other, i.e. A ~ /1 = Ay, follows from (9.30):
/’{2

A~ — 9.31

m (931)

which is consistent with the observation, that the wavelength distance between two

neighboring minima increases with the wavelength for a given path difference As.

If the spectrum is plotted as a function of the angular wave number, then the

angular wave number spacing between two minima Ak is independent of &, which

can easily be shown with the help of k = 27/4 and the differential |Ak| =~ %Ai.
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Fig. 9.13 Spectrum of the interfering signals for a Fourier-domain OCT as a function of the
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Fig. 9.14 Inverse Fourier-transformed (FFT ') spectrum of Fig. 9.13 as a function of the
distance z

Figure 9.13 shows a detected spectrum as a function of the angular wave number k
for a single back-scattering surface in the measuring path.

Figure 9.14 gives the result of the spectrum shown in Fig. 9.13 after inverse
Fourier transformation where the ordinate has a logarithmic scale. At a distance of
z =2 mm a distinct peak occurs being many order of magnitude above the noise
level.
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Fig. 9.15 3D-image of the whole anterior segment of an eye taken with a fast OCT system
acquired in 0.8 s [4]

ONL GCL NFL

Choroid

Fig. 9.16 B-scan of the retina of a healthy eye taken with a FD-OCT system. ILM inner limiting
membrane, OPL outer plexiform layer, IPL inner plexiform layer, INL inner nuclear layer, ONL
outer nuclear layer, GCL ganglion cell layer, NFL nerve fiber layer, RPE retinal pigment
epithelium, IS/OS interface between IS and OS, IS photoreceptor inner segment, ELM external
limiting membrane, OS photoreceptor outer segment, OPR outer photoreceptor/RPE complex [8]

9.3 Examples of Applications

Most dominant application fields of the various OCT methods are found in
medicine as e.g. ophthalmology or diagnostics of coronary atherosclerosis [4-7].
Figure 9.15 shows the anterior of an eye with cornea and iris in a C-scan, cf.
Fig. 9.2 [4]. The number of voxels contributing to this 3D-image amounts to
1000 X 985 X 560, they were measured with a fast swept source OCT system
within 0.8 s. The diameter of a human cornea amounts to about 11 mm.
FD-OCT is used as a tool for noninvasive in vivo analysis of retinal tissue for
diagnosis and management of retinal disease and glaucoma. The main advantage
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Fig. 9.17 B-scan of blood vessels of the heart of a pig taken with a FD-OCT system

Fig. 9.18 Multi-layer film tube produced in a blown-film plant with inline monitoring of the
thicknesses with OCT [11]

compared to TD-OCT is the high number of scans acquired per second ranging up
to 27,000 A-scans/s. This feature allows for three-dimensional imaging and
reduces the possibility of artifacts due to eye movement during the data acquisi-
tion. Measuring objects are e.g. the cross-section anterior segment and 3D-views
of the retina. Figure 9.16 shows a B-scan of a healthy eye indicating the different
layers and structures that can be resolved by OCT and used to diagnose different
diseases [7, 8]. Handheld ultrahigh speed swept source OCT instruments were
developed using microelectromechanical systems (MEMS) for beam scanning [9].
With such a system fundus images are generated in a field of view of 6 X 6 mm?.
The axial scan rate amounts to 350 kHz and the achieved resolution in tissue is
10 pm.

Figure 9.17 shows a B-scan of blood vessels of the heart of a pig taken with a
FD-OCT system [10]. The blood vessels were purged with NaCl solution. The
vessels have a diameter of about 0.8 mm. With the help of such images coagu-
lation processes of blood vessels can be monitored inline.
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Industrial applications of OCT are found for inline quality control tasks of
polymer products such as the measurement of the thicknesses of multi-layer
polymer films. These multi-layer films comprise various functional layers to
optimize their properties with respect to mechanical stability, UV resistance and
diffusion barriers. Figure 9.18 shows a multi-layer film tube produced in a blown-
film plant with an installed inline monitoring system based on OCT [11]. The
measuring range of the applied FD-OCT sensor amounts to 5.0 mm, the linearity
error is less than 5.0 pm.

The result of a B-scan OCT measurement of a multi-layer PET preform product
is shown in Fig. 9.19 yielding the thicknesses of the three different layers [12]. In
this case the thickness of the internal diffusion barrier layer amounts to 270 pm.
Resolvable differences of refractive indices causing sufficient backscattering go
down to 0.002.

In the field of laser machining OCT is studied to measure the hole depth in real-
time during laser drilling [13].
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Chapter 10
Laser Triangulation

Abstract Laser triangulation is a method to measure the absolute distance to an
object. The principle of triangulation is presented including the extensions to 2-D
and 3-D measurements. We discuss the characteristic curve of laser triangulation,
the implications of the laser beam propagation and the properties of the object
surface. Examples of applications are given ranging from thickness measurements
of rolled sheets, flatness measurements of heavy plates, coordinate-measuring
machines to the straightness and profile measurement of rails.

Laser triangulation is a method of measurement, in which the absolute distance of
a point on the surface of an object is determined from a reference plane. Trian-
gulation is, in this sense, a point orientated method, similar to a mechanical probe.
The distance determined corresponds to a one-dimensional measurand. A gener-
alization of the laser triangulation method is the so-called laser light section
technique. In this, a light line is projected onto the object to be measured. This line
is observed from another direction and, by measuring the line as it progresses, the
two-dimensional contours of the object section in its path can be determined.
There is an easy transition between the two methodical approaches. For example,
it is feasible to carry out the measurement of two-dimensional contours through the
combination of laser triangulation and beam scanning, the latter being achieved by
means of e.g. a rotating mirror or a translation stage.

For non-contacting distance and contour measuring, different types of laser
triangulation sensors are available commercially. As a rule, they are designed as
compact devices, which have themselves opened up an abundance of applications
in the fields of quality assurance and process control. In the following, the prin-
ciple of laser triangulation will be represented first.

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 247
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_10,
© Springer-Verlag Berlin Heidelberg 2015
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10.1 Principle

Figure 10.1 shows the principle of laser triangulation [1]. A laser beam is directed
at a workpiece. Light is scattered at the spot at which the beam irradiates the
measuring object. This scattering of light is then used to observe the intersection
point. With an ideally specular object surface, no diffuse light scattering would
appear but only a directed reflection, cf. Sect. 3.2.3, Figs. 3.8, 3.9. Such objects are
not suited to measurement by laser triangulation. In the general case, the scattering
behaviour depends on the material properties of the workpiece, its object surface
structure or texture and the wavelength of the laser. The scattering is described by
an angular intensity distribution, as is shown schematically in Fig. 10.1.

The light spot at the intersection point of the beam is imaged, by the use of an
objective on a detector, through a given angle to the incident direction. This angle,
with respect to the scattering characteristics, must be chosen so that sufficient
intensity can be registered from the object. The position-sensitive detector delivers
a signal dependent on the location of the imaged light spot. With respect to the
detector, a lateral effect diode, CCD or CMOS line array would be used in pref-
erence, cf. Sect. 5.4.

The location of the light spot imaged onto the detector depends on the position
of the workpiece in the z-direction, see coordinate system in Fig. 10.1. From the
measured location of the image spot and the known imaging geometry and inci-
dent direction, the distance of the test object in the z-direction can be determined
from the reference plane, e.g. the xy-plane in Fig. 10.1. Figure 10.2 shows the
extension of the one dimensional distance measurement to contour (two
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Fig. 10.2 Variants of laser triangulation methods. Left distance measurement with a collimated
laser beam, cf. Fig. 10.1, center laser light section for the measurement of contours and profiles,
right projection of several laser lines to measure the shape of an object

dimensional, 2-D) and shape (three dimensional, 3-D) measurements of objects
[2]. For a 2-D measurement of contours, the laser beam is formed to a laser line.
This line is imaged under a known angle on a 2-D position-sensitive detector, for
example, a CCD or CMOS array, cf. Sect. 5.4.5. This type of laser triangulation is
called laser light section method.

For triangulation sensors, semiconductor lasers are usually deployed. They are
operated in a continuous or pulsed manner. The radiant flux of the semiconductor
laser is controlled electrically. In this way it is possible to compensate for strong
fluctuations of the scattered radiation at the test object, which appear as a result of
differing surface properties. Typical wavelength used are in the red, and near-
infrared spectral range as, e.g., 660, 670, 685, and 780 nm. The radiant flux varies
between 1 and 100 mW depending on the mean measurement distance, the
measurement range, the wavelength, and the specific application.

Besides the radiant flux important characteristics of the laser source are the
beam quality—cf. Sects. 2.6.3 and 2.7—and the pointing stability. As a rule, a
spectral laser line filter is required in front of the detector. This filter transmits the
scattered laser light and reduces disturbing light from the surroundings.

10.1.1 Scheimpflug Condition

For 1-D laser triangulation the objective and detector must be arranged relative to
the incident direction of the laser beam so that, for various distances of the test
object, the light spot is focused as sharply as possible in the plane of detection. The
detector is therefore inclined relative to the optical axis of the objective. In
Fig. 10.3 the required geometrical arrangement is illustrated in more detail.

To simplify the representation, the coordinate system is chosen so that the v-axis
runs parallel to the optical axis of the objective and the u-axis in the objective plane
is oriented towards the z-axis. The origin of the uv-coordinate system lies in
the middle of the objective. The laser beam directed at the workpiece is inclined to
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the v-axis, as is represented in Fig. 10.3. If the laser beam meets the test object at a
point Py, then the corresponding light spot would be observed at a point P} in the
plane of detection. This applies equally to the points P, and P,. Corresponding to
the fact that the point P, lies further away from the objective than the point Py, the
distance of the point P to the objective is shorter than that for P. The detector must
obviously be inclined to the v-axis—i.e. at an angle different from 90°—in order to
achieve sharp imaging. In the following we will define how large the value chosen
for this inclination should be.

The laser beam in the incident direction is described by the following linear
equation:

u = myv + U, (10.1)

with u, v coordinates, see Fig. 10.3, m, slope of the line, uy position of the laser
beam at v = 0. Given (v, u) as the coordinates of a point P on the workpiece, the
coordinates (v, u') of the corresponding image point P’ are yielded from the
following relationships:

) = , 10.2
v V/f + 1 ( )
/ v
w=-_u, (10.3)

with f focal length of the objective. Relationship (10.2) follows from the thin lens
equation 1/s; + 1/s, = 1/f, with s; image distance, s, object distance; (10.3) comes
from the expression B/G = s; /s, where B is the image size and G is the object size,
cf. Sect. 8.2.1, equations (8.3), (8.4). With equations (10.1), (10.2), and (10.3),
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the undashed coordinates can be eliminated, in order to derive the equation of the
curve on which the image point P’ is found. The result is again a linear equation:

u = (my —uo/f)V + uo. (10.4)

For a sharp imaging of the points P, and P,, in Fig. 10.3, the detector is aligned
along this straight line. This is equally valid for all other points along the incident
direction of the laser beam. For v/ = 0, the line cuts the u-axis at ' = uy, i.e. at the
same position as the incident laser beam, cf. (10.1). The inclination of the detector is
then chosen so that the incident direction itself, the u-axis in the objective plane and
the straight line, on which the detector is aligned (that which was described by the
(10.4)), intersect at one point (0, ug ). This rule is known as the Scheimpflug condition.

10.1.2 Characteristic Curve of a Triangulation Sensor

In the following, the characteristic curve of a triangulation sensor will be calcu-
lated. It describes the relationship between the position of the light spot on the test
object and the location of the imaged light spot at the detector.

The location of the light spot on the straight line described by equation (10.1)
determines unequivocally the position of the imaged light spot. For the following
representation, the coordinate axes, z and 7/, given in Fig. 10.3, will be used, these
running parallel to the lines described by (10.1) and (10.4), respectively. The
coordinate origin of these axes lies, in each case, on the v-axis in Fig. 10.3.

A light spot at the position z would be projected onto the detector plane at the
corresponding point 7' (the derivation of this equation is not given):

(==
Y e el Vit . (105
Z(z) Lf\/Tf) (#_s_ﬂ—f)(mL—@) 1o

For z = 0 equation (10.5) yields 7 = 0 as it should be as a consequence of the
defined origins of the z and 7’ coordinates. Figure 10.4 represents the characteristic
curve of a triangulation sensor, described by equation (10.5), for randomly chosen
parameters uy, my and f. The triangulation sensors’ measuring range in the
z-direction of —120 mm to +120 mm would, in this case, be imaged onto a detector
length in the 7Z'-direction of approximately 20 mm. This length corresponds, for
example, to the length of a CCD line array with 2048 elements, cf. Sect. 5.5.6.

For reasons of the special arrangement with the Scheimpflug condition, there
exists, in general, no linear relationship between the coordinates zand 7/, as is evident
from equation (10.5) and Fig. 10.4. For the limiting case, when u tends to infinity
(considering this limiting value, the object distance s, has to be kept constant, i.e. my.
= ug /s, and therefore my runs as well to infinity), 7’ is linearly dependent upon z.
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Fig. 10.4 Coordinate of image spot 7’ and reciprocal of the sensitivity |dz/dZ'| as a function of
the coordinate z of the illuminated spot for a given laser triangulation set-up

In this case, in Fig. 10.3, the lines (10.1) and (10.4) are aligned parallel to the u-axis
corresponding to the usual imaging geometry. In practice, this case is not relevant in
laser triangulation, since then the scattered light would have to be observed in a
direction perpendicular to the normal of the object surface, cf. Figs. 10.1 and 10.3.

As a consequence of the generally non-linear characteristics shown by the curve
of equation (10.5), a displacement of the beam intersection point by an amount dz,
leads to a displacement of the corresponding image point by dZ/, this being
dependent on the position of the intersection point. In order to describe this
dependency, we consider the derivation of the function 7/ = 7/(z) from (10.5) with
respect to z: dz’/dz. The modulus of this derivation is referred to as sensitivity. The
reciprocal sensitivity is applied to the right hand side ordinate in Fig. 10.4. This
sensitivity can also be thought of as a differential imaging scale: a distance
increment dz at a position z is imaged onto a distance increment dz’. The reciprocal
sensitivity, in the example shown, varies within the measuring range from 7.5 to
14. Hence, the sensitivity of a triangulation sensor is not constant within its
measuring range. It is lower, the further is the test object away from the sensor.

10.2 Influencing Quantities in Laser Triangulation

With respect to the performance characteristics of laser triangulation, e.g. the
uncertainty and precision of measurement as well as the resolving power, the
following influencing quantities have to be considered:
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laser beam propagation,
properties of the object surface,
imaging aberrations,

detector and signal evaluation and
atmospheric conditions.

Of course these items are as well of importance for other laser measuring
methods as those described in Chaps. 6—14. They are considered in the following
in an exemplary way for the case of laser triangulation.

10.2.1 Laser Beam Propagation

Laser beam propagation and beam profile are determined generally by the type of
laser source used and the beam shaping optics. For simplification, in the following
representation, we will assume that the laser beam can be described by a Gaussian
beam, cf. Sect. 2.6.1. Figure 10.5 indicates the characteristic quantities of a
Gaussian beam.

In order to achieve high resolving power in triangulation, the diameter of the
laser beam at the workpiece should be kept as small as possible. Therefore, the
laser beam is generally focused with a lens. We assume that the beam waist
diameter of the laser beam in front of the lens amounts to 2w, cf. Fig. 10.5. We
also assume that the distance of this beam waist from the focusing lens is as large
as the focal length of the lens. For the diameter of the laser beam at the focus, the
following is valid, cf. Sect. 4.2.2:

2
2W0 = —)LfF, (106)
w

with A wavelength of the laser source, 2w beam waist diameter of the laser beam in
front of the focusing lens, 2w, diameter of the laser beam at the focus and f¢ focal
length of the focusing lens.

The Rayleigh length zz indicates the distance along the beam, from the focusing
position, at which the beam diameter is larger than the focus diameter by a value

V2, see Fig. 10.5. For the Rayleigh length holds, c.f. Sect. 2.6.1:
R = %wﬁ, (10.7)

where zg denotes the Rayleigh length.

In Fig. 10.6, the Gaussian beam diameter 2wy is plotted as a function of 2zg, for
varying wavelengths /, according to equation (10.7). At a given Rayleigh length,
the beam diameter is reduced, the shorter is the wavelength. The curves shown are
valid for an ideal Gaussian beam. For real laser beams, the beam diameter at a
given Rayleigh length is always larger than the values shown in Fig. 10.6.
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It is frequently the case with a triangulation sensor, that the beam diameter
within the measuring range should be as small as possible. The beam would then
be formed in such a way, that:

2p = M., (10.8)

with M, measuring range of the triangulation sensor in the z-direction, cf.
Figs. 10.1, 10.3.

The beam waist can also be fixed, within a given measuring range, by rela-
tionship (10.7). As a numerical example, M, = 240 mm will be chosen, cf.
Fig. 104, with ZAgene =633 nm. Using (10.8) and (10.7), this yields
2wy = 311um. At the limits of the measuring range the respective beam diameter
amounts to 2\/§wo = 440 um.

In the following, it will be estimated, using the given expressions, at least how
many measuring positions can be separately distinguished within the measuring
range. For the sake of simplicity and a rough estimate, we will limit ourselves to
the case represented in Fig. 10.7. The beam waist of the laser beam finds itself
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situated at the location z =0 on the v-axis. The surface of the test object is
oriented perpendicularly to the z-axis at the location z =0 (not shown in
Fig. 10.7). By observation of the light spot through an angle, a # 90°, the finite
diameter 2wy leads to an uncertainty in the determination of the position of the
light spot on the z-axis of £Az, where:

Az = wy/tan o, (10.9)

with o angle of the incident laser beam to the v-axis.

At other test object locations in the measuring range, another Az value would
result, due to the different beam diameters and directions of observation.

With the help of equation (10.9), the smallest achievable triangulation resolving
power can be estimated roughly. To simplify the calculation, we neglect the fact that
Az can attain different values within the measuring range. Furthermore, we also
assume that the light spots from two measuring positions can still be distinguished if
the distance between their centers amounts to Az. With these simplifying assump-
tions the number of distinguishable measuring positions within the measuring range
M, = 2zg in the z-direction can be estimated using the following equation:

N = 2zp /Az = (1w /1) tan o.. (10.10)

For the numerical example given above and a value o = 40°, cf. Fig. 10.4, the
smallest achievable resolving power is then N = 1295. By the use of triangulation
sensors, which determine the center of gravity of the projected light spot, reso-
lutions of up to N = 4000 can be realized, cf. Sect. 10.2.4.
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Figure 10.8 illustrates, for the numerical example which had already been
selected for Fig. 10.4, the form of the imaged light spot in the plane of detection.
The position of the y-coordinate is shown in Fig. 10.7. For an improved overview,
the projected light spots are all shifted to the coordinate origin 7’ = 0, for three
different test object z-positions, respectively. Due to the observation geometry, the
projected light spot has an elliptical form. Between the test object positions z = 0
and z = +120 mm, the size of the projected light spots varies only negligibly. The
reason for this is illustrated with the help of Fig. 10.7. The light spot has a larger
diameter at an object location z = 120 mm, than at z = 0. On the other hand, the
size of the light spot at z = 120 mm is reduced more during its imaging onto the
plane of detection, than at z = 0, cf. Fig. 10.4. On the grounds of these opposing
relationships, the effects partially compensating each other, the size of the imaged
light spots does not vary substantially.

The situation for the position of the light spot at z = —120 mm is somewhat
different. Here, a larger light spot diameter is linked with a smaller imaging
reduction. The consequence of this clearly leads to an increase in the size of the
imaged light spots, as is represented in Fig. 10.8. In Sect. 10.2.4 we will consider
the relevance of the size of the projected light spots on their detection in more
detail.

10.2.2 Properties of the Object Surface

The properties of the object surface to be measured, together with the beam profile
of the laser source, influence the accuracy in the laser triangulation measurement.
This is illustrated in Fig. 10.9a—c. For the following consideration, we would
assume, as previously stated, that the laser beam has a Gaussian intensity profile,
see Fig. 10.9a. The laser beam is projected perpendicularly onto a plane object
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Fig. 10.9 Influence of the object surface on the intensity distribution of the imaged light spot.
a laser beam irradiates a homogeneously scattering object oriented perpendicularly to the axis of
propagation of that beam (dot and dash line), intensity distribution as a function of the radius on
the object surface I = I(r), corresponding intensity distribution I’ = I'(Z') in the detector plane;
b object is inclined towards the direction of the detector; ¢ object oriented perpendicularly to the
incoming beam and an inhomogeneous scattering surface

surface, and an uniform scattering behaviour is assumed. The beam profile I(r)
describes the intensity distribution at the point of intersection with the object
surface (for the coordinate r, see Fig. 10.7). Figure 10.9a, represents schematically
the intensity distribution I’ =I'(7) of the imaged light spot in the plane of
detection. Due to the scale of imaging and the direction of observation, the half-
width value of this intensity distribution is smaller than that of I(r). If the object
surface is inclined with respect to the incident direction—as is represented in
Fig. 10.9b—then a wider intensity distribution results in the detector plane.

In both cases, the intensity distribution of the imaged light spots is symmetrical.
If, for example, the position of the light spot were evaluated through a center of
gravity determination, then the inclination of the object would have no influence
on the result.

Figure 10.9c illustrates the case in which the object surface is oriented per-
pendicularly to the incident beam, the surface having non-uniform scattering
properties. Indeed, one half of the object completely absorbs the incident radiation,
whereas the other half scatters the beam. The intensity distribution I’ = I'(7’) is
now asymmetrical. With a center of gravity determination, this distribution would
lead to a result being obtained which, in comparison to that in case (a), would be
different. The resulting deviation depends on the diameter 2w of the incident
intensity distribution. With such strongly varying scattering properties of the test
object, an error is to be expected being of the same order of magnitude as the beam
half-width value.

If the laser beam meets an object edge, then a similar effect occurs. This case
corresponds to the combination of situations (b) and (c), sketched in Fig. 10.9. The
intensity distribution I’ = I'(7') becomes asymmetrical and consequently a mea-
surement error arises.
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Fig. 10.10 Scattering
properties of different test
objects. a specular surface,
b uniformly scattering
surface, ¢ directed scattering
lobe, d laser beam enters a
translucent object and is
scattered underneath the
object surface

In the following, the scattering characteristics of the object surface will be
examined more closely. They are influenced by the material properties and the
structure of the surface. Figure 10.10 shows schematically the different possible
cases. Figure 10.10a represents an object with a specular surface. The incident
laser beam undergoes a reflection, whose direction depends on the relative ori-
entation of the laser beam and the object surface. In general, the reflected light
would not fall on the aperture of the objective, so no signal is measured.

In Fig. 10.10b the ideal situation is described, in which there is an uniform
scattering at the object surface in all spatial directions. This case is described by
Lambert’s emission law where the radiant intensity is proportional to the cosine of
the angle between the direction of observation and the normal vector of the surface
element, cf. Sect. 3.2.3, formula (3.9). Such objects can be measured with laser
triangulation at any spatial orientation. We had always assumed this to be the case
in the previous sections. The relevant case, in practice, is that of a scattering
distribution, whose maximum is oriented along a considered direction of reflec-
tion, as is illustrated by the dotted line in Fig. 10.10c. The angular half-width value
of this scattering distribution depends on the surface structure of the object. As a
rule, a higher-valued surface roughness leads to a scattering distribution of
increased angular width. If a preferred direction arises in the objects’ surface
structure—as, for example, with rolled sheet metal, turned or ground workpiec-
es—then the resulting scattering distribution does not show rotational symmetry.
The scattering distribution’s angular half-width values differ, in this case, in two
directions which are perpendicular to each other.

The known angular half-width values of the object’s scattering distribution to
be measured, determines the maximum permissible angle through which the object
surface may be inclined to the incident direction of the laser beam and with which
enough scattering light remains for detection purposes.

In Fig. 10.10d the laser beam partially propagates into the object. This occurs,
for example, with organic materials such as plastics and as well with glass, foam or
liquids. The laser beam is partially scattered in the region of the propagation path.
In this way, the observed light spot is modified which influences the accuracy in
measuring its position in the detector plane and has to be considered in the
evaluation algorithms.
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Fig. 10.11 The influence of the objectives’ spherical aberration with non-uniform illumination
of the aperture on the position of the imaged bundles of rays

10.2.3 Imaging Aberrations

The geometrical arrangement of laser beam, test object, objective and detector was
already presented for laser triangulation in Sect. 10.1. In the following, the aspects
affecting the measuring accuracy shall be concentrated on.

The objective used in laser triangulation for the observation of the light spot is,
in general, a site which can generate errors. The so-called aberrations appear, for
example, as coma, astigmatism, distortion and spherical aberrations [3]. The
spherical aberrations describe the effect of the beam being more strongly refracted
at the edge of the objective, than in the vicinity of the optical axis. The effects of
this on laser triangulation are explained in Fig. 10.11 for the case of a non-uniform
illumination of the objective aperture. Here, two bundles of rays, (1) and (2),
within the angular light distribution scattered at the object, will be considered. The
first bundle of rays, (1), is found close to the optical axis of the objective. The rays
are imaged onto a point in the plane of detection. The second bundle of rays, (2),
emanating from exactly the same light spot on the workpiece, see Fig. 10.11, but
encounters instead, the outer region of the objective. Due to the spherical aber-
ration, the rays are not imaged onto the same location in the plane of detection as
those in the first bundle, (1), and, as is shown schematically in Fig. 10.11, a
displacement appears. The spherical aberration leads to the light spot’s image
being distorted on one side. This phenomenon is described as a coma.

With an object scattering which corresponds to that shown in the diagram in
Fig. 10.10c the following situation can occur. Due to the scattering distribution
and the orientation of the object surface, only a part of the objective’s aperture is
illuminated. For example, in Fig. 10.11, only the radiation of the second bundle,
(2), is available for imaging. Similarly, another angular orientation at the same
object z-position would image only the radiation relating to the first bundle, (1),
onto the plane of detection. The consequence is that there appears in the detector



260 10 Laser Triangulation

plane two imaged light spots in different positions, even though there was no
spatial variation of the z-position. The measurement result depends on the angular
orientation of the object surface. With unknown orientation, the measurement
uncertainty is determined by the magnitude of the spherical aberration. If the size
of the objectives’ aperture were reduced, then so would be the influence of the
spherical aberration. However, the light intensity available at the detector plane
also falls off accordingly.

10.2.4 Detectors and Signal Evaluation

In laser triangulation, the following types of detectors are used: lateral effect
diodes, CCD-line arrays, CMOS-line arrays. For the functional details of these
detectors, refer to Sects. 5.4.5 and 5.4.6. The work of the detectors is that of
delivering a signal from which the position of the imaged light spot can be gained.
As a rule, the center of gravity of the intensity distribution in the plane of detection
would be determined in this way. Table 10.1 compares the characteristics of these
detectors with respect to laser triangulation.

The lateral effect diode integrates over the intensity distribution and thus
directly delivers a signal, dependent on the center of gravity of the intensity
distribution. With CCD or CMOS arrays, the first spatial momentum of the
intensity distribution must first be calculated from the pixel values. However, for
reasons of asymmetrical intensity distribution—as shown in Fig. 10.9—possible
errors in the determination of the center of gravity cannot be established with
lateral effect diodes.

The effect of multiple scattering on the measurement result is shown in
Fig. 10.12. If the workpiece to be measured has an unevenly formed surface, then
multiple scattering could arise. Beam (1) in Fig. 10.12 is scattered once at the
object surface before meeting the objective. Beam (2) is scattered twice at the
object surface. Both beams are imaged at different locations in the detector plane.
Multiple scattering leads to a change in the intensity distribution, so that the center
of gravity of this distribution no longer reproduces the exact position of the pri-
mary light spot on the workpiece. With a lateral effect diode, multiple scattering is
not registered. The measurement result is therefore false. With a CCD-line array,
the individual pixel values can be compared with given threshold values to dis-
criminate the generally weaker multiple scattering intensity. Only those beams
scattered once at the workpiece are used in the determination of the first spatial
momentum of the intensity distribution.

In general, lateral effect diode signals are evaluated with an analog electronic
system. The output currents are first converted into voltages by means of an
amplifier. These voltages are bandwidth limited in order to suppress the influence
of the noise of the electronic components. With operational amplifiers, difference
and summation signals are formed, from which the center of gravity of the
intensity distribution for the lateral effect diode results, cf. Sect. 5.4.6. With lateral
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Table 10.1 Comparison of lateral effect diode, CCD-line arrays, CMOS-line arrays for 1-D laser
triangulation

Lateral effect diode CCD CMOS
Center of gravity Direct To be calculated To be calculated
Intensity distribution = Not measurable Evaluation possible Evaluation possible
Multiple scattering Not measurable Discrimination possible Discrimination possible
Measuring frequency 20 kHz—10 MHz 1 kHz-70 kHz 300 Hz-8 kHz
Number of pixels N/A 2048 x 1 2048 x 32
Pixel size [pum] N/A 10 pm x 10 pm 5.5 um x 5.5 um
Active detector area 5 mm X 2 mm 20 mm x 10 pm 11.3 mm x 176 pm

The numerical values are valid for typical detectors

Fig. 10.12 Multiple detector
scattering on uneven
workpiece surfaces in laser
triangulation

objective

laser beam

measuring
object

effect diodes, for reasons of the analogous evaluation, measurement frequencies of
up to 10 MHz can be realized. A triangulation sensor with a lateral effect diode is
therefore suitable for use in those measurement procedures which require a high
measurement rate.

A CCD-line array consists of a row of light-sensitive elements connected with a
shift register, cf. Sect. 5.4.5. Charges, which are generated on these elements
during an integration phase, are led over a transfer gate, parallel to the shift
register, at a given point in time. The charges are read out from the shift register in
series. The video signal of the CCD-line array can be amplified and digitized. The
intensity distribution resulting from the pixel values is evaluated by a processor in
order to determine the first spatial momentum of the intensity distribution.

Another possibility exists for the evaluation of the CCD-line array video signal,
in which the signal leads to a comparator. The output of the comparator controls a
counter. This counter is first started with the charge transfer from the CCD-line
array to the shift register. It is stopped when the video signal overshoots a given
comparator threshold. The counter-state is therefore proportional to the position of
a certain pixel value on the CCD-line array. This evaluation method is generally
faster than that previously given above. However, one disadvantage is that the
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Fig. 10.13 Block diagram of the signal processing of laser triangulation sensors

form of the intensity distribution cannot be evaluated. With CCD-line arrays,
measuring frequencies in the range 1-70 kHz can be achieved.

Figure 10.13 shows the concept of signal evaluation of a triangulation sensor
equipped with a CMOS detector [4]. The sensor comprises a control unit which
can be parametrized from a master computer. This allows for an exact triggering of
the measuring process with a low jitter with respect to other time signals of
external process sequences. Regions of interest (ROI) in the detector signal of the
CMOS array can be defined to eliminate e.g. interfering reflexes as those shown
exemplarily in Fig. 10.12. After pre-processing the position of the image spot is
determined and finally a digital output is generated to transmit the result.

In the following, the effects of the speckles on the detection of the signal will be
considered. Within the imaged light spot, as is represented in Fig. 10.8, for example,
there exists no regular intensity distribution. A statistical intensity modulation arises
as a result of the speckle effect, cf. Sect. 8.1. The size ¢, of the speckles in the
image plane depends on the objective-image plane distance and the aperture of the
objective as well as on the wavelength of the laser beam, cf. equation (8.2):

by = (4/D)si, (10.11)

where D is the diameter of the objective’s aperture and s; is the distance between
the objective and the image plane.

The distance s; is determined through the use of equation (10.4), whereby for
u' =0, v =s;. In the numerical example, accompanying Fig. 10.4, we have
s; = 97.4 mm. For an objective focal length to aperture ratio, such that f/D = 2.8 :
1, it follows that for f = 85 mm: D = 30.4 mm. From (10.11), it then results in an
average speckle size, in the middle of the image plane, of ¢y, = 2 um. In this case,
with a CCD-line array and a pixel size of approx. 10 pm x 10 pm, some 25
speckles appear on one element. Signal noise occurs because the individual
number of speckles per pixel is subject to statistical fluctuations. If a Poisson
distribution is assumed, then the relative fluctuation in the number of speckles per
pixel, Ny, amounts to AN, /Ny = 1 / \/N; [5]. For the chosen numerical
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example, it follows that ANy, /Ny, = 0.2. As a consequence of the fluctuation in
the individual pixel values, the intensity distribution in the plane of detection is
noisy and, for this reason, there appears an additional error in the determination of
the center of gravity.

Figure 10.14 shows schematically the intensity distribution in the detection
plane for two differently-sized active detection areas of a CCD-line array, with an
identically sized light-spot. In Fig. 10.14, left, the detector possesses an extension
in the y-direction of 10 um and pixels with a quadratic geometry. As has already
been stated, in this case there are only relatively few speckles per pixel available.
Those intensity distributions measured with a linear CCD-sensor, I’ = I'(7),
indicate strong fluctuations due to the speckle noise. In Fig. 10.14, right, a CCD
with non-quadratic pixels is represented. The extension in the y-direction amounts
to a multiple of the extension of a pixel in the z/-direction, for example. The
resulting intensity distribution shows reduced fluctuations because it is now
integrated over a larger number of speckles in the y-direction. The location of the
light-spot in the image plane, with respect to the z’-coordinate, can be determined
more exactly in this way.

In the following we consider in more detail the effect of the speckles on the
uncertainty of the determination of the center of gravity of the imaged light spot.
Figure 10.15 shows again the imaged light spot and the detector array where the
single photo-sensitive elements i, also called pixels, have a height of Ay and a
width of Ap. The radiant energy Q; received by an element i is given by the
product of the irradiance, the area of the pixel and the exposure time.
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The position of the imaged light spot in terms of the center of gravity of the
counter variable i is calculated as follows:

g = =m A 0.12
fex Zi:l Qi ( )

with m total number of pixels of the detector array. For the radiant energy received
by a pixel we write:

0 = Qo + AQ;, (10.13)

where Q) is the radiant energy received by a pixel i if no speckles would occur
and AQ; is the change of this radiant energy caused by the speckles. Due to energy
conservation we have > " | AQ; = 0. For the relative standard deviation of this
energy fluctuation we define:

_AQi

0; = . 10.14
Qio ( )
For the sum of all energy portions we set:
0= Z 0.. (10.15)
i=1

With (10.13), (10.14) and (10.15) inserted in (10.12) the center of gravity of the
light spot can be written as follows:

1 & 1
iog = 5 0@ +40) = 5> i1+ )
B - (10.16)

& 1 Ry
= — Qi +— 1Qi00; = leg0 + = Qi 51'7
Qiz:l:l 0 QZZ 0 Leg0 Q;l 0

i=

where i, denotes the center of gravity of the light spot if no fluctuations due to
speckles are present. Let us now take N measurements of this light spot. The
average of these measurements is calculated in the following way:

N

. 1 , I~
(icg) = NZ <ZCgO + é; lQi05i> - (10.17)

j=1 Jj

For many measurements with N > 1 the sum over the second term in the
brackets of (10.17) will be zero. Hence we have for (10.17):
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(icg ) Z icgo|; = icg0- (10.18)

The variance of the quantity ice is calculated with:

N 1 2
S%g = <(icg - ich > = N — 12 lcg lch ’.: N — IZ <QZZQ,05>

j=1 Jj=1 i=1

1 1L (&
Sgg = m@; <Zl Q1052 + Z Z lQl05 kaoék >

i=1 i=1 k=1,k#i

(10.19)

Since the 0; and J; are uncorrelated the double sum vanishes. Hence we obtain
for (10.19):

1 1 N m '
eyt (e (1020)
N-10 j=1 \i=l i
For simplification we assume that all J; have the same value, i.e.:
0;i = 0. (10.21)
Using (10.21) we rewrite (10.20) as follows:
SRy SR
2, = SNEL ~ o= : (10.22)

e T N1 0? 0?

In order to evaluate this relation we assume that the energy portions Q;y can be
described by a Gaussian function assuming—without loss of generality—that this
function has a maximum at i = 0:

ApO 2w
0 = PLe ¥, (10.23)

N

where Ap is the width of a pixel in Z’-direction, cf. Fig. 10.15;a = lFWHM/ (2\/111_2)
and lpwyw is the full width at half maximum of the light spot described by (10.23).
For the further calculation steps we approximate the sum in (10.22) by an integral
assuming Ap < a < L, where L is the length of the detector chip: L = mAp.
Integrating (10.23) over i from minus to plus infinity just gives Q. With the taken
assumptions we rewrite (10.22):
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Ap? v 2a2 52
2 =02 / Pe2Fai= 24 (10.24)
s a*n V32nAp

The measuring uncertainty in the determination of the position of the light spot
due to the speckle formation can now be calculated:

o/ alAp
A I '
Azey = \/S2e AP (32m)1 /A . (10.25)

Relation (10.25) shows that in the case of an absent speckle effect, i.e. 6 =0,
the measuring uncertainty vanishes, which is intuitively evident. To estimate the
relative standard deviation of the energy portions due to the speckle effect, we
calculate the number of speckles in a pixel:

_ ApAy

Nsp W}
4 7sp

(10.26)

with ¢g, size of the speckles cf. (10.11). As discussed above, assuming a Poisson
statistics we set:

PR (10.27)
Nsp

Inserting (10.27), (10.26), (10.11) in (10.25) then yields:

A VT s [d (10.28)
€ (32m)'/* D\ Ay

Formula (10.28) shows that the uncertainty is improved if the size of the pixels
in the y-direction, cf. Fig. 10.15, is increased. Obviously this is only the case as
long as the number of speckles captured by the pixel is increasing according to
(10.26). If Ay becomes greater than [gwpy the number of pixels no longer
increases. To estimate the minimal achievable uncertainty we therefore take

Ay = lgwgm = 2VIn2a; inserted in (10.28) yields:

AZ, = ﬁw L Ai_ 1 (l)m@:;c@, (10.29)
2(32m)*v/2(In2)"/* D 23/232Y4\In2/ D D
where the constant is x ~ 0.22.
In the next step we transform the uncertainty Az’cg from the detector plane to the
object space. Remembering the geometry shown in Fig. 10.3 and using the lens
equation we get:
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Fig. 10.16 Observation of
two object points at a mutual
distance s with the objective
in the triangulation geometry
and projection of this distance
to the z-axis

objective
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where s; is the distance between the objective to the detector plane and s, is the
distance between the objective and the measuring object, cf. Sect. 10.1.1. The half
opening angle 8 of the objective when looking from the measurement location
towards the objective and assuming D/(2s,) < 1, is given by, see Fig. 10.16:

D
tanﬁ:z—zsinﬁ. (10.31)

So

Inserting (10.30), (10.31) into (10.29) then yields as theoretical lower limit of
the measuring uncertainty for laser triangulation sensors [6]:
A

Az = (10.32)

2 sin o sin

According to (10.32) the measuring uncertainty can be reduced for smaller
wavelengths, greater triangulation angles o and greater apertures of the objective.
For the numerical example chosen for Fig. 10.4, A =633 nm, o =40°,
sin f = 0.023, we get as estimate of the minimum achievable uncertainty:
Az = 4.8 um. Practically a further increase of the triangulation angle is limited by
the reduced intensity of the scattered light, cf. Figs. 10.1, 10.10a—c. A further
increase of the numerical aperture of the objective is restricted by the available
construction space of the sensor and the consequential increase of the size of the
observation window in the sensor housing, which has to be kept clean in an
industrial environment.
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It is interesting to see, that (10.32) is identical, with exception of a constant
factor, with the limit to resolve two adjacent points of an object in microscopy as
described by Abbe. According to Abbe two points with a mutual distance s can be
distinguished, if the following relation holds, see Fig. 10.16 [3]:

A
~ 2sinf’

s (10.33)

If we project the distance s—which is running parallel to the u-axis—onto the
z-axis, wereceive Aza = s/ sin o. The resolvable distance according to Abbe (10.33)
becomes then:

A

AZA -5 - - 5
2 sin o sin f§

(10.34)

Relation (10.34) shows the same dependencies on the wavelength, the trian-
gulation angle o and the numerical aperture as does (10.32). So Abbe’s interpre-
tation of using at least the £1. diffraction orders of the smallest object detail to
resolve this detail described with (10.33), (10.34) is equivalent to the derivation
shown here considering the influence of the speckle effect—which is a diffraction
effect—to estimate the uncertainty in the determination of the position of the
imaged light spot.

10.2.5 Atmospheric Influences

The propagation of the irradiated and scattered light with laser triangulation is
influenced by variations in the refractive index of the surrounding atmosphere.
These appear particularly in the environment of hot workpieces, which should
be measured. Figure 10.17 shows how a laser beam would be deflected due to the
presence of a refractive index gradient in a region with the extension / in the
z-direction. The angle of deflection «,, valid under the assumption that |o,| < 1, is
given by [6]:

1

1dn

= [ ~dg, 10.35

2 /nmjz ( )
0

where «, is the angle of deflection in the x-direction, n the index of refraction; x, z
the coordinates, see Fig. 10.17; dn/dx the refractive index gradient in the x-
direction and [ the length of the range in the z-direction in which the gradient
dn/dx is present.
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Fig. 10.17 Beam deflection in the atmosphere due to a refractive index gradient in the
x-direction

Relationship (10.35) can be derived from Snell’s law. The integration follows
over the beam path in the z-direction. As is shown in Fig. 10.17, the beam is
deflected in the direction of the more dense medium.

The refractive index gradient is produced essentially as a result of pressure and
temperature gradients in the atmosphere. The following is approximately valid (cf.
equation (6.15) in Sect. 6.2.3):

A AT
dn/dx =~ An/Ax = ((0.27 m/hPa) Ep — (0.92m/K) E) 10°%/m,  (10.36)

with Ap/Ax difference quotient of the pressure in the x-direction and AT/Ax
difference quotient of the temperature in the x-direction.

Equation (10.36) implies that with constant temperature and an increase in
pressure, the refractive index increases similarly. Using the general gas equation,
an increase in pressure at constant temperature indicates that the gas density has
increased. A stronger refraction ensues at a higher density. On the other hand, an
increase in temperature at constant pressure results in a decrease in the refractive
index. In this case, the density of the gas is lower, as is the refraction.

If 1/n(dn/dx) is independent of z, then equation (10.36) can be simplified:
oy = 1/n(dn/dx)l. The angle of deflection increases proportionally with the dis-
tance along the beam path. For the beam position in the x-direction along a path z,
the following is approximately valid:

1 dn ,

LIS 10.37
ot (10.37)

In Fig. 10.18, equation (10.37) is represented for various pressure and tem-
perature gradients.

In the presence of static pressure and temperature gradients, the beam does not
linearly propagate but, instead, assuming a constant refractive index, the beam
describes a parabolic trajectory, following equation (10.37). In this way, a sys-
tematic measuring error arises with laser triangulation. These influential factors
have to be considered, particularly when hot workpieces are to be measured.
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10.3 Triangulation Sensors for Contour Measurement

The principle of triangulation sensors to measure distances was shown in
Fig. 10.1. The sensor comprises mainly the components: laser source, objective
and detector. If a contour or profile of an object is to be measured, corresponding
to the 2-D measurement illustrated in Fig. 10.2, middle—then the laser beam is
formed to a line projected onto the measuring object. An alternative is to use a 1-D
triangulation sensor with a collimated laser beam which is moved across the object
by a linear axis or the object is moved relative to the sensor.

Figure 10.19 shows the principle set-up of a 2-D triangulation sensor based on
laser light section. By use of a cylindrical lens the laser beam is formed to a line
which is projected onto the measuring object. Figure 10.20 represents a photo-
graph of a laser light section sensor for profile and contour measurements [1].
Typical technical data are: measuring range 130 mm x 105 mm, mean measuring
distance 272 mm, detector array 1280 x 1024 pixels, measuring frequency
200 Hz, spatial precision 130 pum, temporal precision 65 um, linearity 100 pm
(the last three characteristics are defined in [2]).

Another possibility for contour measurements is the combination of a trian-
gulation sensor with moving mirrors [8, 9]. Figure 10.21 shows schematically the
set-up of such a scanning sensor. The illuminating laser beam is guided via a
rotating mirror onto the measuring object. The scattered light is collected by
another rotating mirror which is aligned coplanar on the same axis as the first one
and directed to the objective. Again laser beam, objective and detector are
arranged according to Scheimpflug’s condition, cf. Sect. 10.1. The detector signal
depends only on the perpendicular distance between the rotating axis and the
respective illuminated spot on the measuring object. The angular position of the
axis is measured by an angular transmitter. In this way the scanned contour of an
object is measured in polar coordinates.
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Fig. 10.19 Set-up of a 2-D triangulation sensor. The projection of a laser line onto a measuring
object and observation of this line under an angle to measure a profile is also referred to as laser
light section method

Fig. 10.20 Laser light section sensor for profile and contour measurements, left object with
projected laser line, right triangulation sensor

Another type of triangulation sensor to measure contours is shown in Fig. 10.22
[10]. The laser beam is guided via two lenses and a rotating polygon mirror onto
the workpiece. The lenses are designed and arranged in such a way, that the
rotation of the polygon mirror leads to a parallel translation of the illuminating
beam in the object space. This kind of beam propagation is called telecentric.
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Fig. 10.21 Triangulation sensor for contour measurement with rotating mirrors on a common
axis

Y g, polygon mirror

mirror

detector

Fig. 10.22 Triangulation sensor for contour measurement with telecentric optical path and a
polygon mirror

All illuminating light beams run parallel to each other in the object space. The
scattered light of the light spot is also imaged onto the detector with a telecentric
beam propagation via the polygon mirror. This enables all illuminating light beams
and the corresponding optical axes of the imaging apparatus to intersect at the
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same angle in the object space. In this way, a high degree of position-independent
accuracy in contour measurement is attained.

The detector is inclined in order that a sharp imaging be retained for different
light spot positions, corresponding to the Scheimpflug condition. The detector
signal is a function of the perpendicular distance between the plane, formed by the
lens, and the light spots on the test object. In the perpendicular direction, the
angular position of the polygonal mirror determines the location of the light spot.
In this sense, the triangulation sensor, such as that in Fig. 10.22, measures the
workpiece contour in cartesian coordinates.

10.4 Examples of Applications

Triangulation sensors are deployed for a variety of applications in process control
and quality assurance. They measure geometric quantities of moving objects.
Figure 10.23a—d shows exemplarily some application cases of triangulation sen-
sors for distance measurements.

In Fig. 10.23a two sensors are mounted on a translation stage and guided along
a profile to be measured. With the known distance between the guiding rails and
the two distances measured with the triangulation sensors the profile of the
measuring object is determined. In another application the sensors are mounted
fixed and measure the straightness of rails passing the sensors continuously [1].
Figure 10.23b shows an example to measure internal dimensions of objects [11].

The imbalance of a rotating workpiece can be measured with the set-up shown in
Fig. 10.23c, where one sensor measures the radial runout and the other the axial
runout. Similar set-ups are used to inspect the geometry of various types of shafts
and shaft-like components, as e.g. cam shafts, drive shafts or crank shafts [1].
However, due to the continuously increasing requirements with respect to the
accuracy for the inspection of high-precision shafts such as ground shafts, a principle
limit of the triangulation principle is reached, cf. Sect. 10.2.4. For measurement
uncertainties in the lower micrometer and especially sub-micrometer range absolute
measuring interferometric methods have significant advantages [12].

Figure 10.23d shows schematically an array of triangulation sensors for the
inline control of the thickness of rolled sheet metal [13]. On two sides of a passing
sheet, at opposite positions, several sensors are mounted. The sensors are triggered
synchronously. From the distance signals gained the thickness of the sheet for each
measuring position is determined.

The flatness of rolled heavy plates is measured with a variant of the laser
triangulation principle as illustrated schematically in Fig. 10.24 [14]. Three tri-
angulation sensors, M1 to M3, are mounted 5 m above a roller table to measure the
flatness of moving hot rolled heavy plates. Each sensor projects 10 laser beams
onto the surface of the passing measuring object. Within each sensor the row of
illuminated spots is imaged onto two CCD detector arrays using the Scheimpflug
condition in such a way, that the set of 2 x 5 spots across the width of the rolled
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Fig. 10.23 Examples of
applications of triangulation
sensors. a measurement of the
profile of an object,

b measurement of inner
dimensions of objects,

¢ measurement of the radial
and axial runout of a rotating
workpiece, d measurement of
the thickness of sheets at
various lateral positions.
Arrows indicate direction of
movement

Fig. 10.24 Measurement of
the flatness of heavy plates
with laser triangulation
Sensors

laser beam

10 Laser Triangulation

measuring unit

direction of
movement

roller table rolled plate

plate is imaged sharply onto the respective detector plane. The array of measuring
spots covers an area of 1500 mm x 4500 mm [15]. The measuring range in
z-direction, cf. Figure 10.3, amounts to 400 mm. The measuring frequency is
100 Hz. The three triangulation sensors are synchronized so that all thirty dis-
tances are measured simultaneously. By this approach it is possible to determine
the flatness of the rolled plate and to eliminate artefacts induced by irregular
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Fig. 10.25 Flatness measurement system based on laser triangulation in a rolling mill

movements of the plate itself while transported on the roller table. Hot sheet metal
with temperatures up to 900 °C can be measured. Due to the heat radiation of the
hot plate the surrounding atmosphere grows warm and convection currents are
induced with accompanying gradients of the refractive index, cf. Sect. 10.2.5. At
plate temperatures of 900 °C the measuring uncertainty caused by this effect is of
the order of £2 mm. The measuring result is evaluated in real-time and the rec-
ognized flatness defects are displayed in the control room of the rolling mill as a
basis for feedback and optimization actions to a preceding water cooling device.

Figure 10.25 shows a photograph of the installed system in the rolling mill. The
sensors are mounted at the top of a steel scaffolding above the roller table. On the
roller table a hot heavy plate is passing.

Figure 10.26 presents some examples of flatness topologies of heavy plates
measured with the system shown in Figs. 10.24 and 10.25. The flatness deviations
are shown enlarged to recognize more easily the type of flatness defect occurring.
The colors represent the amount of deviation from an ideal plane. The flatness
defects are automatically classified in terms of defect types and their global and
local quantification is determined. The raw data from the multi-point triangulation
is processed as follows: pre-processing to eliminate sheet movement, assessment
of global structure, extraction of local features, classification of pattern features by
use of a neuro-fuzzy algorithm.

Figure 10.27 shows an application of a triangulation sensor in a coordinate-
measuring machine. The machine has e.g. two linear axes and one axis of rotation
at which the sensor is mounted. The specimen—in the shown example a section of
an H-girder—is placed on the measuring table. A computer controls the axes and
moves the sensor around the contour of the specimen. From the positions of the
axes and the distances measured with the triangulation sensor the contour of the
specimen is determined. Due to the contactless measurement the measuring speed
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Fig. 10.26 Flatness topologies of heavy rolled plates measured with laser triangulation

axes of movement

triangulation
sensor

Fig. 10.27 Coordinate-measuring machine with a laser triangulation sensor
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A y[mm]

-500 500 X [Mm]

Fig. 10.29 Three dimensional CAD model of a laser measuring unit to measure the cross-
sectional profile of rails. The measuring object shown is the high-speed rail UIC 60

is much faster than with a conventional coordinate-measuring machine working
with tactile sensors.

Figure 10.28 shows the measurement report documenting the deviations from
the desired contour.

The noncontact measurement with laser triangulation sensors allows for the
inspection of product shapes and geometries without the need to take the speci-
mens out of the production line. Figure 10.29 shows a set-up to measure the cross-
section of rails with an array of ten laser light section sensors mounted around the
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rail passing through the measuring rig [1]. The light section sensors generate a
laser line over the entire circumference of the rail profile. To avoid overlaps
between the laser lines, different wavelengths are used and they are triggered with
a time shift. With this set-up the contour of the rails is measured automatically
along the whole length of 120 m of each produced rail piece in a production line.

With a laser light section sensor the microtopology of weld seams can be
measured to gain a fingerprint of the surface structure, which is the result of
statistical processes occurring during welding. In this way weld seams can be used
to identify components or casks in a unique way [16].
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Chapter 11
Laser Doppler Methods

Abstract Laser Doppler methods are used to measure the state of motion of
objects and particles. Laser vibrometers and laser anemometers make use of this
effect. Their interferometric principle is explained which allows to determine
velocities and to discriminate as well the direction of movement. Signal processing
schemes are described such as frequency demodulation, digital signal processing,
tracker and photon correlators. Examples of applications as the measurement of
the three dimensional vibration state of car bodies and flow fields in wind tunnels
are presented.

Laser Doppler methods are, as a rule, point-oriented measuring methods, with
which the state of motion of objects or individual particles can be investigated. The
basis for this method is the Doppler effect which describes the shift in frequency of
an electro-magnetic wave, scattered at a moving object. The velocity of the object
can be determined from this frequency shift. In the following, the Doppler effect
will be explained and, based on this, the methods of laser vibrometry and laser
Doppler anemometry are presented. These methods are used to investigate com-
ponent vibrations as well as in flow measuring technology.

11.1 Doppler Effect

The Doppler effect describes the change in frequency of a wave directed at an
object, as a result of the motion of the object. The change in frequency of the
scattered wave is measured, in order to determine the velocity of an object point.

Figure 11.1 represents the scattering of an electromagnetic wave at a moving
object. The laser beam, directed at the object, is described by a plane wave, which

propagates in the direction of the unit vector, ¢;. The coordinate in the direction of
this unit vector is denoted by z. A point on the surface of the scattering object, at a

certain point in time, is given the position P(0). This point travels with a velocity v.

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 279
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_11,
© Springer-Verlag Berlin Heidelberg 2015
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Fig. 11.1 Scattering of an plane wave
electromagnetic wave at a —e B
moving object point P P(0) -—ig
BERY R
v
1
=

P(t)

In Fig. 11.1, above, a wavefront just reaches the position P(0). In Fig. 11.1, below,
the point has travelled to the position P(¢'). The incident wave has propagated
further in the meantime, as is represented by the dashed lines in Fig. 11.1, below.
An observer at the point P, in the system at rest of point P, measures a wave
frequency of f/ = 1/¢. Thus, for this frequency, cf. Sect. 3.6, we have:

f'=f+ /i) cosua, (11.1)

with f frequency of the incident wave, f’ frequency of the wave measured by the
observer at P, v absolute value of velocity v, o see Fig. 11.1, above.

Normally, equation (11.1) would be written in terms of the angular frequencies
and the angular wave number, whereby:

o =w+kvcosa, (11.2)

with o' = 2nf', ® = 2nf, k = 2n/A.

The light of angular frequency @' is scattered at the point P on the surface of the
object. In the following, we will assume for the laboratory system that the scat-
tered light is observed in the direction of the unit vector e,, a direction which
exactly opposes the incident direction of the radiation, cf. Fig. 11.1, below. An
observer in the laboratory system observes an angular frequency other than o,
because the point P moves towards him.

Analogous to equation (11.2), it shows that for the frequency w”, measured by
the observer in the laboratory system, the following is valid:

o' =o' +kvcosa, (11.3)

where " is the angular frequency of the scattered wave measured in the labo-
ratory system, k' the angular wave number of the wave measured by the observer
at P.

The quantities ' and k' can be eliminated using (11.2), (11.3) and ' = K'c.
Under the assumption that the velocity v of the object point is much smaller than
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Fig. 11.2 Scattering of a —
wave in the incident direction
e; at a moving object point P
and observation of the

scattered wave in direction e,
in the laboratory system

||||||||= P

the speed of light c, it follows, for the angular frequency of the scattered wave
observed in the laboratory system, that:

" =+ 2kvcosa. (11.4)

The difference, Aw = " — w or Af =f" —f, is defined as the Doppler shift.
For example, for A = 633nm, « = 0°, v = 10 m/s, the Doppler shift amounts to
Af = 31.6 MHz.

In the derivation of equation (11.4), it was assumed that the scattered light is
observed in a direction opposing that of the incident irradiation. Figure 11.2 shows
the general case of observing the scattered wave from a direction which differs
from that of the incident radiation. Analogous to the derivation of (11.4), it can be
shown that, in this case, the following is valid:

w”:w+k<\7-Eo—§-Ei), (11.5)
with v velocity vector, e, unit vector in the observation direction, ¢; unit vector in

the incident direction. Equation (11.4) is given once more if é, = —&; and V - €, =
vcos o are substituted into equation (11.5).

11.2 Laser Vibrometer

The term laser vibrometer is derived from the main use of this device, namely the
investigation of vibrations of component parts. Laser vibrometers are a particular
type of interferometer, designed for the measurement of vibrations.



282 11 Laser Doppler Methods

I 3

| laser } > >
BS 1 BS

Ny

> BS 3

]

| | detector

Fig. 11.3 Principle of a laser vibrometer. BS beam splitter, M mirror

11.2.1 Principle

Figure 11.3 shows the principal set-up of a laser vibrometer. The laser beam is
split up into a measuring beam and a reference beam by the beam splitter BS 1.
The measuring beam is directed at the vibrating object, whereupon it is reflected.
The Doppler shifted wave, backscattered in the direction of the incident radiation,
is guided, via the beam splitter BS 2, to the detector where it is superimposed with
the reference beam. The electrical field strength of these two waves, at the location
of the detector, is given by, cf. Sect. 6.1.1:

E. = E,oel(@t9)
(11.6)

E, = Ep, 0 ei(w”t+¢m)’

with Er, Em electrical field strength of the reference and measuring beams at the

detector; Ero, Em() real amplitudes of the reference and measuring beams; w, "
angular frequencies, see (11.4); ¢,, ¢,, phases of the reference and measuring
beams at t = 0.

The intensity reaching the detector amounts to:

I  (Ex 4 En) (E; + En)",

11.7
I =1+ Iy + 2V LIy cos[(0" — o)t + ¢, — @], (-7

where I, I, are the intensities of reference and measuring beam at the detector.

The intensity I is a periodic function, dependent on the argument of the cosine
function of (11.7). The intensity lies in the following range: I. + I, — 2+/IiIn
<I<I + I, +2+/I1,. The contrast of the interference with respect to time, cf.
Sect. 6.1.2, is largest when I, = I, is valid, as is illustrated in Fig. 11.4.
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Fig. 11.4 Intensity as a TA I>I,
function of time according to
relation (11.7) for the cases \T/\T/\
I, > Iy (above) and I, = I, I T |
(below)
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The distance, with respect to time, between two minima or two maxima on the
curve in Fig. 11.4 is given by the beat period, T, = 27/|w” — w|. Substituting
" — w with equation (11.4) in equation (11.7) leads to:

I =1+ I + 2+ LI, cos [2kv (cos o) t + ¢, — b,]. (11.8)
Therefore, it follows for the beat period that:
Ty, = 2m/|2kvcos o). (11.9)

If the beat period Ty, is measured, the component of the object velocity in the
direction of the measuring beam, cf. dashed line in Fig. 11.3, can be determined
using equation (11.9).

The beat period of the signal does not depend on the positive or negative nature
of the velocity, but merely on its modulus. It is therefore impossible to distinguish
whether the object is brought closer or whether it is further distanced. In order to
remedy this situation, the angular frequency of the reference beam is lowered by a
known angular frequency wg. This shift in frequency can be achieved, for
example, using an acousto-optic modulator, cf. Sect. 4.1.1, placed in the path of
the reference beam. The following is then valid for the reference beam omitting
the vector character:

E; = Eype (o0t (11.10)

with o fixed angular frequency shift of the reference beam. Analogous to (11.8),
this reference wave yields:

I =1 + Iy + 2/ L1, cos [2kv (cos o) £ + wot + ¢y — b,] (11.11)
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Fig. 11.5 Angular beat wy A we#0  w,=0
frequency wy as a function of /
the velocity component ,’
vcos a. mg angular frequency /’
shift of the reference beam //
/
vV COos a

and the beat period is then given by:

T, = 2n/|2kv cos o + ay|. (11.12)

In Fig. 11.5 the angular beat frequency wy, = 21/Tj, is shown for both cases, i.e.
equation (11.9) and equation (11.12), as a function of the velocity component
vcosa. The dashed curve plotted for wy = O illustrates, that it is not possible to
deduce the direction of the velocity component for a given beat frequency wy. At
wg # 0 this is clearly possible, if the following condition holds:

veosa > — wy/(2k). (11.13)

The angular frequency shifts used in practice typically amount to
wo =2.5x 10%rad s™'. Using equation (11.13) and a laser wavelength of
A =633 nm, the velocity component in the direction of the measuring beam is
such that: vcosa > — 12.7m/s. With respect to the further processing of the
signal which oscillates with an angular beat frequency wy, the velocity range for an
unequivocal detection of the velocity direction is, as a rule, established as follows:

0<|vcosa| <wy/(2k). (11.14)

At object component velocities in the interval given in (11.14), angular beat
frequencies wy, = 2kv cos o + wq of the intensity signal (11.11) appear in the range
0 < wp <2wy. The frequency-modulated detector signal is demodulated, in order
to generate a voltage signal which is proportional to the velocity component
v COS d.

11.2.2 Signal Processing

To illustrate the signal processing method, we will consider, in the following, the
simplified case in which the harmonic oscillation of an object is investigated using
a vibrometer. The frequency spectrum of the detector signals depends on the range
of variation of the object point velocity, at which the measuring beam is directed.
For the harmonic oscillation of an object point P with an angular frequency wp:
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Fig. 11.6 Angular frequency (a)r. & < B, o
spectrum of the signal of a I";_‘_”__m _____':]
laser vibrometer (a) and | I
idealized response curve for : = W, e I
demodulation (b) | | ‘ I
| |

L

0 Wy 2w, e
(b) U /

/(:Ju o

¥ = Vcos (wpt + ¢p) (11.15)

is valid, whereby V is the vectorial amplitude of the velocity, w, is the angular
frequency of oscillation of the object point P and ¢,, the phase of the oscillation of
the object point for ¢ = 0.

Equation (11.15) leads to a time-dependent angular frequency, cf. (11.11),
which is described by (omitting again the vector character):

(1) = 2kvcos (wpt + ;) cos o + wy. (11.15a)

The peak angular frequency deviation described by equation (11.15a) is
Aw = 2kvcosa. The time-dependent phase to be inserted in equation (11.11) is
calculated with:

A
(1) = = =Zsin(wpt + ) + oot (11.15b)

p

S
S
=
=
&

Inserting the phase ¢(¢#) into (11.11) then yields:
I =1L+ In 4 2Ly cos[(Aw / wy) sin(wpt + ¢,) + oot + ¢y — &,]. (11.16)

According to (11.16), the intensity is frequency-modulated with the angular
frequency of the component oscillation w, at the point P. The quantity

n = |Aw|/w, = 2kb|cos a|/w, (11.17)

is denoted as the modulation index [1]. The angular frequency spectrum of the
intensity, according to (11.16), consists of discrete lines, equally distanced in
frequency by wp, as is shown in Fig. 11.6a. The intensities of the individual lines
of this line spectrum depend on the size of the modulation index.
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Fig. 11.7 Block diagram of the analog signal processing of a laser vibrometer
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Fig. 11.8 Illustration of signal spectrum (a), spectrum of local oscillator (b), spectrum after
mixing (c), response curve for demodulation (d)

The angular spectrum bandwidth B, for the harmonic frequency modulation is
given by [1]:

B, = 2(1 4 n) we. (11.18)

A voltage signal, proportional to the signal frequency, is generated via a
demodulator. Figure 11.6b represents schematically a characteristic line of a
demodulator U = U(wy). This characteristic line should be as linear as possible
within the frequency spectrum, in order that there be a linear dependency between
the voltage signal U obtained and the momentary object velocity.

Figure 11.7 shows a block diagram representing laser vibrometry with analog
signal processing [2]. The detector signal is first superimposed, in a mixing stage,
with the signal of a local oscillator. Figure 11.8 shows the relevant frequency spectra
for the signal (a) and the local oscillator (b). Due to the mixing stage, the spectrum is
displaced in the direction of lower frequencies, see Fig. 11.8c. In this frequency
region, steeper characteristic lines are able to be realized for the demodulator, so that
vibrations with lower amplitudes of velocity can also be measured.
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Fig. 11.9 Block diagram of the signal processing of a laser vibrometer using digital methods. LP
low pass filter; I, Q quadrature signals, A/D analog-to-digital converter

The frequency of the local oscillator in Fig. 11.7 is derived from a master
oscillator. This, in turn, forms the reference frequency for the drive of the Bragg
cell and, in so doing, avoids any drift between the frequencies wj, and wq. A drift
would otherwise cause an undefined position in the transformed frequency spec-
trum /;, to appear, cf. Fig. 11.8c.

After the mixing stage, the signals are filtered and directed to the frequency
demodulator. This is carried out by a FM-discriminator, for example [3]. With
these methods, velocity measurement ranges of between 1 um/s and 10 m/s can be
achieved at object frequencies f, of 1-10° Hz.

Apart from using frequency demodulation for signal evaluation, there is also the
possibility, at low object frequencies, to measure the motion of an object via the
path change between the object and the vibrometer. This path change, in the set-up
according to Fig. 11.3, leads to a migration of interference fringes over the
detector. Two consecutive interference fringes correspond to a path change of 1/2
in the direction of the beam. The interference fringes are counted electronically
and the amplitude or velocity of the object’s vibration is then determined. High
absolute precision is feasible because these methods relate directly to stable laser
wavelengths.

An alternative signal processing is based on digital signal processors (DSP)
which allow to achieve nearly a real-time decoding. Instead of counting passing
fringes which is limited to phase information in discrete increments of 2z, a
continuous phase measurement is strived for. The methodical approach is illus-
trated in Fig. 11.9 [4]. Two so-called quadrature signals are generated having a
relative phase relation of 90°, cf. Sect. 6.2.1. The measuring signal according to
(11.11) is a frequency modulated signal due to the phase change caused by the
object velocity. Omitting the DC term in (11.11) and assuming for simplicity
cosa =1 and ¢, = ¢, = 0, the voltage signal of the detector in Fig. 11.3 gen-
erated by the interference term can be written as follows:
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u(t) = 2&v/ Iy cos (p(t) + oot), (11.19)
(1) = 2kvt = ?, (11.20)

where £ is a detector constant, assuming a linear response, and s = v¢. This fre-
quency modulated signal with the carrier angular frequency wg (11.19) is mixed by
a cosine and sine signal as illustrated in Fig. 11.9 to the base band. These signals
are described by:

Ucos(t) = Tt cos (wot), (11.21)
ugin(t) = i sin (wot), (11.22)

with & voltage amplitude. The output signal of a mixer—as shown in Fig. 11.9—is
proportional to the product of the signals fed to that mixer, i.e.:

uy(t) = xu(t) - teos (1), (11.23)

where x is a constant characterizing the mixer. With (11.19), (11.21) inserted in
(11.23) and using trigonometric product-to-sum identities, we obtain:

u(t) = 2/ LIy [cos (1) + cos ((t) + 2wot)], (11.24)
and in a similar way:
uq(t) = 2xéin/Iy[—sin (t) + sin (@(¢) + 2wot)]. (11.25)

After a low pass filter, see Fig. 11.9, the signal oscillating with 2 can be
eliminated:

i(t) = i cos (1), (11.24a)

itQ(l) = —I:tQ sin (,D(l‘)7 (]1.253.)

where i (7), it () denotes the low pass filtered signal of (11.24), (11.25) and i, itg
are the respective amplitudes. After analog-to-digital conversion a series of volt-
ages is obtained & (), #ig(#) at discrete time steps # with k = 1,2,. ... With this
data the phase can be calculated:

o) = arctan{_;i(()tit)k)} + mm, (11.26)

where m is an integer. We finally obtain the displacement, cf. (11.20):
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4r

Instead of generating the quadrature signals in an analog way by the two mixers
shown in Fig. 11.9, the detector signal can be first mixed down to an intermediate
frequency carrier (IF) which is then directly digitized. The I and Q signals are
generated numerically by mixing the signal with a numerical oscillator tuned to the
IF carrier. Then—as described before—the arctangent operation is carried out to
get the phase. The time derivative of the phase yields the velocity of the object, cf.
(11.20), (11.27).

11.2.3 Measuring Range of Laser Vibrometers

The typical measuring range of a laser vibrometer is reproduced in Fig. 11.10 [5].
The representation relates to an object’s harmonic oscillation. The component of
vibration at a measurement point P in the incident direction of the laser beam of
the vibrometer, is described by the following relationships, cf. (11.15):

r = rsin (wpt + ¢>p),

11.28
v = Fopcos (wpf + ¢,), ( )

with r displacement of the object point P and 7 amplitude of the oscillation of
object point P. The vector character of the displacement is omitted here, since only
the movement in the direction of the incident laser beam is considered.
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Fig. 11.11 Application (a)
examples of laser

vibrometers. a tools and

rotating spindles, b moving

magnetic tapes, ¢ membranes @__
of loudspeakers, d vibration

analysis of extended objects
by scanning of the measuring

laser beam (C) (d)

(b)

The diagram in Fig. 11.10 represents the measuring range of laser vibrometers and
has frequency of oscillation and amplitude of oscillation on its coordinate axes. The
measuring range extends itself in both coordinate directions over many orders of
magnitude, so that, in practice, almost all relevant vibrations can be measured. This is
especially applicable to acoustic vibrations in the 10 Hz—20 kHz range. The holo-
graphic double-pulse interferometry measurement range, using a ruby laser, cf.
Chap. 9, for the investigation of vibrations, is represented in Fig. 11.10 for compar-
ison. The lower limit at vibration amplitudes of 1 um results from the condition that,
for a practicable evaluation of the interferometric hologram, at least one interference
fringe must exist. For amplitudes greater than ca. 1 pm, the measurement ranges of the
laser vibrometer and holographic interferometry overlap to a large extent.

To compare laser vibrometry and holographic interferometry in the investiga-
tion of component vibrations, it must be considered that laser vibrometry is a
point-oriented measuring process. Holographic interferometry, however, allows
for a 2-dimensional survey of the vibration states. In the case of stationary
vibrations laser vibrometers combined with galvo-scanners are able to measure
oscillations of a set of surface points, cf. Sect. 11.2.4 [6-8].

11.2.4 Examples of Applications

Figure 11.11 shows examples of the applications of laser vibrometers [9—12]. In
Fig. 11.11a, laser vibrometers have been installed in order to localize unwanted
vibrations in machine tools. In particular, these measurements can be carried out
on moving spindles and tools [13]. Through vibration analysis, damage to bearings
can be recognized in good time [14].

Laser vibrometers are used in industry to investigate computer hard drives with
an arrangement comparable to that in Fig. 11.11a. For example, the relative
movement between the rotating disk and the combined write-read heads can be
measured [5].


http://dx.doi.org/10.1007/978-3-662-43634-9_9
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Fig. 11.12 Above set-up with
three laser vibrometers to
analyze the three dimensional
vibration state of a car body,
bottom measuring results.
Foto and measuring results by
courtesy of Polytec GmbH,
Germany

Figure 11.11b shows an example for the measurement of vibrations on moving
magnetic tapes as used for mass data storage archives. Unwanted tape motions
influence the reproduction of the stored information. A contact measurement is
excluded here. Using laser vibrometry, it has been found that the motion of the
tapes lies typically in the sub-micrometer range, cf. Fig. 11.10.

Figure 11.11c shows a laser vibrometer which can be used for the measurement
of vibrations of the membrane of a loudspeaker. A similar application case is the
study of vibrational modes of violines [15]. In such structures of low mass, the
fixings of conventional mechanical vibration sensors would distort the actual
vibration movement.

Figure 11.11d shows a laser vibrometer combined with a rotating mirror or
galvoscanner for the purpose of beam deviation [6]. In this way, it is possible to
scan different points on a stationary object in sequence. At every measurement
point, the amplitude and phase of the oscillation are measured, relative to a ref-
erence signal. The reference signal can, for example, be generated by the exci-
tation signal of the component parts’ oscillation. A computer evaluates the data
and links it with the test object geometry in a grid model, in order to obtain a clear
representation of the vibration state.

Projecting three beams of three laser vibrometers from different directions in
space on the same surface point of an oscillating object allows to detect the Doppler
shifted signals in these three directions. Thus the three dimensional oscillation
elongation is measured, i.e. the vectorial displacement according to (11.15).
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Fig. 11.13 Set-up of a differential Doppler anemometer

With such an arrangement the time expenditure for a modal analysis can be con-
siderably decreased. Typical areas that can be scanned have sizes up to 1 m” with a
working distance of 0.4 m. Vibration frequencies range up to 80 kHz with surface
velocities from 0 to 10 m/s.

Figure 11.12, above, shows a set-up with three laser vibrometers to analyze the
vibrational state of a car body. In this way vibration simulations can be verified
with experimental data. Figure 11.12, bottom, shows the result with an exagger-
ated presentation of the three dimensional elongations of different parts of the car
body with respect to their position of rest.

11.3 Laser Doppler Anemometer

Laser Doppler anemometers are primarily installed for use in flow measuring
technology [16, 17]. The abbreviation LDA is frequently used for these systems.
The LDA exploits the Doppler effect of scattering particles which then flow with
the fluid to be investigated. An example of such particles is small droplets in a gas
stream. Laser Doppler anemometry is a point-oriented method of measurement,
with which the velocity of a stream is measured.

11.3.1 Principle

The design of a LDA relates in principle to that of a laser vibrometer, as is
represented in Fig. 11.3. However, this design has a particular disadvantage for the
measurement of the scattering signal from individual moving particles. The
backscattered intensity is very small because, in general, only few particles are
found in the test volume defined by the laser beam. As is shown in Fig. 11.4,
Sect. 11.2.1, the contrast of the interference on the detector between the measuring
beam and the reference beam is, in this case, small.
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Fig. 11.14 Two-beam interference and measuring volume for differential Doppler anemometry
with diameter d,, and length [,

This disadvantage is avoided with a so-called differential or two-beam LDA.
The principal set-up is represented in Fig. 11.13. A laser beam is split into two
parallel beams by way of a beam splitter. These beams are focused with a lens. The
overlapping region of these two beams on the optical axis of the LDA defines the
measuring volume. The incident directions of both beams in the measurement

volume are described—in a way analogous to Fig. 11.2—by the unit vectors e;j
and ejp. A particle moves through the measuring volume with a velocity v. The

light scattered at this particle is recorded via a detector in the direction e,.

The frequency of the scattered light can be calculated using equation (11.5).
Under consideration of the two incident directions, it follows that, for the Doppler-
shifted angular frequencies of the scattered light:

o =w+k(V -8 —V-&),
! (q ! (11.29)
1%

oy =w+k(V-& —V-én),

with o, k angular frequency and angular wave number of the incident laser light;
i1, ep unit vectors in the incident direction, cf. Fig. 11.13; e, unit vector in the
direction of observation, v velocity of a particle in the measuring volume.

The electrical field strength of the scattered waves interfere at the detector. For
the intensity registered by the detector, the following is valid:

=1+ 15+ 2VEIycos [(of — &%)t + ¢ — ¢, (11.30)

where I, I, are the intensities of the two beams at the detector; |, o the
Doppler-shifted angular frequencies, see (11.29) and ¢, ¢, the zero phases of the
two beams. Substituting equation (11.29) in (11.30) and using the angles 0 and ¢
shown in Fig. 11.13, the angular beat frequency w, is given by:

wy = |0} — | = 2kv|sin ¢ sin 6], (11.31)

with v absolute value of the velocity vector v; 6, ¢ see Fig. 11.13.
Thus, the registered frequency contains only information about the modulus of
the velocity component perpendicular to the optical axis of the LDA system, see
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dash dot line in Fig. 11.13. However, the positive or negative nature of this
velocity component cannot be established, due to the fact that (11.31) yields the
same beat frequency for both ¢ and ¢ + n. Hence, for the identification of this
component direction, the frequency of one of the incident beams is shifted, as was
already described for the laser vibrometer in Sect. 11.2.1.

In relation (11.31) the direction of observation is not included. This means that
the signal frequency does not depend on the direction of observation, see ¢, in
Fig. 11.13. The receiving solid angle from the detector can therefore be chosen to
be as large as possible in order that a sufficient amount of scattered light is
registered. The scattered light is imaged onto the detector by a lens, for example.
Over and above that, the direction of observation relative to the measuring volume
can be chosen freely in as much as that it is determined from the direction-
dependent scattering properties of the particle, cf. Sect. 3.4.

Equation (11.31) can also be clearly derived in the following manner. The two
beams, inclined at an angle 0 to the optical axis, lead to a two-beam interference in
the region of overlap. Figure 11.14 shows an enlarged section of Fig. 11.13 from
the overlapping region of the two beams. For the distance between neighboring
interference fringes, the following is valid, cf. Sect. 7.1.1, Fig. 7.4:

A

= 11.32
2sin 0 ( )

with d; perpendicular distance of the interference fringes, 4 wavelength of the laser
light, 0 angle, see Fig. 11.13.

A particle propagates through this periodic intensity distribution. The intensity
of the light scattered at the particle would likewise fluctuate periodically. For the
frequency of this light scattering variation, with (11.32), the following is valid:

fs = vlsin|/d;, (11.33)

where vsin ¢ is the velocity component perpendicular to the interference fringes.
With @y = 2nf; and k = 27/2, it follows from (11.32) and (11.33) that:

s = 2kv|sin ¢ sin 0]. (11.34)

This result agrees with equation (11.31). In Fig. 11.15 a LDA signal is repre-
sented schematically as a function of time. The scattering signal oscillates with the
angular frequency wg. The beam profile of the laser beams determines the signal
envelope. The depth of modulation depends on the size of the scattering particles,
their concentration in the measuring volume and on the background scattering
present in the flowing medium.


http://dx.doi.org/10.1007/978-3-662-43634-9_3
http://dx.doi.org/10.1007/978-3-662-43634-9_7
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Fig. 11.15 Schematic LDA signal of a scattering particle passing the measuring volume

The dimensions of the measuring volume of a differential LDA are marked on
the diagram in Fig. 11.14. If both component beams are described by a Gaussian
beam, then, the following is approximately valid, cf. Sect. 2.6:

4
dm = /

~ n(2w)cos 0’ (1135)

with dy,, diameter of the measuring volume for differential LDA, ffocal length of
the focusing lens of the two beams, see Fig. 11.13; 2w beam diameter of each
beam in front of the focusing lens.

The length of the measuring volume /,, amounts to:

" tan @’

m

(11.36)

With the arrangement following that of Figs. 11.13, 11.14, only one velocity
component of a particle can be measured perpendicular to the interference planes.
In order to determine two velocity components, perpendicular to one another, a
further two-beam interference is generated, arranged perpendicularly to the first.
For this, another laser wavelength would be chosen in order that, using filters, the
scattering signals belonging to different velocity components can be distinguished
from one another.

The laser light scattering depends particularly on the size of the particles
contained in the fluid to be investigated. The following cases are to be
distinguished:

(a)d < 2, I, < d°,

11.37
(b)d > 2, I, oc d?, ( )

where d is the diameter of the particle, A the wavelength of the laser source and g
the intensity of the scattered light.

Case (a) is described by the so-called Rayleigh scattering, cf. Sect. 3.4.1. The
scattering intensity in different spatial directions corresponds to a dipole


http://dx.doi.org/10.1007/978-3-662-43634-9_2
http://dx.doi.org/10.1007/978-3-662-43634-9_3
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Table 11.1 Cutoff-frequency of different combinations of flowing media and particles

Fluid Particles d [mm] Sinax [Hz]
Water Sand 0.5 0.16

Air Water droplet 7% 107 8 x 107
Air 0il droplet 1%x107° 1.2 x 10*
Water Hydrogen bubble 0.2 20

characteristic and is proportional to d°. The reason for this is that the individual
waves scattered by the atoms, from which the particles consist, are superimposed
in-phase, approximately. The number of atoms in a particle is proportional to d>. If
E is the electrical field strength of the scattered wave of an individual atom, then,
for the total scattered intensity, with in-phase superposition of the scattered waves

of all atoms in the particle, the following is valid: I « (d3E)°oc d°.

In case (b), Mie scattering is present, cf. Sect. 3.4.2. The scattering intensity
scales with the cross-sectional area of the particle. The intensity scattered from the
particle is strongly directionally dependent. For example, for a water droplet with
d = 1 um, the ratio of the scattering intensity in the forward direction—i.e. parallel
to the direction of the incident laser radiation—to that in the reverse direction
amounts to 10°: 1. In order to obtain a scattering intensity which is as high-valued
as possible, it is therefore appropriate to arrange the detector in Fig. 11.13 in the
direction of the angle bisector of e;;, ej.

According to (11.37), it is advantageous to use large scattering particles so that the
scattering intensity increases. On the other hand, the scattering particles of a stream
flow together better, the smaller they are. In practice, a compromise is reached.

One measure for the flow of particles in a stream is the maximum frequency of
fluctuation at which the particles still follow the stream. In Table 11.1, these cut-
off frequencies fax are represented for various particles and flow media.

11.3.2 Signal Processing

To process the signal of a Doppler anemometer, the following devices are usually
employed: tracker, counter and photon-correlator.

It is understood that a so-called tracker implies a frequency demodulator. The
principle is represented in Fig. 11.16. The detector signal of the anemometer
contains a constant part and a sinusoidal part, cf. (11.30). The sinusoidal part
contains information about the velocity of the scattering particle at the angular beat
frequency wy, cf. (11.31). Therefore, the constant part is separated from the signal
first, using a highpass filter. Joined subsequently in series to the filter is a phase
detector, in which the angular frequency of the signal is compared to the angular
frequency wvyco. This reference frequency is generated by a VCO, a “voltage
controlled oscillator”.


http://dx.doi.org/10.1007/978-3-662-43634-9_3
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If the signal angular frequency and wvyco do not agree, the phase detector
registers an increasing phase difference between the two signals. This is sent to a
controller, which delivers a voltage controlling the frequency of the VCO. The
angular frequency wvco is followed until it agrees with the signal frequency of the
anemometer. The output signal of the controller is therefore a function of the
angular frequency wy,. The linearity of the characteristic line of the demodulation,
described by this function, depends in particular on the properties of the voltage-
frequency-characteristic line of the VCO.

A prerequisite for frequency demodulation with a tracker is that a continuous
input signal should be supplied. This signal is, for example, the result of the
superposition of a series of single input signals, as the one shown in Fig. 11.15.
A tracker can also be used if high concentrations of scattering particles are present
in the medium to be investigated. It is suitable for processing noisy signals up to a
frequency of ca. 15 MHz.

The use of a counter for signal processing is explained by Fig. 11.17.
Figure 11.17, above, shows a filtered scattering signal containing only the sinu-
soidal part, cf. Fig. 11.15. If the signal increases above a selected trigger level, the
resulting number of zero intersections is counted. The signal frequency is
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Fig. 11.18 Various signal forms s(z) and corresponding auto-correlation functions a(r)

determined from this value per unit time. For the time measurement, the pulses of
a high frequency reference oscillator are counted. The time measurement is started
at the first zero intersection and stopped by the last, see Fig. 11.17, below.

With the counter method, in contrast to the tracker, individual signals can also
be evaluated at lower scattering particle concentrations. With the prerequisite of
having a sufficiently high signal quality, signal frequencies up to 150 MHz can be
processed.

For very noisy signals, photon correlators are employed. In order to evaluate the
signal, a so-called auto-correlation function is formed. This delivers a measure of
the presence of regular structures in the signal—e.g. an oscillation with a definite
period. The auto-correlation function A(z) is defined as follows:

A(t) = lim l/s(t)s(t—i—r)dt, (11.38)
0

with T limit of integration, s(z) signal as a function of time, t displacement in time.
For the normalized auto-correlation function, the following is valid:

a(t) = A(1)/A(0). (11.39)

This yields a value a(t) = 1 for T = 0. Figure 11.18 illustrates the relationship
between various signals and the relevant normalized auto-correlation functions.
With a sinusoidal signal s(¢), a(t) has a periodic progression with an equal period
of oscillation. This is also valid for a sinusoidal signal which has been
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Table 11.2 Measuring range of laser Doppler anemometers with different signal processing

systems
Tracker Counter Photon correlator
Frequency range < 15 MHz 1 kHz-150 MHz 1 kHz-50 MHz
Velocity <75 m/s 5 mm/s—750 m/s 5 mm/s—250 m/s
Main field of application Fluid flows Gas flows, flames, Gas flows
ultrasonic flows
Concentration of High Low Low
scattering particles
Focal length 120-2,500 mm
Fringe spacing d; 1-10 pm
Measuring volume
Diameter d,, 20-300 pm
Length [/, 100 pm-10 mm

Velocity values given refer to a fringe distance of d; = 5 um, cf. (11.32). The dimensions of the
measuring volume are illustrated in Fig. 11.14

superimposed with a noise signal. For a sinusoidal signal of finite length with a
superimposed noise signal, as is represented in Fig. 11.18, center, a(t) also pro-
gresses periodically, but with decreasing amplitude.

In Fig. 11.18, below, an irregular signal is represented. The auto-correlation
function falls off strongly in this instance for small time intervals T and shows no
periodic behaviour whatsoever. In such signals, there is no periodic structure
present and no information to be given regarding the beat frequency.

Photon correlation is used in LDA for frequencies up to 50 MHz. Since it is
necessary to form an average value, according to (11.38), it is not possible to carry
out a real-time analysis in this procedure, in contrast to the methods previously
mentioned. The average value must technically be formed within a finite time
period. The limit of the integration 7 in (11.38) is so chosen, that 7 > 1/wy is
valid, whereby wy, is the angular beat frequency, cf. (11.31). Photon correlation is
used primarily in the investigation of air streams with low concentrations of
scattering particles.

11.3.3 Measuring Range of Laser Doppler Anemometers

Typical measuring ranges of laser Doppler anemometers with different signal
processing systems have been summarized in Table 11.2 [16]. Furthermore, the
principle areas of application of each, and data for the geometry of the mea-
surement, has also been given.

The focal distances given in the table for the focusing lens of the LDA, cf.
Fig. 11.13, establish, among other things, the minimum working distance required
between the LDA system and the measuring location.

HeNe lasers with powers up to 10 mW are predominantly employed as sources
of radiation, as are argon lasers in the power range 3—10 W. For compact LDA
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Table 11.3 Scattering particles for LDA measurements

Disperse particles Silicon Titanium Polystyrene Oil/water
carbide dioxide latex droplets

Shape Irregular Irregular Spherical Spherical

Density [g/cm’] 3.2 4.1 1.05 <1

Mean diameter [pm] 1.5 0.2 1.0 1-10

Standard deviation [%] 1.4 - 1 —

Fluid Water Gas Gas Gas

sensors, semiconductor lasers would be used, such as gallium—aluminum-—arsenide
lasers (GaAlAs) for example, with wavelengths of 780—-850 nm and a power up to
100 mW.

Flow accessibility is considerably improved using fiber optics for the beam
propagation of the laser and scattered light. So, for example, compact measuring
heads can be placed directly in a flow stream without giving rise to large
disturbances.

In Table 11.3, the data of exemplary scattering particle types used in LDA
measurements is summarized. In general, the scattering particles are not equally
sized, but there exists a size distribution. The ability of the particles to follow a
flowing stream depends on their particle size. A monodispersal size distribution is
therefore strived for, in order to achieve defined measurement conditions.

11.3.4 Examples of Applications

LDA systems are predominantly employed for the investigation of a flowing
medium [17-22]. Various examples of the application of LDA systems are rep-
resented in Fig. 11.19.

Figure 11.19a shows the application of a LDA to the measurement of volu-
metric flows [23]. Conventional methods such as the use of inductive volumetric
flow measuring devices and Coriolis mass flow measuring devices reach their
measuring limits for very small volumetric flows. In this region, LDA flow
measurement proves to be particularly advantageous.

The measurement beams of the LDA are directed into a transparent fluid
through a glass pipe. The laser light is scattered at the particles found in the
flowing medium and registered by a detector in the forward direction, cf.
Sect. 11.3.1. Under the prerequisite that a fully developed velocity profile should
exist, the volumetric flow is calculated from the pipe cross-section and the mea-
sured velocity. This system would be used in the lacquer industry, for example.
The mixing ratio of lacquer and hardening agent should remain constant during a
lacquering process. For this, the volumetric flows can be measured to a higher
accuracy under the operating conditions.
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Fig. 11.19 Applications of laser Doppler anemometers. a volumetric flows, b combustion
chamber, ¢ wind tunnel, d casted steel bar

Figure 11.19b shows the application of a LDA for flow measurement in the
combustion chamber of a combustion engine [24]. The aim of such investigations
is to optimize the ignition process and the mixing behaviour. The laser beams are
guided into the combustion chamber via a window. The scattered light is observed
in the reverse direction. Titanium dioxide particles (TiO,) are used for the LDA
velocity measurement prior to the ignition of the mixture. For measurements
during the combustion process, highest data rates are achieved using scattering
particles of zirconium tetra fluoride (ZrF,).

In Fig. 11.19c, the application of a LDA to a wind tunnel is shown [16]. With
low velocity channels, the aerodynamics of vehicles and buildings can be inves-
tigated. In high velocity channels, flight objects are tested. Suitable conditions
exist if the wind tunnel has an open measuring section, otherwise the laser radi-
ation must be directed into the measurement volume via a window. For the
measurement of spatial flow fields the LDA is displaced relative to the test object.
One of the main points of the investigations is stall, characterized by high degrees
of turbulence and unstationary behaviour. Figure 11.20 illustrates the measurement
of the flow field in the vicinity of a passenger car using a 1: 5 car model in a wind
tunnel.

Figure 11.19d shows an application of a LDA in which the test object is not a
fluid, but a solid body [25, 26]. Micro-structures on the surface of the test object
act as scattering centers here. In the example presented, the velocity of a contin-
uously casted steel bar is measured. In this way, the casting process can be
monitored and controlled. The steel bar exists in the red hot state, so that the non-
contact measurement process presents particular advantage. Technically, the LDA
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Fig. 11.20 Measurement of the flow field with LDA at a car model in a wind channel. Foto by
courtesy of Dantec

device can be made to be resistant to the harsh operating conditions of a
steelworks.

Other test objects in the steel production and processing industry whose

velocity can be measured using LDA systems are, e.g. ingots, profiles, pipes,
bands, sheets, wires and foils.
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Chapter 12
Confocal Measurement Systems

Abstract We give an overview of confocal microscopy, discuss the physical
principle and the achievable resolution. Different kinds of scanners are presented
and some typical applications. In the second section we show, that a confocal
measurement system can also be used to measure the surface profile of non-
transparent objects. Finally, we discuss optical disc scanning systems.

The principle of confocal microscopy was first described in a U.S. patent in 1957,
which was awarded to Minsky [1]. At that time—the laser was not yet invented—
sufficient strong light sources were not available. It took 10 years more to make
and to publish confocal microscopy recordings of sufficient image quality. In the
1970s, the development of confocal microscopes was strongly pushed, so that
since the mid-1980s, advanced systems are available [2—15].

Compared to conventional microscopes, a confocal laser scanning microscope
(CLSM) has higher contrast, better resolution in space and an enhanced depth of
focus. Due to these advantages, it has been established in widespread fields, as e.g.
in biology and medical research. But also in industrial applications, e.g. roughness
measurements, measurements of three-dimensional micro-hardness indentations or
coating thickness measurements, CLSM has gained great importance. Numerically
most used is the principle of CLSM in DVD players or DVD-ROM drives [16-27].

12.1 Confocal Microscopy
12.1.1 Geometric Optical Analysis

Let us consider the configuration sketched in Fig. 12.1. A laser beam, e.g. from an
argon ion laser or a HeNe laser, is focused at a pinhole. This illuminated pinhole
acts, approximately, like a single-point source P." The point source P is imaged via

' Note Tf the diameter of the focus of the laser beam is less than the diameter of the pinhole, the
pinhole lying at P can be omitted.

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 305
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_12,
© Springer-Verlag Berlin Heidelberg 2015
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Fig. 12.1 Principle of confocal microscopy. Three object positions are considered—(a)—(c)—to
illustrate that only a scatterer at point P’ is confocal to the point light source P. xyz coordinate
system with origin at P’

a beam splitter with an imaging system such as an objective of a microscope with
high numerical aperture (NA), in the image point P’ inside a partly transparent
measuring object. Scattered and reflected laser light (wavelength 7;) as well as
fluorescent light” (wavelength /; > /) returns to the objective and propagates, due
to the beam splitter, towards the single-point detector. The single-point detector is
approximately realized by a small pinhole, which reduces the active area of the
used detector, usually a photomultiplier tube or an avalanche photodiode. The
electrical signal received is processed in a computer.

In case of fluorescence confocal laser scanning microscopy, a dichroic beam
splitter or an additional spectral filter is used, cf. Sect. 14.7. So only fluorescence
light with wavelength A; reaches the detector.

In the further discussion, we have to distinguish two cases:

e The scattered light starts in the point P’ cf. Fig. 12.1, left, position a). Then, a
portion of this light is imaged at the single-point detector P and can be
detected. We emphasize that in this case both points, P and P”, lie in the image
plane of the point P/, i.e., the optical path length between P and P’ equals the
path length between P’ and P”. This is referred to as confocal.

2 There are materials that show inherently fluorescence. Others need to be colored with
appropriate dyes.
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e Next we assume that the scattered light origins at an out-of-focus point Q' # P’
of the measuring object, cf. Fig. 12.1, right, position c). In this case, the point
Q' is also mapped by the imaging system, but in an image point Q" # P"”. Q"
does not coincide with the single-point detector at P”, i.e., the points Q" and P
are not confocal. That is why the pinhole of the point detector suppresses most
of the light from Q" and the following detector receives nearly no light. An
analogous situation occurs for an out-of-focus point in the object plane at
position b) in Fig. 12.1, right.

We summarize this geometric optical analysis: The signal of the single-point
detector at P corresponds to the light, which is scattered in the image point P’ of
the single-point light source P. The contributions of other scattering points Q' = P/
to the signal can be neglected.

With a suitable scanning process, the measuring point P’ can be moved through
the measuring object. So, pixel-by-pixel and line-by-line, slice images I(x,y,z) of
the measuring object at fixed depths (z = const.) can be gained, cf. coordinate
system shown in Fig. 12.1. It is a great advantage—compared to classical
microscopy—that object points, which lie outside the image plane of the imaging
system, do not contribute to these slice images. A three-dimensional dataset can be
obtained by recording a greater number of slice images at different depths z. The
scanning process is realized in different ways, e.g. by displacement of the mea-
suring object, by moving the imaging system in the direction of the optical axis or
by using special deflection systems.

12.1.2 Resolution

The resolution is defined as the minimum distance Ar,;, between two object points that
barely can be perceived as separate points. We distinguish axial and lateral resolution,
whether the two points lie on a line parallel, i.e. parallel to the z-axis in Fig. 12.1, orina
plane perpendicular—xy-plane in Fig. 12.1—to the optical axis, respectively.

In the previous section we assumed that the points P and P’ are mapped by the
objective into image points P’ and P”, respectively. This statement needs to be
corrected. Due to diffraction at the aperture of the objective, the points P and P’ are
imaged into small, comet-like and rotationally symmetric volumes, which we call
in the following Airy-volume. These volumes are described by the so-called 3-
dimensional point-spread function (3D-PSF). The full widths at half maximum
(FWHM) of such an Airy-volume—perpendicular and parallel to the optical
axis—are given by [13]:

Drwiiu, ateral = 0.51 1% (in the image plane) (12.1)

and
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A

PR/ (on the optical axis), (12.2)
n—vn?—

DewnM, axial = 0.88

with NA numerical aperture, n refractive index of the medium between objective
and object, e.g. immersion oil. For NA> < n?, equation (12.2) simplifies to:

A
DrwM, axial = 1.8 ]% (on the optical axis). (12.3)

In these equations A is the wavelength of the diffracted light and NA the
numerical aperture of the objective, cf. Sect. 4.3.1, equation (4.58). NA is defined by

NA = nsino, (12.4)

where ¢ is the half-angle of the maximum cone of light that can enter the lens.
(a) Great diameter of the pinhole

If there is no pinhole at P’ (or the pinhole has a great diameter), all the scattered
light from the Airy-volume in the object is gathered by the detector. The resolu-
tions are therefore given by the FWHMs of the Airy-volume caused by the illu-
minating laser light in the object. Thus [13]:

A
AFmin Jateral = 0.51 N—A (12.5)
and
Armin axial & 088#, (12.6)
’ n—v/n? — NA2
see Fig. 12.2, or for NA? < n*%:
AFmin axial ~ 1-8;\;—212. (12.7)

These equations can be applied, as long as the pinhole diameter Dy, at P”
satisfies the relation:
A

Dy >12—. 12.
ph NA ( 8)

(b) Small diameter of the pinhole

With small diameters of the pinhole at P’ the resolutions can be improved (to
the disadvantage of the intensity). Some considerations, which we do not discuss
in the following, provide [13]:
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Fig. 12.2 Lateral and axial resolution as a function of the numerical aperture for the case (a) of a
great pinhole diameter and the relations (12.5), (12.6), see text

A
Armin,lateral ~ 037N7 (129)
and
Aro o ae 0.64 / 12.10
Fmin,axial ~ Y. m ( . )
or
Almin axi z13”—j” (for NA> < n?) (12.11)
min,axial . NA2 . .
These equations hold for:
y
Dy, < 0.31 — (12.12)

NA'

In this case the fluorescence wavelength A; contributes to the result, so a medial
wavelength A, which is defined as:

p Y S W (12.13)
N e

has to be inserted in (12.9) to (12.12).
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Table 12.1 Comparison of the resolutions of a conventional and a confocal microscope con-
sidering fluorescent objects. In addition, the thickness of a slice image is given [13]

Conventional Confocal microscopy Confocal mif:roscopy
Microscopy Dy > 1.2 4 Dy <031 %
Lateral resolution yr A /
0511 0.51 -~ ~
i NA 0.37 VA
Axial resoluti Y . /
xial resolution n_f2 0sg_ " 064— L
NA n — Vn? — NA? n—vnZ — NAZ
n/h 2 2 j’
185 (VA <) 1.3& (NA® < n?)
Tthl;ﬂ? S Not defined 0.88 s > (VanDy, ’ 0.64*
of slice image = Vi — NAZ NA n—vn? — NA?
yi
; 2 1322 (NA? < n?
(l.s,%fz) +<ﬁ$ph) (NA* < n?) T NA? (Na® <)

In case of a non-fluorescent object, the detected light has the wavelength 4; of
the laser radiation. Therefore, the medial wavelength / has to be replaced in the
equations (12.9)-(12.12) by 4.

The choice of an appropriate pinhole diameter is critical. On the one hand, a
smaller diameter improves the discrimination of depth, while on the other hand,
the detectable intensity is reduced. Usually a pinhole diameter

A
Dy~ 12— 12.14
ph NA ( )
is chosen.
In Table 12.1, the results are summarized and compared to conventional
microscopy. In addition, the thickness of a slice image is given [13].

12.1.3 Scanners

To obtain a three-dimensional dataset of the measuring object, the image point P’
must be guided in a suitable manner through the object, i.e., all three dimensions—
X, ¥, z—are to be scanned sequentially. This can be achieved in various ways. It is
distinguished between

e object scanners,
e objective scanners,
e beam scanners

and combinations thereof. The beam scanners are divided in

e single-point scanners,
e multi-point scanners and
e lit scanners.
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Fig. 12.3 Principle of a beam scanner

At a pure object scanner, the object is moved in all three spatial directions. This
approach has the advantage of a simple design with only a static, centrally sym-
metric laser beam. The scanning speed is limited by the inertia of the object and
the interaction with the immersion oil. Similar is the situation with a pure objective
scanner, in which the entire optical system is moved. As actuators in object
scanners and objective scanners serve galvanometers, piezoelectric crystals or
geared electric motors.

At beam scanners, the illuminated point P’ is moved through the object by
means of movable mirrors or acousto-optic deflectors, cf. Sect. 4.1.1, Fig. 4.8. In
addition to single-point scanners, also multi-point scanners and slit scanners are
used. In this case, a plurality of object points can be illuminated simultaneously
and be evaluated with a plurality of single-point detectors. Multi-point scanners
and slit scanners allow—compared to single point scanners—higher frame rates,
but at a lower signal-to-noise ratio. This is due to the fact that each detector
captures to a small extent also light of neighboring areas. Figure 12.3 shows, as an
example, the principle of a one point scanner, which scans the x-direction fast,
while the other two directions are scanned by slow object movement.

Typical sectional images in confocal microscopy consist of 1024 x 1024 pixels
with a data depth of 8 bits (256 levels of gray). To scan this, a fast xy-scanner
needs about 1 s. Depending on the layer thickness, usually between 16 to several
100 slice images are recorded. The corresponding requirements on the storage
capacity of the computer system are high, besides the needs for the controlling of
the scanning device and the graphical display. The development of confocal
microscopy was, therefore, closely linked to the development of powerful
computers.
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WIDE-FIELD CONFOCAL

Fig. 12.4 Fluorescence microscopical image of cleavage in meta-/anaphase [13]. a widefield
image, b confocal image. Pictures are provided by courtesy of Zeiss

Fig. 12.5 Cell imaging with
confocal microscopy: nuclei
(red), mitochondria (green),
actin filaments (blue). Source
Fraunhofer ILT

12.1.4 Typical Applications of Confocal Microscopy
(a) Biology and medicine

The advantage of confocal microscopy is demonstrated in Fig. 12.4. This figure
presents the image of a cell labelled with two different fluorophores, cf. Sect. 14.3.
The cell is in the meta-/anaphase of cleavage. The plasma membrane (in red) and
the spindle apparatus (in green) of this cell are marked with fluorescent anaphy-
lactics. Figure 12.4a shows an image generated with a conventional microscope.
The membrane coloring of the cell border can be seen covering nearly the whole
picture. The spindle fibres (middle of the cell) are blurred, but of notable intensity
in the centromere region. Figure 12.4b shows the same picture taken with a
confocal microscope. The outer plasma membrane is defined clearly—optical slice
by suppressing the light outside the focal area—and the fibers of the spindle
apparatus are identifiable. Another example of cell imaging with confocal
microscopy is given by Fig. 12.5.
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Fig. 12.6 Form electrode cut in sintered tungsten-copper. Sample Prof. Uhlmann, Technische
Universitidt Berlin, Institut fiir Werkzeugmaschinen und Fabrikbetrieb, Germany. Pictures are
provided by courtesy of Zeiss

(b) Materials science

Another example to underline the power of confocal microscopy is shown in
Fig. 12.6. This image shows a form electrode cut in sintered tungsten-copper.
Remarkable is the measured depth of 1 mm, which is achieved by the digital
combination of single optical slices to an overall image.

12.2 Profilometer

Confocal microscopy offers the opportunity, to make sectional images at different
depths of the object. An essential pre-requisite for this is the transparency of the
measuring object. But even with non-transparent objects, the principle of confocal
microscopy is used with success.

For the measurement of surfaces, the illumination spot is continuously moved
along the surface of the opaque object, see Fig. 12.7. Thereby the movement of the
imaging system along the optical axis—this is the z-axis in Fig. 12.7—is con-
trolled, so that the detection signal for each position (x, y) becomes maximum. In
such an auto-focus system, each illuminated surface point is always in the image
plane of the single-point light source, i.e., the objective follows any change in the
height of the object surface.

Thus the z-position of the objective represents the surface profile of the mea-
suring object, see z = z(x) curve shown in Fig. 12.7. The movement of the
objective is detected with a secondary measuring system, in most cases based on
an inductive measuring principle.
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Fig. 12.7 Principle of
confocal surface
measurements. The z-position
of the objective follows the
surface profile

objective
position z

X

measuring
object

In addition to auto-focus systems, there are also measuring systems operating
without a control loop. For a plurality of points (x, y) these systems measure the
detector signal at different z-positions of the objective. Since the detector signal for
each measuring point is maximized, when the image point Q' of the single-point
source lies on the surface, it is possible to measure a surface profile.

In contrast to the established tactile surface measurement systems, the non-
contact laser scanning method allows shorter measuring times, also with soft and
sensitive materials.

The next section is addressed to a particular type of profilometer, the so-called
optical disc scanning systems.

12.3 Optical Disc Scanning Systems
12.3.1 Optical Disc

The Compact Disc (CD) was developed as a permanent and inexpensive mass
storage medium by Philips and Sony and was introduced in the market in the year
1982. The information on the CD is stored physically in microstructures, so-called
pits, which are indentations aligned in a spiral track running from the center of the
CD to the outside. The area between two neighboring pits is referred to as land.
Due to the wavelength of the semiconductor laser (A = 780 nm) used to read the
CD, the storage capacity of a conventional CD (diameter: 120 mm) is limited to
about 0.7 GByte. This corresponds to a length of the spiral track of about 5.5 km.

Since about 1996, a further development of the CD, the Digital Versatile Disc
(DVD), was introduced, having a storage capacity of about 4.7 GByte. This was
achieved by use of a shorter laser wavelength (about 640 nm), which allowed to
reduce the pit structure and hence to increase the storage capacity. In this case, the
length of the spiral track was extended to 12 km. Additionally, some DVDs have
two storage layers on top of each other—thereof one is semi-transparent—
allowing to double the capacity (double-layer DVD).
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Table 12.2 Geometrical and optical data of CD, DVD and BD

CD DVD DVD (double layer) BD
Length of a pit or land [pm] 0.83-3.1 0.40-1.9 0.44-2.1 0.13-0.6
Depth of a pit [um] 0.12 0.11 0.11 0.15
Width of pit [um] 0.60 0.32 0.32 0.13
Pitch of the spiral [pm] 1.6 0.74 0.74 0.32
Wavelength [nm] 780 650 650 405
NA 0.45 0.60 0.60 0.85
dy [um] 1.04 0.65 0.65 0.29

NA numerical aperture, d¢ focus diameter

Fig. 12.8 Images of the pit structure of a CD, b DVD and ¢ Blu-ray Disc taken by a scanning
electron microscope [26]

In 2006, a new format called Blu-ray Disc (BD), designed by Sony, Philips, and
Panasonic, was released as the successor to DVD. Because of its shorter wave-
length of 405 nm, the capacity was further increased to 25 GByte for a single layer
with a track length of 27 km. A dual layer Blu-ray Disc can store 50 GByte.

In the digital future so-called surface recording discs will be developed, where
the data are stored directly at the surface and are read by a near-field optic [23].
This disc shall store 100 GByte.

The geometrical and optical data of a CD, DVD and BD are summarized in
Table 12.2. Figure 12.8 shows images of these storage media taken with a scan-
ning electron microscope (SEM).

12.3.2 Principle of Optical Disc Scanning

The information stored on an optical disc is read without mechanical contact and
wear-free by using an optical scanning system. The microscopic size of the pits
requires sophisticated optical and electronic systems. An optical scanning system
must follow the track of the rotating optical disc and discriminate pits from lands.
This problem was solved by laser measurement technology. In the following we
discuss the principle of optical disc scanning. Numerical values stated refer to
DVDs.
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Fig. 12.9 Top view of an
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A laser beam with a wavelength of about 650 nm is focused on the reflecting
surface of the optical disc, see Fig. 12.9. The focus diameter amounts to about
0.65 pm. The reflected light is detected by a photodiode. We have to distinguish

two cases:

e The focused laser beam strikes on a land: The incident light is reflected and

detected by the photodiode, i.e., a reflection at land corresponds to a clear

detector signal.

The focused laser beam irradiates a pit: Since the focus diameter is approxi-

mately twice as large as the pit width, the light is reflected at two levels of

height. That is why the reflected light splits in two beams with a phase-shift of
Ao :271@, (12.15)

Ao

where % is the depth of the pit, n the refractive index of the sealing plastics

and /o the wavelength of the laser radiation in vacuum. With typical

values, the phase shift has an amount of about A¢ =~ n. So, destructive

interference occurs and the detector signal nearly vanishes.

An optical scanning system must satisfy highest standards, according to the auto-

focus and the tracking abilities. In practice, two conceptions of scanning systems
were introduced. Firstly, we first consider the so-called single-beam system.



12.3  Optical Disc Scanning Systems 317

Fig. 12.10 Schematic DVD ¢ /\ \
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12.3.3 Optical Pick-up Systems

The principle of a single-beam pick-up system is sketched in Fig. 12.10. An
intensity-stabilized and linearly polarized laser beam is deflected completely by a
polarization sensitive beam splitter. With an objective, the laser beam is focused
onto the information level of the DVD. Since the reflected light has passed twice
the quarter-wave plate, its polarization direction is rotated by 90°, cf. Sect. 4.1.2.
Therefore, the reflected light propagates without deflection through the beam
splitter towards the direction of the photodiodes. In front of the photodiodes, there
is a beam splitter, e.g. a bi-prism, which divides the beam into two partial beams.

If the system is perfectly aligned, i.e. the focus of the incident beam is exactly
centered on the track of the DVD, then the two measuring foci lie exactly between
the photodiodes D1 and D2 or D3 and D4, respectively, see Fig. 12.11a. All diodes
will receive the same amount of light.

If, however, the distance between the DVD and the objective is too large or too
small, the illuminated spots in the detector plane become blurred and their dis-
tances are, compared to the aligned state, smaller or greater, respectively, see
Fig. 12.11b and c. The two pairs of diodes will no longer be illuminated uniformly.
The difference signal (D1 + D4) — (D2 + D3) is, therefore, a measure for the
defocus. It is used as a control signal for the coil, which moves the objective
inductively.

With the four photodiodes, the track deviation can be detected. If the illumi-
nation focus is not centered on the track, a pair of diodes—e.g. D1 and D2—
receives more light than the other, e.g. D3 and D4 [22]. That is why for the so-
called radial-error the signal (D1 + D2) — (D3 + D4) serves as control signal.
With this signal, the movement of the swing arm is controlled, on which the whole
optical measuring system, as shown in Fig. 12.10, is mounted.
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Fig. 12.11 Positions of the measuring spots in relation to the photodiodes D1-D4 a correctly
focused b distance from DVD to objective too large ¢ distance from DVD to objective too small
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Fig. 12.12 Schematic set-up of a triple-beam system

The sum of all photodiode signals (D1 + D2 4 D3 + D4) represents the actual
signal to read and recover the stored data.

Finally, we point to the triple-beam system, which is widely used. Compared to
the single-beam system, the laser beam is, in front of the beam splitter, divided
through a diffraction grating in three sub-beams. Accordingly, in the optical disc
plane and the detector plane, there are three focused beams, the central laser focal
spot and two weaker foci on both sides, respectively, see Fig. 12.12. The central
spot generated by the main beam supplies both, the digital information signal and
the control signal for the focusing. The secondary spots—also called idler
beams—are required for tracking.
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Fig. 12.13 Position of the three illumination spots a correctly adjusted b out of adjustment
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objective

1) 2) 3) 4)

Fig. 12.14 Principle of the autofocus control of a triple-beam pick-up system. Top: shape of the
beam cross-section at different positions 2—4 along the optical axis. Bottom: /) arrangement of
the detector fields A—-D of the four-quadrant diode, 2)—4) schematic shape of the beam cross-
section at the positions 2—4, cf. top, in relation to the four detector fields

Let us assume that the main beam falls centered on the information track. So—
with correct alignment of the system—both idler beams also touch the track, but
are shifted slightly to the left or right, see Fig. 12.13a. The photodiodes E and F,
which detect the light from the two sub-beams, cf. Fig. 12.12, yield the same
signals. But if the main beam is not centered to the track as shown in Fig. 12.13b,
the two detector signals are different. That is why the difference of the two
photocurrents (E-F) serves as a signal for the tracking control.
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The main beam is incident on the four-quadrant diode, i.e. the photodiodes A to
D in Fig. 12.12, cf. Sect. 5.4.6. This beam provides the focus error signal to control
the distance between the objective and the optical disc. The additive introduced
cylindrical lens causes an astigmatism, which is of great importance. The astig-
matic beam path is sketched in Fig. 12.14. It illustrates that the light distribution
on the four-quadrant diode depends on the position of the objective. The objective
is controlled by the signal (A + C) — (D 4+ B). The sum of all signals
(A + B + C + D) provides the information-carrying data signal.
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Chapter 13
Laser Spectroscopy

Abstract Laser spectroscopy utilizes the specific properties of atoms and mole-
cules to gain information about the chemical composition of the test object. The
principle of laser material analysis is described as well as the important underlying
physical processes. The evaluation of the emitted spectra yields the composition of
the material. Examples of applications for mix-up detection, material-specific
recycling and inline process control tasks are presented. Light detection and
ranging—LIDAR—is a spectroscopic method for the remote analysis of the
composition of gases in the atmosphere. The working principle and the methods
for the signal evaluation are presented. Examples of applications are described
such as measurements of atmospheric gas constituents, aerosol particles, atmo-
sphere dynamics and organic pollutions in water. Coherent anti-Stokes Raman
spectroscopy—CARS—is based on the non-linear interaction of laser light with
matter. By this, information about the temperature and concentration of molecules
in gas atmospheres is gained. Examples of applications are combustion processes
such as Diesel and Otto engines, gas discharges, graphite furnaces or novel types
of microscopy to make visible cellular structures of living cells.

Laser spectroscopy comprises those measurement methods, employing the specific
properties of atoms or molecules and their interaction with laser radiation, to gain
information concerning the state of the test object. As test objects a wide range of
materials in their aggregate states come into question. The most important mea-
surement characteristics are material composition, element or molecular concen-
tration, temperature and pressure.

Laser radiation enables a series of innovative spectroscopic measurements to be
undertaken, which prior to its discovery could not be realized. These are now
predominantly used in the area of basic research. This chapter brings into focus
those laser spectroscopic processes which have already entered into a technical
application stage.

A. Donges and R. Noll, Laser Measurement Technology, Springer Series 323
in Optical Sciences 188, DOI: 10.1007/978-3-662-43634-9_13,
© Springer-Verlag Berlin Heidelberg 2015
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13.1 Laser Material Analysis

Laser material analysis is a method in which the elements contained within a
material can be determined in their corresponding concentrations. In the literature,
this method is described as “laser-induced breakdown spectroscopy”, abbreviated
to LIBS [1-4]. Laser material analysis is a non-contact fast analysis method for
which there are a series of applications in the areas of process control and quality
assurance.

13.1.1 Principle

In Fig. 13.1, the principle of laser material analysis is represented. The laser beam
is focused on the material to be investigated, cf. Fig. 13.1a. Due to natural
absorption effects, the material is locally heated and, at sufficiently large laser
irradiance, a fraction is vaporized, cf. Fig. 13.1b, c. The laser radiation is partially
absorbed in the material vapor and this vapor can reach such high temperatures
that a fraction of the atoms attains higher energy states by collisions with accel-
erated electrons. When the energy of the atoms is sufficiently large, ionization
occurs. The system of neutral particles, ions and electrons is defined as a plasma,
cf. Fig. 13.1d.

One way in which the excited atoms or ions present in the laser-induced plasma
give up their energy of excitation is via the process of spontaneous emission, cf.
Sect. 3.3. The frequency spectrum of this emission is characteristic for the com-
position of the material under investigation, see Fig. 13.1e, and the radiation is
detected and evaluated. On progression, the plasma starts to decay and a crater
forms as a result of the vaporized material. The diameter of this crater lies typi-
cally in the range of a few 10 pum, cf. Fig. 13.1h.

Figure 13.2, above, shows, as an example, an emission spectrum of a laser-
induced plasma. In the spectrum, individual emission lines appear and these are
characteristic of the various elements contained in the material under investigation.
Each line represents a particular element and the height of the line is proportional
to the concentration of this particular element appearing in the sample. This
spectral line intensity is also influenced by a series of other factors, which will be
discussed in Sect. 13.1.2. As a rule, the line intensity—which is the integral of the
spectral line intensity in a wavelength interval enclosing the line—of an element j,
is measured with respect to a reference line r [2]. A dominant element would
generally be chosen for the reference line in the material to be investigated. In the
following we use the term line intensity always in the sense of a spectral line
intensity being integrated over the line profile.

In order to gain quantitative results, it is necessary to calibrate the method and
this is carried out using reference samples whose composition is known. In
Fig. 13.2, below, a schematic calibration curve is shown, indicating the ratio of the
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Fig. 13.1 Principle of laser
material analysis based on
laser-induced breakdown
spectroscopy (LIBS) shown
in phases (a)—(h). LB incident
laser beam, S sample or
measuring object, H region of
energy deposition, V material
vapor, P plasma, E element
specific emission, CR crater,
PT particulates. The times
given depict the temporal
evolution after start of
irradiation of the laser pulse

Fig. 13.2 Emission
spectrum (above) and
calibration function (below)
in laser material analysis
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intensity of the element /—also called analyte—to a reference line /,, as a function
of the known element concentration ¢; from the set of calibration samples (for
higher analyte concentrations the calibration curve is usually determined as a
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Fig. 13.3 Set-up for laser material analysis based on laser-induced breakdown spectroscopy

function of the concentration ratio cj/c;). In general, the calibration curve shows a
non-linear progression. The concentration of an element in an unknown sample
can then be determined using the measured line ratio and the calibration curve.
The inverse function of the calibration curve, i.e. ¢j = fili/I,), is called analysis
function.

Basically the spectrochemical method described above goes back to the pio-
neering work of Kirchhoff and Bunsen who were the first using a spectrometer to
observe the emission of various elements excited in a Bunsen burner [5]. They
were able to allocate distinct spectral lines to the elements potassium, sodium,
lithium, strontium, calcium and barium. With this method they discovered “new”
elements giving them the names caesium and rubidium.

Figure 13.3 shows a typical set-up used in laser material analysis [6]. A Q-
switched laser can be installed, for example, as a source of laser radiation, cf.
Sect. 2.7. The generated laser pulses have a pulse width of 5-100 ns and pulse
energies ranging between 100 pJ and 2 J. With that, in the focus of the lens L1,
irradiances of more than 10° W/cm® are reached, as is generally necessary for
material vaporization, cf. Fig. 13.1.

The plasma radiation is collected by the lens L2 and a fiber optic guides the
radiation to a spectrometer. Two methods can be used to record the spectrum. One
possibility is to place individual detectors at those positions in the spectrometer at
which the emission lines of the elements of interest, the analytes, are found.
Photomultipliers are usually installed as detectors. An advantage of this method is
that it is only the spectral information necessary for the analysis which is recorded
and evaluated.

In the second method, a whole spectral region is registered using a diode array, cf.
Sect. 5.4.5. The spectrum represented in Fig. 13.2, above, has been recorded in this
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Fig. 13.4 Parameters of the interaction of laser radiation with a solid sample

way. The signals registered by the photomultipliers or the diode arrays are digitized
and evaluated in a computer. The data evaluation is explained in Sect. 13.1.5.

13.1.2 Vaporization and Plasma Formation

In laser material analysis, the material is vaporized and excited to the point of
radiative emission, cf. Fig. 13.1. For an effective vaporization the measuring
object is heated locally by the focused laser radiation to the boiling or disinte-
gration temperature. The fraction of incident radiation energy absorbed by the
workpiece contributes to this. The degree of heating is influenced by the heat
conduction in the material which can allow some of the absorbed energy to be
removed from the coupling zone. Figure 13.4 shows schematically a few of the
quantities which are characteristic for the laser-material interaction: diameter of
the laser beam at the surface of the measuring object 2r, optical penetration depth
Oopt> heat penetration depth Jy,.

The optical penetration depth indicates the path taken through the measuring
object, along which the intensity of the laser radiation falls to approximately 37 %
of the value at the surface of the measuring object. Its magnitude depends on the
absorption properties of the material. For metals, with laser wavelengths in the
visible and near infrared regions of the spectrum, dqp amounts typically to 107%-
1077 cm.

The heat penetration depth indicates the path taken by the heat energy following
the onset of the incident laser irradiation. For the heat penetration depth as a
function of the time ¢ the following is valid assuming a point source at the surface
of a semi-infinite object [7]:

o = 2V/kt, (13.1)



328 13 Laser Spectroscopy

| L | L
| !
| !
! MS ! PS
l - ! i

L OPD L OPD
| L HPD L HPD

Fig. 13.5 Left The optical penetration depth is significantly smaller than the heat penetration
depth; right the optical penetration depth is in the order of or greater than the heat penetration
depth. L laser beam, MS metal sample, OPD optical penetration depth, HPD heat penetration
depth, PS polymer sample

where « is the thermal diffusivity, [k] = cm?/s.

The heating up of the workpiece can be described by the heat conduction
equation. The characteristics of the interaction between laser beam and solid
sample is illustrated in Fig. 13.5.

Analytical solutions are given only for certain cases. In the following, the cases
which will be considered are:

(a) surface absorption, dop <K On

The optical penetration depth is much smaller than the heat penetration depth. This
is the case, for example, with steel for r > 1072 s (Ksteel = 0.04 cm2/s). In the heat
conduction equation, the source term is represented as a surface source. This
source term, with the laser irradiance following a Gaussian profile, is given by, cf.
Sect. 4.2:

O(r,1) = Alye

2r2
" (13.2)
with A absorptance, [ irradiance of the laser radiation in the beam center at » = 0,
r, beam radius, cf. Fig. 13.4.

In this case, the solution of the heat conduction equation for the temperature
progression at the workpiece surface and in the center of the laser beam is [7]:

Alyry, v 8Kt
T = arctan

V2nKp ¢ o

where T is the temperature at the workpiece surface in the center of the laser beam,
x is the thermal diffusivity, p is the density, c is the specific heat capacity and ¢ is
the time.

, (13.3)


http://dx.doi.org/10.1007/978-3-662-43634-9_4

13.1 Laser Material Analysis 329

10 e 10
10 - | 10
«— 19 F Q-switched 110
5 F Nd:YAG-laser [/
= T /W
= 10°F 4 10°
EIE‘ E polyamide e
L o
== 10° g 4 10° ‘i'o
> f =
@ r ‘@
5 7 ;3
= 10 3 410 k=
B E aluminum
“g i steel ¥ o
2 10°F 4 10
[1v] E 3
105 sl - sl vl —t PETTTY ERurTTn | i 105
10" 10° 10° 107 10° 10° 10™

time [s]

Fig. 13.6 Absorbed intensity as a function of time necessary to reach evaporation or
decomposition temperature for various materials. The hatched box marks the area of irradiances
accessible with commercial Nd:YAG lasers. The parameters used for calculation of the curves are
given in the text

Using equation (13.3), for a certain absorbed laser irradiance, the time at which
the temperature at the workpiece surface would reach the boiling temperature and
intensified vaporization would begin, can be determined. In Fig. 13.6, the rela-
tionship for the absorbed irradiance is shown graphically as a function of time for
steel and aluminum, according to equation (13.3). The heat conductivity and the
thermal diffusivity are also functions of the temperature. To simplify the calcu-
lation of these curves average values were taken for the conductivity and diffu-
sivity in the temperature range from 300 K to the evaporation temperature. The
used parameters are: (a) steel, average heat conductivity (xp c) = 0.27 W/(cm K),
average thermal diffusivity (k) = 0.06 cm?/s, T = T, = 2,900 K; (b) aluminum,
(kpc) = 1.79 W/(cm K), (k) =0.64 cm?/s, T, = 2,700 K; the beam radius
amounts in both cases r, = 100 um). The absorbed irradiance necessary to reach
evaporation temperature decreases with longer irradiation times.

The laser irradiance at the workpiece surface has to be selected according to the
absorptance, in order that the vaporization threshold is reached. Typical absorp-
tances for steel and aluminum amount to 0.03 and 0.1. With Q-switched lasers and
pulse lengths of between 10 and 100 ns, irradiances over 10’ W/cm? are necessary
to vaporize steel or aluminum. The irradiance regime accessible with commercial
Q-switched lasers is shown in Fig. 13.6, see hatched box.
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(b) volume absorption dap > O

The optical penetration depth is considerably large in comparison to the heat
penetration depth. This situation is particularly relevant to plastics, for example.
The optical depth of penetration for polymers, such as polyamide, amounts to ca.
3.5 mm for Nd:YAG laser wavelengths [8]. Using a thermal diffusivity of
Kpolyamid = 1.3 x 1073cm? /s [9], it follows, with equation (13.1), that for a time
t < 20 s the optical depth of penetration is larger than the heat penetration depth.

If heat conduction is considered negligible, the increase in temperature can then
be calculated directly from the locally absorbed laser intensity. The intensity
profile through the absorbing medium is given by:

I=(1—R)e ™, (13.4)

with R reflectivity, I incident irradiance at the workpiece surface, z coordinate in
the direction of the laser beam; z = 0 refers to the workpiece surface.

The fraction of incident irradiance entering the workpiece is given by the factor
(1 — R) in equation (13.4). Contrary to case a) described above, the surface
absorption A cannot be taken to represent the total absorption, because in the case
of volume absorption, the absorption which takes place is not only limited to the
surface. For the absorbed energy per unit volume after a time ¢, equation (13.4)
gives:

d/ I
——r=(1 —R)-L

e it 13.5
. (13.5)

This energy per unit volume leads to the volume element being heated up by a
temperature difference AT and:

Ag = pcAT, (13.6)

where Ag is the thermal energy per unit volume, p is the density, c is the specific
heat capacity and AT is the increase in temperature.

With —(dl/dz) t = Aq and equations (13.5) and (13.6) follows at the workpiece
surface (z = 0):

(1 =R)Ip = p cAT o /1. (13.7)

If the temperature difference AT was set as being the difference between the
temperature at which disintegration and vaporization of the plastic occurs and the
initial temperature of the plastic, then the required irradiances can be determined
using equation (13.7), as a function of the time of irradiation. Figure 13.6 shows
the curve for polyamide calculated using equation (13.7). Generally, the required
beam irradiances are higher than those for metals.
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13.1.3 Vaporized Material

In the following, the amount of material vaporized by a laser pulse will be esti-
mated. A simplified energy balance will be considered, for which it will be
assumed that the absorbed laser energy contributes exclusively to the vaporization
of the material (specific melt enthalpy is neglected):

AWLaser = PV(EV + CAT) (138)

where A is the absorptance, Wy ., is the irradiated laser pulse energy, p is the
density, V is the ablated volume, E, is the specific evaporation enthalpy, c is the
specific heat capacity and AT is the temperature difference between boiling
temperature and room temperature.

Vapor recondensation is not considered in equation (13.8) and neither are any
heat losses due to conduction or melt ejection. Furthermore, for the sake of sim-
plicity, it was disregarded that the quantities A, p and c¢ are generally not constant
during the heating up and vaporization phases and the values assumed for the
calculations were taken in their initial state at room temperature. A numerical
example, using equation (13.8), yields an estimation of the removed mass of a steel
workpiece by a laser pulse with AW 4, = 10 mJ, such that: pV = 1.6 x 107 ° g
(E, = 6 x 10° J/g, ¢ = 0.51 J/(gK), AT = 2,600 K). Experimentally determined
mass ablations lie in the range of micrograms per pulse depending on the pulse
energy, pulse width, burst mode, focusing conditions, ambient atmosphere and
target material.

The resulting vapor density can be estimated using the Clausius-Clapeyron
equation [10]. For information, typical numerical values will be merely specified.
For absorbed beam irradiances of 10°-107 W/cm?, the vapor densities range
between 10'® and 10*° cm™>. Due to the high temperatures involved, there always
exists a few free electrons which take up energy from the radiation field before
losing it in collisions with the vaporized atoms. These collisions between electrons
and atoms are a prerequisite for the electrons taking up energy from the oscillating
electrical field of the laser beam. Collision-free electrons, on the other hand, would
take up and release energy periodically, experiencing no net energy input. The
electrons quickly reach high mean energies being sufficient to partially ionize the
atoms of the material vapor. In this manner, a plasma is generated in which atoms
and ions are excited and emit radiation, cf. Fig. 13.1d.

The plasma state can be described using balance considerations for particle
density, momentum and energy. Calculation models show that, within a few
nanoseconds of the onset of the incident radiation, electron energies in the range of
0.25-1 eV are attained [11]. Electron densities increase, due to processes of col-
lision and ionization, to values between 10' and 10'® cm™ [6].
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13.1.4 Time-Resolved Spectroscopy

The plasma generated in laser material analysis exists only for a short time, as does
the radiation emitted by the excited atoms and ions in the plasma. The time-
dependent line emission of particles for a transition between the energy levels
j and i can be described as follows [12]:

1 - £
v,dQ _ . . &j T
&ji (f)—ar(")'An'hVﬂ'Nﬁ(f)'m'e o, (13.9)
with sﬁ’dﬂ(t) line emission coefficient of the transition j — #, I'(v) line profile as a

function of the frequency, A;; Einstein coefficient for spontaneous emission for the
transition from the upper level j to the lower level i, h Planck constant, hv;; photon
energy of the transition from j — i, cf. Sect. 3.3; N density of species a with
charge z, g; statistical weight of upper level j, u,(T) partition function of species
a with charge z, E; energy of the upper level j, and T temperature. The unit of
gl‘-;-’dg(t) is W/(m® sr Hz). The emission coefficient specifies how much power per
unit volume, per unit solid angle and per unit frequency interval would be emitted
for the transition considered. The quantities A;; and hv;; are particle specific and
can be quoted from tables or data bases [13-16]. The number density NZ(¢) of the
particles is influenced by the momentary state of the plasma. The particles are
excited, among other things, through collisions to the energy level j. The number
of these collisions depends on the particle density, the electron density and the
temperature. Since these parameters change during the lifetime of the plasma,
NZ(t) is also a function of time. The total power emitted by a transition j — i from
a plasma can be estimated by (13.9) if the plasma is optically thin, i.e. the radiation
is not again absorbed inside the plasma volume. In case of a homogeneous plasma,
where the density N; and the temperature T are constant inside the plasma volume,
the emission coefficient is multiplied with the plasma volume to yield the power
per solid angle and frequency interval. In a more rigorous treatment the inho-
mogeneous distribution of densities and temperatures inside the plasma has to be
considered. Furthermore the so-called radiation transport equation has to be solved
taking into account emission and absorption processes along the path of propa-
gation of a radiation bundle through the plasma [17].

To estimate the lifetime of the plasma, it is assumed that the plasma geometry
can initially be represented by a sphere. In this sphere, there is a hot gas, the
constituent particles of which move with an average thermal speed vy,. As a result
of this non-directional movement, the sphere begins to “diffuse”. A measure of the
time taken for this to occur is:

T = dPlasma (1310)

b)
Vth
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with 1 plasma lifetime, dpj,sma plasma diameter and vy, average thermal speed of
the atoms and ions in the plasma.

For a plasma consisting of atoms and ions of iron at a temperature of
T = 9,000 K and a diameter dpj,sm, = 2 mm, the lifetime of the plasma is cal-
culated using (13.10), to be: T = 1.1 ps. During this short period, the particles emit
radiation which can be evaluated in laser material analysis.

Figure 13.7 shows schematically the emission spectra of the laser-induced
plasma at three different time points following the onset of the incident laser
radiation [18]. At the time #;, the plasma emits predominantly a continuous
spectrum caused by free-free and free-bound transitions of electrons. This phe-
nomenon is called Bremsstrahlung. Only small peaks of the line intensities of
atoms and ions are visible, and the ratio of the peak intensity of an emission line to
the neighboring intensity of the spectral continuum emission is low. At the instant
of time f,, the plasma has expanded and has cooled down. The intensity of the line
emission, as well as the ratio peak intensity to continuous background, increases
significantly. By the time #; is reached, the plasma temperature decreases further
and the emission intensities have decreased.

With time-resolved spectroscopy, radiation emission is observed within a definite
time interval. So, for example, at the point in time #, in Fig. 13.7, suitable conditions
are found in which the high intensity emission lines can be registered. In the set-up of
Fig. 13.3, arranged in front of the detector, is an electro-optic shutter which opens
for a particular length of time following the plasma ignition. The detector is exposed
only during this opening time. It then registers a spectrum comparable with that at
the instant of time #, in Fig. 13.7. A microchannel plate could, for example, be
installed as a shutter, having opening times of between 5 ns and a few 100 ns, to
which an impulse-type voltage would be applied, cf. Sect. 5.4.4.
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Fig. 13.8 Decomposition of A
the detected spectrum S
(bottom) into spectral line b,
emission I, (middle) and /_\
background spectrum b; (fop) -
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13.1.5 Data Evaluation

Element line intensities are determined from measured spectra, which generally
exist in a digitized form in a computer, using software programs. The observed
spectral emission is generally composed of various fractions. In the following, it
will be assumed for simplicity, that the spectral intensity, S, at the wavelength / is
made up of only two fractions, namely the line radiation /,, and the background
radiation b,, see Fig. 13.8:

Si(2) =by(2) + (), (13.11)

where §; is the spectral intensity having the dimension power per elementary area
and wavelength interval, b, is the spectral intensity of the background radiation (in
general caused by Bremsstrahlung and recombination radiation of the plasma and
scattered light in the spectrometer) and [, is the spectral intensity of the line
radiation.

In the evaluation, the so-called net line intensity will be calculated:

A2 72

J= / (S,(2) — by(2)) di = / L(7)d), (13.12)

/11 )vl

with J net line intensity; 4;, A, limits of integration, within this interval [1;, 4;] the
spectral line intensity /; assumes non-negligible values. The values of the function
b, in the region of the emission line are interpolated from the progression of b,
through the neighboring line-free zones.
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In the evaluation, the observed emission lines are allocated to the various atom
or ion species k = 1,..., m using tables or data bases [13—-16]. For a selected
number of lines, the net line intensity J is calculated using equation (13.12).

The intensities, J;, each represent a measure for the number of particles, Ny, of
the respective elements k. It will be assumed in the following, therefore, that the
plasma is optically thin. In this case, the emitted radiation within the plasma is not,
or only negligibly, absorbed. The line emission of the whole plasma volume is then
directly proportional to the number of emitting particles, Ny, in the plasma, cf.
equation (13.9).

Generally, the factors influencing J; can be represented as follows:

T = Fi(To, Wiase P tes €1, el ) M. (13.13)

The function F describes the dependency of the line intensity J; on the laser
intensity Iy, the laser pulse energy Wi .q.r, the beam radius ry,, the time of exposure
of the spectrum f., as well as the concentrations c;, of all the elements present in
the sample except the analyte k. The latter arises because the vaporization process
is not completely independent of the material composition and, furthermore,
because all particle species including the electrons released from the heavy par-
ticles contribute to the excitation of the plasma radiation by way of their collisions.
In analytical chemistry these effects are called matrix effects. The function F) is
generally unknown and must be found empirically through calibration measure-
ments. In practice, line intensity ratios are frequently formed, such as J,/J, = N,/
N, in order to compensate some part of these dependencies.

13.1.6 Measuring Range

Typical characteristic quantities and measuring ranges of laser material analysis
are summarized in Table 13.1.

Since material vaporization in laser material analysis is purely optical, it is
irrelevant to consider whether the sample under investigation is an insulator or a
conductor of electricity.

The free distance between the optic and the workpiece is determined through
the focal length of the focusing lens, L1, in Fig. 13.3. An enlargement of the focal
length using the same lens aperture leads to a larger focus diameter, cf. Sect. 4.2.2.
In this case, higher laser pulse energies are necessary in order that the vaporization
irradiances are reached.

The lateral resolution is limited by the diameter of the laser beam at the surface
of the workpiece and material properties. The beam waist diameter is again
influenced by the focal length and aperture of the focusing lens, as well as the
quality of the laser beam, cf. Sect. 4.2.2. The given values correspond to com-
mercial Nd:YAG lasers.
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Table 13.1 Characteristics and measurement ranges of laser material analysis based on laser-
induced breakdown spectroscopy

Characteristics Data Remarks
Material Metallic, All states of aggregation
nonmetallic
Free distance between < 300 cm No principal limit, depends on laser pulse energy
optics and workpiece
Lateral resolution 1-300 pum A consequence of the finite beam waist diameter
and material properties
Detection sensitivity 1-1,000 pg/g  Element dependent
Measuring frequency 0.1-1,000 Hz* Refers to evaluation of the spectral emission of

each induced plasma

* higher frequencies up to 30 kHz possible, if the spectral emission of a series of plasmas is
summed up within the exposure time of the detector

The detection sensitivities are element-dependent. In Table 13.1, typical values,
determined using calibration curves gained with certified reference samples
(CRM), are listed.

The measurement rate is determined by the repetition frequency of the Q-
switched laser. For better measurement accuracy, several plasmas are ignited and
their spectra are evaluated, in order to form average net line intensity values.

The reproducibility of laser material analysis measures how far the results of
various measurements at a homogeneous workpiece deviate from one another. It
depends on the stability of system parameters such as the laser pulse energy,
focusing, and gas exchange rate in the interaction regions, as well as on the
properties of the induced plasma over several measurements. By averaging a
measurement over a series of spectra, the reproducibility is considerably increased.
For example, with a pulse frequency of 20 Hz, 100 spectra can be recorded in 5 s.
The net line intensities obtained deviate from those of another measurement at the
same workpiece by only a few percent.

13.1.7 Examples of Applications

Laser material analysis is primarily used in those applications for which con-
ventional analytical methods cannot be employed or have only a limited use. The
requirements strive above all for a non-contact fast analysis under atmospheric
conditions and, to a lesser extent, for a high level of accuracy or detection sen-
sitivity. Focal points of applications of laser material analysis are material iden-
tification and inline control of material-dependent processes.

One of the first industrial applications established is the identification testing of
high-alloy pipe fittings [19]. This application deals with the detection of material
mix-ups in production lines of pipe fittings and tubes made of high-alloy steel
grades. The laser material analysis system uses a flexible laser beam steering,
where the laser beam is deflected by a xy-scanner to irradiate various inspection
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Fig. 13.9 Pipe fittings with
laser-induced plasmas for
mix-up detection

spots inside of a measuring volume of 400 mm x 400 mm x 100 mm [20].
Figure 13.9 shows the specimens with the laser-induced plasmas. Each specimen
is measured at up to three positions to inspect the steel grades of the main body of
the fitting and of the flanges.

In the production line the test objects are placed on carriers to assure a defined
orientation of the fittings. These carriers are transferred to the inspection module.
After closing of a protection gate the laser inspection is initiated. The scanner
directs the laser beam sequentially to the pre-defined inspection positions which
are transmitted automatically by the host computer where the coordinates of
inspection positions for all types of pipe fittings are stored. Number and position of
the inspection points can be chosen freely inside the measuring volume stated
above. As soon as the scanner has reached the preset coordinates the measurement
starts. For each measurement position the time needed amounts to about 1 s,
within which up to 25 elements are detected simultaneously and the concentrations
of the alloying elements are determined automatically. If these concentrations are
within the ranges specified by the manufacturer for all test objects and measure-
ment positions, then the inspected products on the carrier are cleared for sub-
sequent processing steps and transported onwards. If a mix-up is detected the test
object concerned is identified and discharged in the next step. All measuring
results for each manufactured product are documented electronically.

The described inspection system fulfills the requirements for laser class 1
according to the IEC standard [21]. No further protection measures are needed for
the user. Inspection equipment monitoring according to ISO 9001 and recalibra-
tions are performed automatically. The described system is in use in three shift
operation, 7 days a week. Since installation more than 20 million products were
inspected automatically in routine industrial operation. The technical availability
of the measuring system was tested according to established standards [22]. The
availability is 99.94 % demonstrating the high degree of system performance
achieved.

Figure 13.10 shows schematically a generic concept of applications of laser
material analysis to identify and classify various materials [23-26]. A qualitative
or semi-quantitative determination of the material composition frequently suffices
in this case. The individual materials can, for example, travel past a laser
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measurement station on a conveyor belt, a laser pulse being triggered as the
material passes over a photoelectric barrier. The radiation of the vaporized and
excited material is evaluated, thereby identifying the material. The data is fed to a
process control unit which separates the materials into individual classes. Since a
large number of laser analyses can be carried out per second, this type of process is
particularly suited to sorting out mixtures of materials for recycling purposes. For
example, aluminum scrap metal is separated into different cast and wrought alloy
fractions with the help of laser material analysis [26].

Aluminum is—after steel—one of the most important metals. Production of
secondary aluminum saves up to 95 % of the amount of energy needed for primary
aluminum production. However, secondary production of aluminum wrought
alloys requires melting of high value primary aluminum or a pre-sorting of
shredded aluminum pieces. The main processing route for non-sorted mixtures of
wrought and cast alloys is the production of cast alloys. Float sink plants used to
separate residues from old vehicles yield only a mixed aluminum shredder scrap
consisting of a mixture of cast and wrought alloys. Up to now no large-scale,
commercially available method exists, which would allow for an automatic sep-
aration of aluminum alloys.

Laser material analysis based on LIBS offers a new approach for the high-speed
characterization and identification of scrap pieces. Figure 13.11 illustrates the set-
up following the concept of Fig. 13.10 (the feeding vibrating chute is not shown in
Fig. 13.11) [24]. Scrap pieces are singularized and accelerated on a belt conveyor
up to velocities of 3 m/s passing two sensor systems. In a first step the position and
size of the parts are detected by a 3D sensor, which is based on laser light section,
cf. Chap. 10. With this data the beam of the LIBS module is directed onto the
object to determine the composition. Depending on the measuring result the part is
ejected by an array of pressurized valves to one of up to four sorting fractions, cf.
module ejection in Fig. 13.11. Table 13.2 shows the technical data of the devel-
oped laser sorting system for aluminum alloys.

Figure 13.12 shows a laser sorting system with the laser module, which is
mounted above a belt conveyor [24]. With a single laser pulse the spectral signals
of all elements stated in Table 13.2 are detected simultaneously.

Figure 13.13 outlines the principle of an application for the quantitative inline
analysis of a process, which depends—among other parameters—on the feeding of
various starting materials.

For example, measurements can be carried out on liquid slag being a byproduct
of steel production to determine the concentrations of the constituents and based
on these the basicity of the slag is determined being decisive for the further use of
this material [27]. The slags consist of mineral components in oxidic form as e.g.
calcium, silicon, manganese and iron. The slags are liquid or partially solidified at
the surface and have temperatures between 600 °C up to more than 1,300 °C. For
the laser material analysis of these slags a series of laser pulses is focused at
different points on the slag surface. The duration of the inline measurement of the
basicity of slags amounts to less than 2 min. The correctness of the laser
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Fig. 13.10 Block diagram of laser material analysis for the identification and sorting of various
materials

ejection

Fig. 13.11 Set-up of a laser sorting system with the three main modules. 3D = laser line section
sensor to detect the position and shape of the pieces, LIBS = laser material analysis module based on
LIBS with xy-scanner (cf. Fig. 13.12), ejection = array of pressurized valves for automatic ejection,
1-4 = boxes for the sorted fractions. The volume depicted by dashed lines is the measuring volume
within which the laser beam of the LIBS module irradiates the pieces passing by

Table 13.2 Technical data of laser sorting system for aluminum alloy

Characteristics Data

Laser Nd:YAG

Simultaneously detected Al, Si, Fe, Zn, Cu, Mg, Mn, C, Cd, Pb, Ti, Sn, Cr, Zr, Ni, Ca
elements

Speed of belt conveyor 3 m/s

Sorting rate 40 pieces per second

measurement compared to a laboratory-based reference analysis lies within the
specified range.

The data can then be fed to a process control system which varies the upstream
process parameters in order to achieve a defined composition of the slag.
Figure 13.14, left, shows a photograph of the installed laser measuring system to
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Fig. 13.12 System for the identification of scrap pieces transported on belt conveyors. Left
electric control cabinet, middle laser module mounted above the belt conveyor with scrap pieces
and laser-induced plasmas (time exposure comprising a set of measurements), right spectrometer
module linked with the laser module via fiber optics

process control - laser analysis
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Fig. 13.13 Block diagram of laser material analysis for quantitative inline analysis of a process
and upstream control loop

measure the basicity of liquid slag originating from a steel plant [28]. A truck with
the slag bucket is stopping underneath the measuring system. Figure 13.14, right,
shows an inside view of the cabin with the laser measuring system and the
measuring lance inside which the laser beam propagates downwards in vertical
direction to the slag melt surface to perform the analysis.

Figure 13.15 shows an application of laser material analysis to measure surface
and depth concentration profiles [29]. The focused laser beam is guided along a
line on the surface. At defined points, the material is vaporized, analyzed and a
spatially resolved concentration profile can be measured. The lateral resolution is
determined by the focus diameter, cf. Sect. 13.1.6. With the use of diode-pumped
solid-state lasers (DPSSL) high-speed scanning microanalysis systems were
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Fig. 13.14 Left Measuring system based on laser material analysis—mounted inside the red
cabin—for the inline determination of the basicity of liquid slag originating from a steel plant and
transported in a bucket with a truck stopping underneath the measuring system. Right Inside view
of the cabin with the laser measuring system mounted at a scaffolding and coupled to a measuring
lance (cylindrical tube) enclosing the laser beam being directed downwards to the slag surface in
the bucket. Fotos by courtesy of voestalpine

Fig. 13.15 Measurement of
surface and depth
concentration profiles using
laser material analysis

laser beam

measuring line

surface coating

workpiece

developed to measure steel samples for the analysis of segregations, inclusions,
decarburization zones and cementite laths [30, 31]. With laser pulse repetition
rates of 1 kHz and more element mappings are generated showing the spatial
distribution of analytes in scan fields of several square centimeters with step sizes
of e.g. 20 um [32]. In comparison with SEM-EDX (scanning electron microscopy
energy dispersive X-ray fluorescence analysis) elaborate sample preparation and
long measuring times are cut down significantly [33, 34].
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Fig. 13.16 Measurement of

depth profiles by combination material

of laser ablation (top) and laser vapour

laser analysis (bottom) drilling melt
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plasma

laser radiation
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melt
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If depth dependent material concentrations are found in the workpiece, i.e.
along the z-direction in Fig. 13.15, then these can also be determined with laser
material analysis. Figure 13.16 outlines the procedure [35, 36]. First, the laser
drills into the workpiece, cf. Fig. 13.16, top, and when a certain depth is reached,
the laser analysis begins, see Fig. 13.16, bottom. In this way, depth profiles are
obtained.

The depth resolution, achievable with a metallic workpiece, is in the
micrometer range. It is limited by the drill hole geometry and the melting of
material which unavoidably occurs during the drilling. The original depth profile is
altered in the region of the drill hole due to the material melting, which therefore
should be limited to being as small as possible.

The thickness of thin metallic coatings on e.g. steel sheets is measured by
penetrating the coating layer with a single laser burst [37, 38]. In such a way
spectroscopic signals from the layer and from the substrate are measured at the
same time. For a given laser burst energy and an approximately constant crater
depth the ratio of spectroscopic signals originating from the coating to those
coming from the substrate are a measure of the coating thickness. By this approach
the thickness of zinc layers in the range of 2-12 um on steel sheets can be
measured with a root mean square error of 140 nm [38]. The measurement time to
determine the thickness of the zinc coating can be as low as 100 ms enabling the
inline monitoring of coating thicknesses in a process line.
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Compact fiber lasers operating at pulse repetition rates of 30 kHz are the basis
of mobile laser material analyzing systems with a handheld measuring probe [39].
Such devices can be used to identify a multitude of steel or aluminum grades for a
material specific recycling of piece goods.

13.2 Light Detection and Ranging: LIDAR

LIDAR is a laser measuring process in which the concentrations of various sub-
stances in the atmosphere can be measured over large distances. The name LIDAR
is an abbreviation for light detection and ranging. LIDAR systems are installed,
for example, to monitor pollutant emissions and for the observation of the ozone
layer.

13.2.1 Principle

The LIDAR principle is illustrated in Fig. 13.17. A pulsed laser beam is directed
into the atmosphere via a telescope. The laser pulse irradiates scattering particles
such as air molecules or aerosols in its path at a distance r. During the interaction
of the laser pulse with these particles, a small fraction of the laser light is scattered
back to the telescope. (At other values of r, the laser light would also be scattered
back to the telescope. This will be discussed later). The amount of radiation
scattered back is registered on a detector and amplified. A pulser delivers the
synchronization signal which, on the one hand, triggers the pulse laser and, on the
other hand, switches on the amplifier via an adjustable delay unit. Thus the signal
of the backscattered light can be allocated to the distance r using the known time
delay.

For the transit time of the light pulse from the LIDAR system to the scattering
particles and back, the following is valid:

t=2r/c, (13.14)

with r distance between the LIDAR system and the scattering particles and ¢ speed
of light in the atmosphere.

The amount of power scattered back to the detector is calculated in the fol-
lowing. It must be considered, however, that the laser light is attenuated on its way
from the telescope to the scattering particle. This decrease in laser light has two
causes. Firstly, some part of the light is randomly scattered away from the incident
direction as it propagates along its path. Secondly, a fraction is absorbed in the
atmosphere. In the following, it will be assumed that the laser pulse profile can be
represented by a Gaussian function. The laser power, as a function of distance and
time, is then given by:
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Fig. 13.17 Principle of LIDAR
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P(r,t) = Poe” ( 0 , (13.15)
where r is the coordinate along the propagation direction of the laser radiation, R is
the integration variable, P is the maximum laser power at r = 0, t = 0; ry is a
measure for the spatial length extension of the laser pulse, the half width value of
this spatial length amounts to 1.67rp and u(4,R) is the position-dependent
extinction coefficient with the unit m™"'.

The first exponential function in equation (13.15) describes the laser pulse
during its progression into the space. At the position r = ct this function takes on
its maximum value. The decrease in the laser power is described by the second
exponential function, corresponding to the Lambert—Beer law, see Sect. 3.3.1. In
general, the extinction coefficient depends both on wavelength and location.

The laser pulse energy at r = 0 is given by:

(13.16)

—00
ro
= Pox/ﬁ? = Pyt

where Wy is the energy of the laser pulse and 7 = v/7i(ry/c). The time 7 is a
measure for the duration of the laser pulse.

The power P(r, t) is scattered at the location r and time ¢. The scattered power
per solid angle amounts to:
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dPy.(r,1)/dQ = P(r,t)B(A, r) dr, (13.17)

where dPg(r,1)/dQ is the scattered power per solid angle at the location r and
time ¢ and fi(r,?) is the scattering coefficient per solid angle per path length with
the unit m~"' sr~

It is assumed in the following, that the laser radiation is scattered elastically, i.e.
the scattered radiation and the laser radiation both have the same wavelength, cf.
Sect. 3.4, as is the case with Mie or Rayleigh scattering. Also, for simplification
purposes, it will be assumed that only single scattering occurs.

The solid angle of the receiving optic, with respect to the location of scattering,
amounts to:

dQge = A/1?, (13.18)

with A aperture of the receiving lens or mirror.

At a time 7, a signal is observed at the detector located at » = O which was
backscattered from the location r at the time ¢t — r/c. The radiation backscattered
into the solid angle of the detector travels once more along the path r and is again
attenuated, according to equation (13.15). For the power arriving at the detector,
using equations (13.15), (13.17) and (13.18), the following is valid:

r

dPgc(r,t —r/c ~ [ uCiR)dR
dPye(1) = (SC(dQ/)> dQgere © )
(13.19)
, ~2 [ u(2R)dR
dPge(t) = Poe™ [rﬂ'(’*r/")]z/“/i(i, r(A/r)e Uf dr.

This equation is integrated with respect to r, in order to obtain the total power
incident to the detector. It is only in the region of r = c#/2 where the first expo-
nential function takes on its maximum value, that the right hand side of equation
(13.19) effectively contributes to the value of the integral. Therefore, the limits of
the integration can be chosen so that they only cover the region surrounding
r = ct/2, which corresponds to the extension of the laser pulse. Since the path
length r is, as a rule, much larger than r, the other r-dependent terms are assumed
to be approximately constant within the integration region and can be moved in
front of the integral sign. The calculation yields:

-2 f,u(/l,R)dR
Puu(t) = Pol(r)B(2, 1) (A/r*) e O (ctL/2). (13.20)

Equation (13.20) is the so-called LIDAR-equation. (The relationship between
the time ¢, on the left hand side of equation (13.20) and the location r on the right
hand side is described by equation (13.14)). The overlap factor &(r), introduced
into equation (13.20), takes into consideration the fact that the observed scattering
volume, detected by means of the receiver, does not completely represent the
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Fig. 13.18 Path-time diagram of laser beam and backscattered light in LIDAR

whole volume irradiated by the laser beam. The consequences of this will be more
clearly explained, in relation to signal dynamics, in Sect. 13.2.3.

The spatial resolution depends both on the duration of the laser pulse 71, and on
the time constant of the detector tp. These determine the uncertainty with which
the arrival time of the backscattered signal is measured. This results in a limited
spatial resolution. With equation (13.14), it follows that:

AR = c(tL + 1p)/2, (13.21)

with AR resolution of range determination, tp time constant of the detector.

Figure 13.18 shows a distance-time graph of the emitted laser radiation and the
backscattered light. First, the two lines, separated by a time interval of 1y, describe
the start and the end of the laser pulse. The black vertical bar marked on the
diagram indicates the spatial position and extension of the laser pulse at the time
t = r/c. At this point in time, the start of the laser pulse—upper end of the black
bar in Fig. 13.18—would be scattered at the location r. The backscattered light
reaches the detector position again at + = 2r/c. At this time, the light scattered at
the location r — ¢t /2 from the end of the laser pulse also reaches the detector
once again, as is shown in Fig. 13.18. The location, where the light is scattered,
can therefore be determined with an uncertainty of only cty /2. The detector time
constant influences the resolution in a similar manner.

The LIDAR-equation (13.20) forms the original basis for deducing the atmo-
spheric optical quantities, such as the scattering coefficient f(4,r), and the
extinction coefficient (4, r) from the backscattered signal. These quantities again
depend, among other things, on the density of a constituent part present in the
atmosphere. In general, both $(4,r) and u(4,r) are unknown. Equation (13.20) is
insufficient for their determination, if no relationship can be assumed between
these quantities.

For further calculation, a dimensionless quantity, relevant to equation (13.20),
will be introduced:
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S(r) = In{(Pgerr®) / (PoA) }. (13.22)

If r* is a reference distance, then, using (13.20), the following is valid for the
difference S(r) — S(r*):

$(0) = 5(0°) = n{ (Pas0) )/ (Puslr”) 1)}

{0 N I
=1 2B /u(l,R)dR.

>

(13.23)

For purposes of simplification, it will be assumed for the overlap factor, that
E(r) = &(r*) holds approximately. Differentiating (13.23) with respect to r then
yields:

1 dp(4,r)
p(A,r) dr

In the case of elastic scattering, which has been used as a basis up to now, the
relationship between (4, r) and p(A,r) can be represented in the following form:

ds(r)/dr =

—2u(4,r). (13.24)

ﬂ()H r) = y,u(/l?r)w, (1325)

where 7 is a proportionality constant and x an exponent, for which, corresponding
to [40], the following range of values is valid: 0.67 < x < 1. Substituting equation
(13.25) in equation (13.24) gives:

k du(4,r)
u(d,r) dr

ds(r)/dr = —2u(2, r). (13.26)

Equation (13.26) is a differential equation of the Bernoulli type, the solution of
which is:

u(hr) = (13.27)

r

with S(r) see equation (13.22), r* reference distance, cf. equation (13.23).

This solution is valid for a clear, or only slightly foggy, atmosphere in which
single laser light scattering processes are predominant. In an opaque atmosphere
with thick cloud cover or thick fog, multiple scattering occurs. Therefore, the
precondition accompanying the derivation of (13.27) is no longer fulfilled.

Using the extinction coefficient, determined from equation (13.27), as a func-
tion of the location r, the spatial density distribution can be determined for a gas of
interest in the atmosphere, for example harmful gases. The extinction coefficient
u(4,r) is described in the following way:
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(2, r) = p (2, 7) + ni(r)ei(2), (13.28)

where p,(/, r) is the extinction coefficient of the atmosphere without the gas of
interest, n;(r) is the density of the gas i and o(4) is the absorption cross-section of
the gas i at the wavelength A. For (13.28) it is assumed, that only one type of
harmful gas is present in the atmosphere. The extinction coefficient of the atmo-
sphere p,(2,r) is determined with the help of a reference measurement. With the
known absorption cross-section (1), the density of the gas n(r) follows from
(13.28) as a function of the distance r.

13.2.2 Differential Absorption LIDAR

One common variant in the practice of the LIDAR method is the so-called dif-
ferential absorption LIDAR, which operates with two different laser wavelengths.
In order to determine the density of particular molecules in the atmosphere, the
difference in absorption at these wavelengths is used. Two slightly different
wavelengths are chosen, so that one is strongly absorbed by the gas to be deter-
mined, whereas for the other, the absorption is negligible. The absorption of the
other gases in the atmosphere is virtually the same for both wavelengths. This
situation is illustrated in Fig. 13.19.

From out of the LIDAR-equation (13.20) follows the ratio of the backscattered
signals at the wavelengths A; and A;:

Paei(21,7)/Pyet(Aa, 1) =

e o , (13.29)

where Pge (41, r) corresponds to the quantity Pye (42, r) in (13.20) at the wavelength

/1 and r = c¢t/2 cf., (13.14). For (13.29) it is assumed, that the laser pulse duration

71, as well as the laser power P are the same for both wavelengths 4; and /;.
Converting equation (13.29) and using equation (13.28) gives:
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Fig. 13.20 Schematic signal sequence for differential absorption LIDAR
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Differentiating equation (13.30) with respect to r delivers the sought after
density n;(r):

A PalanBn)
)= o o i (VPR )+

(13.31)

Equation (13.31) allows still further simplification, if it can be assumed valid,
that for the both closely spaced wavelengths 4, and 4, holds f(4,r) = (42, )
and p,(41,7) = pty (42, 7).

From equation (13.31), the density of the investigated gas is determined from
the ratio of the measuring signal of the two different wavelengths and the known
absorption cross-sections. The absolute density is determined from a relative
measurement. In Fig. 13.20 the detector signals, the ratio of the detector signals
and the density distribution are schematically shown.

In order to realize the differential absorption LIDAR, two different wavelengths
are necessary, which are chosen, as shown in Fig. 13.19. Either two tunable lasers
would be installed or one laser would be used, which possesses a series of emission
wavelengths, from which two suitable wavelengths are selected.
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13.2.3 Signal Processing

The LIDAR-equation (13.20) shows, that the backscattered signal decreases rap-
idly with an increase in distance r. Reasons for this are the 1/r* factor and the
exponential function, which describes the attenuation of the laser pulse along the
path of the beam. A distance range from 100 m to 10 km therefore corresponds to
a signal variation of more than 10*: 1. In order to process such a signal with a high
dynamic range different possibilities are on offer:

e variation of the signal amplification and the detector sensitivity,
e optical signal compression.

In the following, we limit ourselves to the latter possibility. Therefore, the
overlapping factor &(r) is considered as introduced in (13.20). Figure 13.21
illustrates the observed scattering volume, the volume irradiated by the laser beam
and the overlapping region. The overlapping factor depends on the distance r, as
well as on the distance of the optical axis a and its inclination angle 7y, cf.
Fig. 13.21. There are different arrangements possible for the laser and the tele-
scope. With the co-axial arrangement, the axis of the telescope and the axis of the
laser beam coincide. In this case, a = 0, y = 0 are valid. If both axes are aligned
parallel to one another, but not coinciding, we have a so-called bi-axial arrange-
ment, i.e. a =0, y=0.

The progression of the function &(r) can be calculated by analyzing the beam
geometry [40]. Figure 13.22 shows schematically the function &(r) for different
parameters a and ). In the case of a co-axial orientation, the overlapping factor is
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detector lens

Fig. 13.23 Path of rays for the backscattered light for LIDAR

&(r) = 1, if the divergence angle of the laser beam is smaller than the opening
angle of the telescope. For the bi-axial orientation with y = 0, the overlapping
factor increases with an increasing distance r. In the bi-axial orientation, with
y # 0, the overlapping factor first increases, then reaches a maximum value in the
overlapping region and reduces for a further increase in distance r. At smaller
distances both of the last two mentioned variants allow compensation for the
strong distance dependency of the backscattered LIDAR signal, so that the
otherwise necessary high signal dynamic can be restricted.

A further possibility for the optical signal compression is explained by
Fig. 13.23. The receiving telescope of the LIDAR system is shown for simplifi-
cation as a lens. The detector, with a diameter of 2r4 is arranged in the focal plane
of the lens.

Backscattered light from a large distance is imaged within the aperture of the
detector, see Fig. 13.23, above. At smaller distances defocusing appears, so that
the back-scattered light is distributed over an area in the focal plane, which is
larger than the detector aperture, i.e. only a part of the backscattered light would be
detected, cf. Fig. 13.23, below. For smaller distances the defocusing is increased
still further. The detected backscattered light would therefore be further reduced.

Figure 13.24 shows schematically the result of this effect on the power Py
registered by the detector as a function of the distance r for a coaxial LIDAR set-
up. With regard to the LIDAR-equation (13.20) for an expected strong increase of
the detector signal through small distances, this is considerably reduced by the
influence of the detector aperture and the defocusing.

Through the choice of a suitable detector aperture, the dynamic range is
allowed to be reduced, whereas the sensitivity for large measuring distances stays
practically uninfluenced. Furthermore, a small detector aperture offers the
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Fig. 13.24 Influence of finite A
detector aperture on the
power of the detected signal
as a function of the distance
for the LIDAR method

LIDAR-equation

influence of
detector size

Fe

distance r

Table 13.3 Measuring range of differential absorption LIDAR. 2f = frequency doubled

GAs Laser Wavelength [nm] Range [km] Detection limit [ng/g]
SO, 2f-dye laser 299.38; 300.05 3 10

NO, Dye laser 448.1; 449.8 6 10

NO  2f-dye laser and Raman cell 227 0.9 -

HCl DF-laser 3,636; 3,698 2 300

H,O CO, laser 10,250 6 -

0, Excimer laser and Raman cell 308; 353 40 10

Hg  2f-dye laser 254 - -

Cl,  2f-dye laser 303; 320 - -

advantage, that the noise level can be kept lower. In addition, the lateral extension
of the volume observed by the receiving telescope would be reduced, yielding a
better spatial resolution.

13.2.4 Measuring Range

Since differential absorption LIDAR has proven itself to be the most significant
method for applications, Table 13.3 shows a selection of gases, vapors and
harmful substances, determined by this technique, the corresponding laser sources
used as well as the accompanying measuring range [40, 41].

13.2.5 Examples of Applications

LIDAR-systems can be used for diverse applications in the field of environmental
protection and atmosphere research [42]. An example is the measurement of the
vertical ozone profile of the atmosphere [43]. The ozone in the stratosphere pro-
tects the surface of the earth from the ultraviolet rays of the sun. From model
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calculations, one expects that the destroying effect of the fluorochlorinated
hydrocarbons on the ozone layer is particularly high, especially at the height of
around 40 km. These heights are difficult to reach and normally can only be
achieved with a balloon carried probe, yet through LIDAR technology, more
accurate measurements in this region are made possible.

The German weather service operates, on the Hohenpeillenberg (988 m above
sea level) in Bavaria, a differential absorption LIDAR to measure the vertical
ozone distribution [44]. A XeCl excimer laser with a wavelength of 308 nm, a
repetition rate of 20 Hz, a pulse duration of 30 ns and a pulse energy of 300 mJ is
used. The absorption of the ozone at 308 nm is sufficient for the measurement
although, on the other hand, it is not too strong, which allows it to measure the
ozone at the height of between 20 and 50 km.

The reference wavelength, see Sect. 13.2.2, at 353 nm is generated by focusing
the beam of the excimer laser into a hydrogen filled Raman cell. The reference
wavelength is chosen significantly larger than 308 nm, since ozone has broad
absorption bands at this wavelength. At 353 nm, the ozone absorption is lower
than that for 308 nm by 3 orders of magnitude.

The backscattered laser light is received with a focusing mirror of 60 cm
diameter. The backscattered light of both wavelengths is separated from one
another through a dichroic mirror and registered with a photomultiplier. Fig-
ure 13.25 shows a measured ozone profile [43]. As a comparison, the results of a
reference measurement are shown, performed e.g. with a balloon equipped with a
probe based on a wet chemical method. Both measurements agree well for large
height ranges. The remaining variations can be put down to the fact, that the
measurements were not carried out at the same time.

In addition to stationary installed systems, LIDAR devices are operated also as
mobile measuring stations in land vehicles or airplanes. Figure 13.26 shows a van,
which contains a complete LIDAR system [45]. By using a mirror, which can be
rotated about the vertical and horizontal axes, the measuring beam is directed in
different directions in space, in order to measure horizontal and vertical concen-
tration distributions. With such vehicles, SO, and N, distributions can be deter-
mined in large cities.

If aerosol particles are found in the atmosphere, the laser radiation is also
scattered at these particles. This scattering process is called Mie scattering, see
Sect. 3.4.2. It causes a local rising of the backscattered intensity, similar to the one
shown in Fig. 13.20, so that the region in which an increased aerosol concentration
occurs can be determined. With this process, planetary boundary layers, cloud
formations and dust particles in the stratosphere are examined as well as the
visibility at an airport [46, 47].

We have adopted up till now that, for the LIDAR method, the elastic scattering of
the laser light is used, i.e. the scattered light has the same wavelength as the emitted
laser beam. Besides elastic scattering, inelastic scattering processes can also be used,
for instance fluorescence and Raman scattering, cf. Sects. 14.1 and 3.4.3.

For fluorescence LIDAR, the excited fluorescent radiation of the examined
medium, whose wavelength is always greater than the laser wavelength, is


http://dx.doi.org/10.1007/978-3-662-43634-9_3
http://dx.doi.org/10.1007/978-3-662-43634-9_14
http://dx.doi.org/10.1007/978-3-662-43634-9_3

354 13 Laser Spectroscopy

50 1 1 I I 1 1 I 1 I 1 1
—— LIDAR -
- -~ reference measurement
40 + .
T} «
2,
£ 30} .
o
T | i
: -
20 - _ ====5 -
— ’f'-.-——-. —
1
10 L] 1 1 1 1 1 | 1 | 1 1
0 20 40 60

ozone density [ 10" cm™)

Fig. 13.25 Vertical ozone profile measured with LIDAR and reference measurement

rotatable mirror

dye laser
y detector

‘/ @ telescope ( @
excimer laser evaluation unit
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registered. With fluorescence LIDAR, it is possible to detect alkali metals in the
atmosphere. Using this principle, atmospheric currents can be observed. Organic
pollution in sea water or oil films on the water surface can be detected from the air
with fluorescence LIDAR [40].

The range of applications cover the measurement of aerosol particles in the
troposphere and stratosphere, visibility and cloud measurements, analysis of
industrial emissions, water vapor and temperature profiling [48].

Space borne LIDAR systems allow to measure the location of the planetary
boundary layer and clouds as e.g. stratospheric clouds [49]. Measuring results
comprise cloud height, cloud thickness, cloud optical depth, cloud phase. The
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vertical resolution amounts to 120 m for heights up to 20 km and 360 m above
20 km. For the understanding of atmosphere dynamics a Doppler LIDAR is
applied operating in the ultraviolet spectral region at 355 nm. From a height of
408 km winds are derived from the backscattered laser light, Doppler shifted by
the movement of the scattering aerosols and molecules along the LIDAR line-of-
sight. The primary mirror of the receiving telescope has a diameter of 1.5 m.

Complementary to photogrammetric techniques LIDAR allows to measure the
three-dimensional shape of e.g. coastal settings where terrain is generally flat and
subtle elevation changes have significant importance [50].

13.3 Coherent Anti-Stokes Raman Spectroscopy: CARS

The expression CARS is the abbreviated form for Coherent Anti-Stokes Raman
Spectroscopy. CARS is a non-linear process of optical spectroscopy, with which
the temperature and concentration of molecular gas components can be measured.

13.3.1 Principle

The atoms are polarized by the electrical field of a light wave in the propagating
medium, see Sect. 3.5. A temporally variable electrical polarization acts as a

source of electromagnetic waves. The electrical polarization P is in general a

function of the electrical field E which affects the particles of the medium. This
function can be described as a power series (the implementation of the powers of

the vector E is explained in the following):

P = X(I)E + X(z)E‘Z 4 X(3)E‘3 4, (]332)

where y1):(2):.0) is the electrical susceptibility of first, second and third order.
Equation (13.32) is a generalization of the relationship (3.20a), given in Sect. 3.

5, where the vector character of the electrical field was not considered. The sus-

ceptibility y is described through a tensor, which interrelates the components of the

electrical field vector E to those of the polarization vector P. The tensor determines
the use of the powers with regard to the electrical field components in equation

(13.32). For the x-component of the polarization P and the susceptibility of third
order ), an example given is:
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Py = 3 EEE, + 33 EEE, + 18) EEE: + 13 EEE. +---, (13.33)

XX. X. X. XXY.
with E, ., P, . vector components of the electrical field and the polarization, /Cz(;c)z
components of the susceptibility tensor of third order.

In equation (13.33), not all the terms are listed. Due to the number of possible
permutations of the field components E,, E, and E_, there are 3% = 27 terms which
contribute to the polarization in the x-direction. Hence the tensor %® has in
general cases a total of 3 x 27 = 81 components. Symmetry properties of the
medium reduce the number of tensor elements. Therefore, for example, for iso-
tropic media instead of 81 there are only 3 tensor elements independent from one
another.

The first term in (13.32) depends linearly on the electrical field. If the electrical

field E oscillates with an angular frequency w, then this linear term causes an
oscillation of the electrical polarization with the same angular frequency. Hence
the susceptibility 7(!) describes the interaction between electromagnetic waves and
matter, in which no frequency change occurs, like for example refraction,
absorption and Rayleigh scattering, see Sect. 3.4.

The second term in (13.32) describes a quadratic dependency on the electrical
field, i.e. a change of the sign of the field strength does not change the sign of the
polarization. However, this is not the case for isotropic materials without direction
dependent properties, like for example gases or fluids. For these media, the sus-
ceptibility of the second order disappears.

The third term in (13.32) is the governing term for the CARS process. It is the
first non-linear term, which does not disappear with isotropic media. In the fol-

lowing it is assumed that the electrical field E is made up of 3 different angular
frequency components:

T _ 1 - = i(w,lt—;n;)
E—E;{E(wn)e +c.c.}, (13.34)

where E (w,) is the amplitude of a wave with angular frequency w,; Ky, angular

wave vector and angular frequency of wave n, 7 is the position vector and 7 ist the
time. The abbreviated term ‘c.c.” stands for the conjugated complex number of the

first term in the curved brackets, so that the electrical field E in the (13.34) is
described as a real number. The real form is necessary for the further calculation of

the non-linear term of the electric field. If only linear functions of E are examined,
then the introduced complex notation in Sect. 6.1.1 is adequate.

Through the susceptibility of the third order a non-linear polarization is gen-
erated, which contains different frequency components. This becomes clear, if
equation (13.34) is inserted into equation (13.32) and the terms are multiplied out.
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For a clear depiction of the numerous terms, an abbreviated notation for the non-
linear polarization of the third order is used in the following:

PO() = g 1By (0)Eg(0)E, (03) (5 ) ee,  (1339)

3 _ 3 - -
with 8n = il, W4 = Zgnwm k4 = Z gnkn» El(wn) = E(wn); Efl(wn) :E*(wn)'
1 n=1

E* is the conjugated complex value of E. The CARS signal is caused through
the following frequency component of polarization (g, = g, = 1, g3 = —1):

1o - . -
POV w4) = ¢ 7V () E(n)E* () eilonker) L oc (13.36)

with ws = w; + W, — w3 and kg = k| + ky — k3.

The relationships for the frequency and the wavevector correspond to the
conservation laws for energy and momentum in the photon model. Figure 13.27
illustrates this with an energy level scheme and a vector diagram. Starting from an
energy level 1, a molecule absorbs a photon of energy /i, and reaches an energy
level 1’. In general there is no energy level of the molecule available at this energy,
hence this level is called a forbidden or virtual energy level. Therefore, in
Fig. 13.27, left, this level is shown by a dotted line. Such energy levels can only be
attained by a molecule for a short time. The molecule emits a photon of energy
hws and reaches level 2. From there it absorbs a photon of energy /Aw;. A photon
of energy /imy is emitted in the transition from the virtual level 2’ to the energy
level 1.

The electromagnetic waves belonging to the angular frequencies w; and w, are
described also as pump waves, with which the molecule can be ‘pumped’ into a
higher energy level. The radiation with the frequency w3 and w4 respectively is
called, like with spontaneous Raman scattering, the Stokes and anti-Stokes wave,
see Sect. 3.4.3. The latter is the CARS signal.

The described event takes place with high probability, if the energy difference
hw; — hws is as large as the energy difference between the levels 1 and 2. The
CARS signal with angular frequency w4 contains information about the population
state of these levels. This then allows, as we will see later, temperature and
concentration of the relevant molecular species to be determined. The deviation
via the virtual levels offers amongst other things the preference, that the measured
signal can be registered in the visible spectral range, although the energy differ-
ence between the levels 1 and 2 for typical rotational vibrational states of a
molecule, lies in the region of 0.01-0.1 eV.

The wave vectors l;], Ez, E3, and %4 determine the size and direction of the
momentum of the photons involved in the CARS process. As with the momentum
conservation in mechanics, the photon momentum must also remain conserved. In
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Fig. 13.27 Energy and momentum conservation for the CARS process

Fig. 13.27, right, is shown the vector diagram of the wave vectors in accordance

with the given relationship for i4 in equation (13.36).

The CARS process can also be understood as a scattering process of an elec-
tromagnetic wave at coherent molecular vibrations. Coherent molecular vibrations
means that a fixed phase relationship exists between the vibrations of different
molecules. The stimulus of such vibrations can be described through the model of
a harmonic oscillator, which is prompted into oscillation by an external electrical
field. If a molecule possesses a dipole moment, an electrical field exerts a torque
on the molecule. This torque is proportional to the cross product of the dipole

moment and the electrical field: p x E. Since the dipole moment and the polari-
zation depend on the electrical field, see (13.32), the torque also depends on,
amongst other things, terms proportional to E. If two waves with the angular
frequencies w; and w3 act on the molecule, a torque is generated, which oscillates
with the difference angular frequency w; — w3 (the similarly occuring sum fre-
quency is not regarded, since this frequency is significantly greater than any
vibrational mode of the molecule). If the difference angular frequency coincides
with a vibrational mode of the molecule, this vibration is stimulated resonantly.
This case gives:

Om = W] — W3, (13.37)

with wy, molecular vibration angular frequency.

Forced coherent molecular vibrations are produced through both the fields
E(w;) and E(w3). If a further wave is irradiated into the interaction volume, this
wave will be modulated by the stimulated molecular vibration. A wave is gen-
erated with a shifted frequency:

w4 = Wy + W. (13.38)

Inserting equation (13.37) into (13.38) gives the relationship for the angular
frequency wy, equal to the one shown in (13.36).

In the following, due to the simplification of the equation, we limit ourselves for
the important case that the angular frequencies of the pump waves are equal:
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Fig. 13.28 Positions of the various frequencies for CARS

| = wy = wp. The angular frequency of the Stokes wave is denoted by ws = w3
and the CARS angular frequency with wcars = w4, so follows:

WCARS = pr — Wg. (1339)

Figure 13.28 illustrates the positions of the different angular frequencies.
The intensity of the CARS signal is calculated using the Maxwell equations and
the expression for the polarization in accordance with equation (13.36):

4n’ i 2, [sin(AKL/2)) *
Icars = { ——CARS L 2) 13,(3)\7p 20 22—/ 13.40
CARS { CanARS P | X | AkL/2 ’ ( )

with Icars, Ip, I intensity of the CARS signal, of the pump wave and of the Stokes
wave, respectively; ¢ speed of light, ncars refractive index of the medium at the
angular frequency wcars, x® susceptibility of the third order; L length, along
which the pump and Stokes wave are interacting with the medium,
Ak = kCARS — 2kp + ks.

For the derivation of the equation (13.40) it is assumed, that the involved waves
propagate in the same direction in space, so that only the absolute values of the
wave vectors must be taken into account [51].

From (13.40), the intensity of the CARS signal Icars is proportional to Igls.
This mirrors the multi-photon process exactly as is depicted in the diagram in
Fig. 13.27, left. In order to produce a CARS photon, two pump photons and one
Stokes photon are necessary.

The quantity Ak describes the deviation from the ideal momentum conserva-
tion. The valid fulfilment of the energy balance gives: wcars = 2w, — w;, but
since k = nw/c and the refractive index n is itself dependent on the frequency, we
have in general Ak # 0. The CARS intensity attains a maximum according to
(13.40), when Ak = 0 is fulfilled.

The measuring information is contained in the susceptibility of the third order.
This depends, amongst other things, on the difference of the population numbers of
the participating energy levels in the process. The population of the levels is a
function of the temperature and particle concentration, so that these quantities of
the medium can be determined from the CARS signal.

Figure 13.29 shows examplary typical CARS spectra for nitrogen gas at dif-
ferent temperatures. The intensity is shown as a function of the so-called Raman
shift given by the difference of the wavenumbers (1 / Acars — 1 / )hp) which is

proportional to the angular frequency difference (coCARs — wp). In Fig. 13.29, this
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shift is given in the unit cm™', see Sect. 2.1. The lines in the spectra are caused
through rotational vibrational transitions in the nitrogen molecule. The form of the
spectra changes considerably in the displayed temperature range from T =
300-2,800 K. With a computer fit process, the measured CARS spectra are
compared with theoretical spectra, in order to determine the temperature.

Figure 13.30 shows the set-up for CARS spectroscopy [52]. The laser beam of a
Q-switched Nd:YAG laser is frequency doubled and split into two beams. One of
these beams pumps a dye laser, which generates the tunable Stokes frequency.
Instead of a dye laser, there is also the possibility to use an optical parametric
oscillator (OPO) as broadband Stokes source [53].
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The dye laser is operated, so that not only a single angular frequency ws but a
whole frequency band is emitted. In this way it is achieved that the condition
(13.37) is fulfilled simultaneously for a series of different molecular vibrations.

The other split beam serves as pump angular frequency w, for the CARS
process. Pump and Stokes beams are superimposed in a gas, in which the tem-
perature is to be determined. The CARS signal emitted is separated from the pump
and Stokes signal. Due to momentum conservation the CARS signal is emitted, cf.
Fig. 13.27, right, in a defined direction and its frequency is easily distinguished
from those of the pump and Stokes beams, allowing this to be coupled out simply
using apertures and frequency filters. If a frequency band of Stokes frequencies is
irradiated, a spectrum of CARS frequencies also occurs (13.39), which is spec-
trally resolved in a spectrometer. A computer programme compares the measured
spectra with theoretical calculations and determines the temperature of the gas in
the measuring volume.

The temperature information, can also be extracted from a CARS spectrum,
evaluating line ratios in the spectrum. The molecular partial density is determined
from the intensity of single lines.

In the energy level diagram for CARS, as is shown in Fig. 13.27, left, different
energy levels of a molecule can be involved. Every level corresponds to a certain
vibrational and rotational state of the molecule. The molecule can simultaneously
vibrate and rotate, so that the vibrational levels are superimposed by rotational
levels. If different vibration states of the molecule, but only one rotation state are
involved in the CARS process, then this is called vibrational CARS. If only
different rotational energy levels of the same vibration state are involved, then this
case is called rotational CARS. Both processes are suitable for temperature and
concentration measurements. Due to the low energy difference between the rota-
tional levels, which are 1-2 orders of magnitude smaller than that of the vibra-
tional levels, rotational CARS is especially suited for measurements at lower
temperatures.

13.3.2 BOXCARS

The CARS methods, where the direction of the pump beam wavevector and the
Stokes beams are different, as shown in Fig. 13.27, are known as BOXCARS. As
the form of the enclosed area—see Fig. 13.27, right—is similar to a box, the
variant is described as BOXCARS. With this arrangement, pump and Stokes
beams cross over and interaction takes place with the medium in the overlapping
region. In the set-up from Fig. 13.31 such a beam guiding is shown. The over-
lapping region of the beams defines the spatial resolution for temperature and
concentration measurements.

By the so-called planar BOXCARS, the wave vectors lie all within one plane. In
contrast to that, for folded-BOXCARS the wave vectors are orientated in different
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Fig. 13.31 Left beam guiding of pump beams and Stokes beam of the folded-BOXCARS
method, right orientation of the wave vectors of the two pump beams, the Stokes and the CARS
beam corresponding to the beam directions shown in the /eft image between the two lenses

spatial directions. Figure 13.31, left, shows the beam geometry for folded-BOX-

CARS, the wave vectors k, and k{, lie in one plane, and the wave vectors kcars, ks
in a plane perpendicular to that, cf. Fig. 13.31, right. An advantage of this
arrangement is that the CARS signal forms a large angle with the generating laser
beams and can be separated from these simply through apertures.

13.3.3 Measuring Range

The spatial resolution that can be achieved with the CARS technique depends on
the beam guiding and the focusing of the pump and Stokes beams. By the so-called
collinear CARS, the wave vectors of the pump and Stokes beams are aligned in the
measuring volume parallel to one another. Therefore the measuring signal origi-
nates along the whole length of the overlapping region, so that spatial resolution
appears only in the perpendicular direction and not in the direction of propagation.
The lateral resolution amounts, in this case, to about 1-20 mm.

With the BOXCARS method, the spatial resolution is determined by the
crossover region of the focused pump and Stokes beams, cf. Fig. 13.31. It amounts
to between 0.5-2 mm.

For temperature measurement, the evaluation of a single CARS spectrum is
sufficient. This can be generated with a single laser pulse if a broad band dye laser
is used, which supplies a spectrum of Stokes frequencies. In this case, the mea-
suring time is given through the pulse duration of the lasers and amounts to about
10 ns. Depending on the repetition rate of the lasers, such measurements are
carried out with repetition frequencies of up to 20 Hz.

In Table 13.4, typical measuring ranges of the CARS method are given for
temperature and concentration determination [54]. The accuracy of the tempera-
ture measurements amounts to 2-3 %.
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Table ?3'4 Typical‘ Gas Temperature (K) Concentration (%)
measuring ranges of the
CARS method N> 300-3,500 >2

H, 300-2,500 > 1

0, - > 0.5

CO, 300-1,900 -

CO - > 0.1

H,O0 450-1,700 -

CH,4 - > 0.2

A transfer standard for laser thermometry was developed based on the inter-
national temperature scale of 1990 (ITS-90) [55]. The standard provides optical
access to a sample volume of a gas maintained at a stable temperature within the
range of 300-1,850 K. The gas temperature is measured using built-in, calibrated
thermometers including thermocouples, Accufiber™ optical fiber probes and an
optical pyrometer for traceability to the ITS-90. Broadband CARS and scanning
CARS experiments have been performed inside the furnace. The measuring
uncertainty for broadband CARS amounts to less than 4 % between room tem-
perature and 800 K. At temperatures between 800 and 1,850 K an uncertainty of
less than 2 % has been achieved. For scanning CARS the uncertainty and the
precision amounts to 2 % between 295 and 1,850 K. The pulse energy of the two
pump beams at 532 nm is 40 mJ with a spectral bandwidth of 0.8 cm™' (FWHM).
The tunable dye laser yields the Stokes beam with a bandwidth of 150 cm ™'
having a maximum at 606.4 nm and a pulse energy of 5 mJ. Temperatures are
measured with N, CARS spectra.

13.3.4 Examples of Applications

The CARS method is used mainly for the examination of combustion processes
and electrical gas discharges. Some examples are: ethyl-air-bunsen flame, meth-
ane-air flat flame burners, kerosene burner, turbulent gas diffusion flame, Diesel
and Otto engines.

Figure 13.32 shows the combustion chamber of an Otto engine with the laser
beam guiding for temperature measurement using the CARS method [56]. The
engine is an air cooled one cylinder 4 stroke Otto engine. The laser beams are
transmitted by quartz glass windows in and out of the burning space. The windows
are designed so that they withstand a static pressure of 20 MPa. Figure 13.33
shows the determined progression of temperature as a function of the crankshaft
angle. The motor speed was 2,400 min~', the used fuel is methanol at an air/fuel
ratio of 1.

Within a short time after the ignition of the mixture, at a crankshaft angle of
149°, the temperature reaches the maximum value of about 2,500 K. During the
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Fig. 13.33 Temperature measured with CARS as a function of the crankshaft angle. ic intake
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working period the gas cools and after the opening of the suction valve an
accelerated cooling is observed, due to the instream of cold fresh gas. From such
measurements engine knocking effects are examined. The gained results contribute
to a better understanding of the combustion processes and allow the possibility for
specific further developments.

Figure 13.34 shows an example of temperature measurements with CARS in a
graphite furnace, which is used for atomic absorption spectroscopy [57]. This
furnace is constructed from a graphite pipe, which is electrically heated. The
length of the pipe is about 30 mm, and has an inner diameter of 6 mm. With a
graphite furnace a temperature of up to 3,000 K can be reached within a just few
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Fig. 13.35 Temperature profile in a graphite oven measured with CARS along the z-direction,
cf. Fig. 13.34

seconds. They are used to evaporate substances dissolved in fluids in a short time,
in order to examine the vapor with absorption spectroscopy.

Figure 13.35 shows the measured temperature profile as a function of time in the
graphite furnace during the heat-up phase using CARS. The parameter is the z-position
of the measuring point, cf. coordinate system in Fig. 13.34. The time and spatial
temperature variation supplies important information for the examination of the fur-
nace properties, like atomization rate, diffusion processes, gas phase reactions etc.

Figure 13.36 shows the set-up of a CARS temperature measurement in an
electrical gas discharge, which is used to excite a CO, laser [58]. In a high
frequency driven low pressure discharge, energy is coupled into a gas mixture of
CO,, N, and He in order to generate the required inversion for the CO, laser
process. The properties of the gas discharge determine the efficiency and quality of
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Fig. 13.36 CARS temperature measurement in a gas discharge of a CO, laser. RF radio
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Fig. 13.37 Photograph of the experimental set-up, cf. Fig. 13.36

the CO, laser beam. The discharge in the gas is examined with the help of CARS,
in order to optimize the discharge. The CARS beams are aligned in a BOXCARS
formation, perpendicular to the longitudinal axis of the discharge. The crossover
region of the Stokes and pump beams defines the measurement region in the
discharge volume. It is shifted relative to the discharging electrodes, in order to
measure a spatial temperature profile. Figure 13.37 shows a photograph of the
experimental set-up.
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Fig. 13.38 Temperature profile in a CO, gas discharge measured with CARS

Figure 13.38 shows the N, temperature across the cross section of the dis-
charge. The CARS method allows to distinguish between the vibrational tem-
perature T.;, and the rotational temperature T, of the N, gas in the discharge. Due
to the short energy exchange time between the rotational levels of nitrogen and the
translation energy of the gas components, the rotational temperature corresponds
to the gas temperature in the discharge.

The vibrational temperature reduces with the operation of the CO, laser. The
vibration energy of the N, is transferred via collisions with the laser active CO,
molecules and leads to a decrease in the vibrational temperature of the N.,.

CARS is also applicable to microscopy if objectives with high numerical
aperture are used [59, 60]. In this case pump and Stokes beams need not to be
irradiated separately, as shown e.g. in Fig. 13.31. These excitation beams are now
guided collinearly and illuminate completely the aperture of the microscope
objective with the result that in the focus volume, for each component of the wave
vectors of the pump beams exists the corresponding Stokes beam wave vector
component to fulfill the phase matching condition. The CARS signal is then
observed in transmission of the microscopic object in forward direction (abbre-
viated as F-CARS). In this case holds (cf. (13.40)):

Ak = keags — 2kp + ks = 0. (13.41)

In order to maximize the CARS signal, the sinc-function in (13.40) has to attain
a maximum, which is the case for:

|AKIL < . (13.42)
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For a very thin microscopic object with L ~ 0, the phase-matching condition is
satisfied not only in the forward direction—given by relation (13.41)—but also in
the backward direction [59]:

%CARS = —2%13 + ;s- (1343)

For the absolute value of the phase mismatch we have in the case of the
backscattered CARS signal:

’A/?‘ zz‘%CARS‘ _ dmncas. (13.44)
ACARS

where ncagrs is the refractive index of the nonlinear medium. The backward

propagating CARS signal is the basis of epidetected CARS, abbreviated E-CARS.

Via a spectral filter the forward CARS signal is separated from the pump and
Stokes beams. By moving the object relative to the focus three-dimensional CARS
images are generated. F-CARS allows to generate microscopic images of cellular
structures of living cells as e.g. the membrane of the nucleus. This membrane
contains fatty acid molecules which are made visible by vibrations causing
stretching of the C-H distance with a resonance at 2,900 cm~!. Radiant fluxes
required for excitation of the CARS signal are in the range of a few 100 uW, so
that bleaching is avoided.

Whereas for very thin objects the F-CARS and E-CARS signals are equal in
intensity. With increasing L the forward signal increases ocL?, cf. (13.40).
Therefore, the contribution of the solvent (large L), where the microscopic object
is embedded, can overwhelm the contribution of the object (small L). In case of
E-CARS the signal oscillates as a function of L: IE,zs X Agags Sin®
(2mncarsL/ Acars)- Therefore, the solvent contribution (large L) is significantly
reduced compared to that of F-CARS and hence the signal-to-background ratio is
increased.

The FWHM width of the images achieved with pump and Stokes beams at 800
and 917 nm and a polysterene bead with a diameter of 535 nm as microscopic
object amount to 300 nm for F-CARS and 290 nm for E-CARS.
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Chapter 14
Laser-Induced Fluorescence

Abstract The basic principle of laser-induced fluorescence and fluorescence
spectroscopy is presented to detect organic molecules with high sensitivity. We
present various variants of this method: fluorescence correlation spectroscopy,
fluorescence polarization spectroscopy, time-resolved fluorescence analysis.
Examples of applications range from the inline measurement of the shape and
deformation of metal sheets, measurement of organic residues on metal sheets,
study of combustion processes, medical diagnostics of tumors to the detection of
single labeled cells in microfluidic chips.

In the previous chapter we have seen, that laser radiation at high irradiances can
generate a secondary radiation whether by transferring the measuring object to the
plasma state, see laser material analysis in Sect. 13.1, or by a non-linear interac-
tion as for CARS, presented in Sect. 13.3. In this chapter we describe laser
measuring methods based on the excitation of fluorescence of the constituents with
no change of the aggregation state of the object nor any use of non-linear inter-
actions [1].

Fluorescence is a fast decaying emission of light from electronically excited
states of atoms and molecules. The lifetimes of excited singlet states typically
range from picoseconds to nanoseconds. If a reversal of the spin electronic wave
function—triplet-singlet transition—is included, the phenomenon is called phos-
phorescence. Because such transitions are quantum mechanically prohibited,
excited particles remain relatively long in a triplet state. Triplet state life times and
the duration of phosphorescence are typically in the range of milliseconds to
seconds.

Fluorescence excitation does not necessarily require laser light sources. How-
ever, due to the unique features of laser radiation—such as high spectral irradiance
and focusability—Ilasers enable high-performance fluorescence methods. In this
chapter laser-induced fluorescence (LIF) as well as fluorescence excited by
incoherent light sources will be presented.
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14.1 Principle

Molecules can absorb energy not only in the form of electronic excitation, but also
as vibrational energy of the nuclei. The various levels of vibrational excitation of
an electronically excited molecule are called vibronic levels. Electronic transi-
tions—responsible for optical absorption or emission—proceed on a much shorter
time scale than the vibrations of the atomic nuclei around their equilibrium
positions. The duration of an optical transition is typically in the order of 107" s,
during this time the nuclei do almost not change their relative positions with
respect to each other. In a term scheme, in which potential energy curves of
different electronic states are drawn together with their vibrational levels—so-
called Jablonski term scheme—optical emissions or excitations are therefore
marked as vertical transitions (no change in the coordinates of the nuclei).

The wave functions of the nuclei in ground and excited state have a large
overlap integral for transitions of high probability. With the help of the so-called
Franck-Condon factors the transition probabilities between two vibronic states can
be calculated.

At room temperature practically all molecules occupy their vibrational ground
state. Therefore all optical excitations start from this initial state, see Fig. 14.1
showing a term scheme for the fluorescence of molecules. The larger the potential
curves of primary and excited state are shifted against each other, the more likely
the vertical transition leads to an excited electronic state that also has a vibrational
excitation. The vibrational energy of molecules in condensed phases is distributed
very quickly to the surrounding molecules via thermal relaxation. Fluorescence
therefore usually is emitted from the vibrational ground state of the electronically
excited state. This behaviour is referred to as Kasha’s rule saying that in poly-
atomic molecules generally photon emission occurs in significant yield only from
the lowest excited state of a given multiplicity [2]. For the emission of light, the
Franck-Condon principle of vertical transitions must also be fulfilled, hence the
emission process leads to a vibrationally excited level of the electronic ground
state. This leads to the fact that the fluorescence experiences a red shift in relation
to the excitation wavelength, which is called Stokes shift. In solutions the inter-
action between fluorescent molecules and the solvent molecules leads to a
broadening of the vibronic transitions. Often the individual transitions cannot be
differentiated any longer and only broad excitation and emission peaks can be
detected. In gas phase experiments the individual vibronic levels can usually be
separated spectrally.

Figure 14.2 illustrates the typical mirror symmetry of the absorption and flu-
oresecence spectrum of e.g. organic dye molecules [3]. The absorption spectrum is
shown for anthracene in cyclohexane in terms of the molar extinction as a function
of the wavelength. The fluorescence emission spectrum is drawn as dashed curve.
The vertical scale of the emission spectrum, shown on the right y-axis, is adapted
to clarify the symmetry properties.
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Unlike molecules, atoms do not possess vibrational or rotational energy levels,
only electronic excitations are possible, see Fig. 14.3 with an example of an
atomic term scheme of thallium [4]. Their fluorescence spectra generally consist of
individual, spectrally narrow separated lines. Only under increased pressure these
transitions undergo a broadening caused by impacts between the particles, as is
e.g. the case for a high pressure mercury lamp. The different electronic states have
different spins, orbital angular momenta and total angular momenta, which are
described by the term symbols shown at the four levels in Fig. 14.3. An intro-
duction to the denotation of atomic terms is given in [5]. The dashed arrow linking
two excited states illustrates a transition between the closely neighboring energy
levels that is induced by the particle temperature or by impacts with neutral
particles.
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14.2 Fluorescence Spectroscopy

Fluorescent particles can be excited in different ways. Atoms can be excited with
X-rays or electron beams, the line emission of hot plasmas is based on the fluo-
rescence of thermally excited atoms, cf. Sect. 13.1. Molecules are usually excited
with ultraviolet or visible light.

In analytical chemistry fluorescence is mainly applied for a sensitive and
quantitative detection of organic molecules [6]. Compared to absorption tech-
niques, fluorescence has the inherent advantage that instead of a signal decline, i.e.
a relative measurement, an absolute intensity is measured while the elastically
scattered light of the excitation is efficiently suppressed by spectral filtering. For
this reason the limits of detection are up to three orders of magnitude better than
with absorption techniques. Typical detection limits lie in the range of 10~'" to
10~'2 M, where the unit 1 M denotes a solution of concentration of 1 molar, i.e. 1
mol per liter [7].

Two principal approaches to measure the excited fluorescence are possible. For
the recording of a fluorescence emission spectrum a sample is illuminated with
monochromatic light of a fixed wavelength and the emitted fluorescence is
detected and spectrally resolved. Provided that the resolution is sufficient, the
vibrational modes of the electronic ground state can be resolved. For samples in
solution usually only a wrapped contour can be measured.

An alternative way to measure fluorescence consists of a set-up with a tunable
excitation source and fluorescence detection with a fixed spectral window with a
filter or a monochromator to assure that no excitation radiation reaches the
detector. While scanning the excitation source the red-shifted fluorescence is
detected. The amount of detected fluorescence depends on the absorption of the
excitation light, so a fluorescence excitation spectrum is recorded that can reveal
the vibrational structure of the electronically excited state.

Figure 14.4 shows the principle of absorption spectroscopy. A tunable light
source generates a beam of light, which is directed through a sample onto the
detector. The light intensity is measured as a function of the wavelength. The
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measuring result is the absorption spectrum of the sample. An alternative approach
consists of a polychromatic light source in connection with a spectrally resolving
detection, e.g. a CCD spectrometer [8].

In contrast to absorption spectroscopy the different methods of fluorescence
spectroscopy—emission and excitation—are nearly background-free techniques.
The limits of detection are significantly lower. In Fig. 14.5, top, the sample is
illuminated with monochromatic light as generated by a laser light source, the
fluorescence can be dispersed spectrally and a fluorescence emission spectrum
results. Figure 14.5, bottom, shows the recording of a fluorescence excitation
spectrum by scanning the excitation light source and simultaneously detecting the
fluorescence in a defined spectral window using filters or a monochromator
(observation usually at the maximum of the fluorescence emission) [6].
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The usage of a laser for exciting fluorescence features several advantages
compared to conventional light sources [9-11]. The laser delivers narrow band-
width, monochromatic light that has excellent collimation and focusing qualities.
All fluorescence applications demand a separation of excitation wavelength and
fluorescence emission, because otherwise stray light might disturb the measure-
ments. If narrow bandwidth laser light is used for excitation, the fluorescence
emission can be separated efficiently from the laser wavelength with the aid of
optical filters, cf. Sect. 4.1.1. If the electronic transitions of the sample have
narrow bandwidths, laser radiation has additional advantages compared to broader
light sources because of their high spectral radiance. Investigations of molecules in
the gas phase or in so-called molecular beam experiments—with molecules
moving in the same direction without interacting with each other—are usually
carried out with tunable laser systems.

From high-resolution fluorescence spectra structural information like potential
curves, vibrational frequencies, dissociation processes, the symmetries of elec-
tronic states or rotational constants can be derived. Additionally, transient species
like radicals, photo fragments or intermediates can be investigated with pulsed
laser radiation. Examples are the detection of concentration and distribution of
nitrogen oxides, carbon monoxide, hydroxyl-radicals or hydrocarbons during a
combustion process. These investigations are e.g. important for the optimization of
motors, see Sect. 14.7.

14.3 Fluorescence Markers

Fluorescent dye molecules can be chemically coupled to biomolecules with spe-
cific binding capabilities, for example antibodies. With this principle, specific
structures in cells or in tissue can be labelled with fluorescent molecules. This is
the basic principle of a fluorescence marker. A selective fluorescent coloring can
be visualized under a fluorescence microscope. The growing availability of various
fluorescence techniques has led to a replacement of radioactive markers with
fluorescence markers in many fields of application. Unlike with radioactive
materials no special safety procedures are necessary and the disposal of used
sample material is trouble free.

Fluorescent markers are used in bioanalytics and medical diagnostics in mul-
tiple ways. Flow-cytometry is based on the detection and sorting of single, dye-
labelled cells with laser-induced fluorescence. In the field of high throughput
analytics in microtiter plates and in modern DNA- or protein-biochips fluorescence
markers are widely used. In microscopy fluorescence markers are necessary for the
selective labelling of cells or cell-components. This enables a functional imaging
[12]. In the field of medicine fluorescent markers can be used to selectively label
tumors, cf. Figure 14.15.
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14.4 Fluorescence Correlation Spectroscopy

The fluorescence correlation spectroscopy—abbreviated FCS—is a method for
analyzing the diffusional behaviour of molecules. Since binding processes between
molecules have an effect on the particle movement in solution, the interactions
between molecules can be analyzed. Specific interactions between bio-molecules
determine nearly all biochemical processes in living organisms. Examples for
specific binding processes—so-called lock-key principle—are:

e Interactions between receptors and ligands
Control and regulation mechanisms of the cell are based on these interactions.
Their examination is important for the search for new active pharmaceutical
ingredients.

e protein—protein interactions
Enzymatic reactions or antibody—antigen interactions are examples.

e DNA-protein interactions

e interactions between nucleic acids.

The FCS technique is based on the analysis of diffusion. A laser beam is
focused to a diffraction limited spot with a high numerical aperture microscope
objective. Fluorescence from this extremely small focus volume is transferred with
a confocal optics on a very sensitive detector, e.g. an avalanche photodiode, cf.
Chap. 12. Optical filters are used to block stray light. If only a few fluorescent
molecules are present in the focal volume, the Brownian motion of the molecules
and the diffusion of the particles will lead to a strong fluctuation of the fluores-
cence intensity. The recorded fluorescence intensity is directly related to the
movement of the molecules. The auto-correlation of the time resolved intensity
delivers the average time it takes for a molecule to cross the focal volume (dif-
fusion time) and the particle number in the focal volume (concentration).

As smaller molecules diffuse faster than larger ones they show shorter diffusion
times. If a protein that is labeled with a fluorescence dye is added to a binding
partner, the change in diffusion time reveals the chemical binding process and the
reaction can be observed. This can be used to determine binding constants, see e.g.
[13]. Figure 14.6 illustrates the principle of FCS. Graph (a) presents schematically
the fluorescence intensity Ir(¢) as a function of time. Graph (b) shows qualitatively
the auto-correlation function G(t)—cf. Sect. 11.3.2—corresponding to Ig(z) if
only the fluorescent species is present. After the characteristic diffusion time the
auto-correlation function drops indicating that the corresponding fluctuations of
the fluorescence signal are no longer correlated. If a binding partner is added, there
are free and bound fluorescent particles in solution, that have different diffusion
times. From the auto-correlation curve the relative fractions of free and bound
molecules and the binding constant can be derived, see graph (c).
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Fig. 14.6 Principle of fluorescence correlation spectroscopy. a fluctuations of the fluorescence
intensity Ir(r), b autocorrelation function G(t) of Iz(f) before addition of a binding partner,
¢ G(7) after addition of a binding partner. The indicated height difference is proportional to the
respective fraction of free and bound molecules

14.5 Fluorescence Polarization Spectroscopy

Fluorescence polarization spectroscopy (FPS) makes use of the change of the polari-
zation state of fluorescent light yielding as well information about binding processes
between fluorescence-labeled analytes and larger molecules, as e.g. antibodies.

Figure 14.7 illustrates the principle. An analyte—e.g. an antigen—is labeled by
a fluorescent molecule. The analyte is shown as a small rectangular box with a tiny
notch. Linked to this analyte is the fluorescent marker, shown as small sphere.
Graph (a) shows the incoming radiation being 100 % linearly polarized with a
polarization direction presented by the arrow pointing to the right. The particles
have an irregular orientation in the solution. Some of them have an orientation of
their dipole moment which allows for a strong coupling with the irradiated polar-
ization direction. In graph (a), left, these are the two particles shown on the left.

Let us assume that the characteristic fluorescence life time t¢ of these particles
is greater than the rotation diffusion time 7,4. This leads to the situation depicted in
graph (a), right, the two particles with an initial strong coupling to the incident
polarization state fluoresce, but—due to the small rotation diffusion time—have
changed their orientation in space. Hence the fluorescence radiation traveling
antiparallel to the incident radiation, has a different polarization state: it becomes
partially depolarized, indicated by the dashed arrows in graph (a), right, pointing in
two perpendicular directions.
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Fig. 14.7 Principle of fluorescence polarization spectroscopy (see text). t¢ fluorescence life time,
T,q Totation diffusion time

If the analyte is coupled with an antibody, which fits to the above stated notch
of the analyte, the situation changes, cf. Fig. 14.7, graph (b). Since the formed
complex is now significantly larger, we have 1t <14, i.€. the particle rotates more
slowly. Thus the orientation of the complex is preserved for a longer time and as a
consequence the emitted polarization state is mainly oriented parallel to the
incident polarization and only a weaker part—illustrated by the dashed arrow in
graph (b), right—points in a perpendicular direction.

The polarization state is described by a dimensionless quantity as follows:

Iy — Iry
Iy + Iry

; (14.1)

where Iy denotes the fluorescence intensity in the direction parallel to that of the
incident beam, I, the fluorescence intensity perpendicular to /. Hence P = 1
corresponds to a completely polarized beam, and P = 0 is a completely depo-
larized radiation. With this method the fraction of bound antibodies can be
determined by the anisotropy of the radiation. A measure of the degree of
anisotropy is the difference of P-values:

AP = |Pyp — Prowls (14.2)

with P, polarization degree with antibodies in the solution, P, ,, polarization
state without antibodies. For a quantitative measurement a so-called immunoassay
is applied which contains labeled antigens and specific antibodies to these anti-
gens. Prior to adding the sample to be determined, the anisotropy is measured with
the help of (14.2). Due to the binding of the antibody to the labeled antigen the
quantity AP will attain a high value. If the sample is now added to this solution
additional antigens—those to be measured—start to partially replace the labeled
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antigens in a competitive process. In this way labeled antigens are set free again,
and can rotate faster. As a result the anisotropy drops, i.e. AP decreases. Hence we
expect that the function AP = AP(c,) has a negative slope for increasing analyte
concentration c,, cf. Fig. 14.16.

14.6 Time-Resolved Fluorescence Analytics

Besides the spectral color there is another feature that characterizes the fluores-
cence of a molecule, its life time. For measuring the fluorescence life time, a
pulsed light source can be used that has shorter pulses than the analyzed life time.
Lasers that emit pico- or femtosecond pulses can be used to analyze even short life
times in the order of nanoseconds. The straightest way to record fluorescence life
times is to excite a large number of molecules with a short laser pulse and record
the fluorescence decay curve. For simple cases the fluorescence intensity decays
with an exponential function, after a time 7 the intensity has dropped to the
fraction 1/e of the initial fluorescence intensity with t being the fluorescence life
time. When working with tightly focused laser beams and low sample concen-
trations, it is not possible to record a complete decay curve with only one exci-
tation pulse, because the number of detected fluorescence photons is not sufficient.

One way of recording fluorescence decay curves in microscopy applications is
the so-called time correlated single photon counting (TCSPC). With this technique
the analysis of single molecules is possible. It is also frequently used in laser
scanning microscopy for fluorescence lifetime imaging (FLIM). Instead of a
fluorescence intensity the fluorescence lifetime gives the contrast in the images.

A laser with a repetition rate of several megahertz emits short pulses—in the
picosecond to femtosecond range—and is focused with a microscope objective.
The sample contains only a small concentration of fluorescent molecules. The
excited fluorescence is collected with a confocal optical system and detected with
a single photon counting detector. The laser power is so low, that only a few
percent of all laser pulses lead to the detection of a fluorescence photon, so it is
very unlikely that more than one photon per laser pulse will be detected.

Upon detection of a photon an electrical pulse is generated that is registered by
a fast electronics. Additionally, a synchronization signal is emitted from the laser
with every single laser pulse. The electronics precisely measures the time differ-
ence between the laser synchronization pulse and the detector pulse. This is
realized with a time-to-amplitude converter. The laser synchronization pulse starts
a voltage ramp that stops, when the detector pulse reaches the electronics. The
ramp voltage is digitized with an analog digital converter (ADC). This voltage is a
measure of the detection time of the fluorescence photon. Time resolutions below a
picosecond can be achieved. Figure 14.8 shows the prinicple of TCSPC. The
arrival times of many photons build a histogram that reveals the decay curve. The
more photons are recorded, the more precisely the fluorescence lifetime can be
estimated.
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14.7 Examples of Applications

At first industrial applications are described referring to technical measuring
objects. A laser measuring system combining laser triangulation methods and
induced fluorescence is presented to measure inline the deformation of metal
sheets in the so-called bulge test [14]. Hydraulic bulging can be used to charac-
terize sheet material under biaxial stress conditions. The test metal sheets are
deformed frictionless under oil pressure. A measuring method applying laser light
section for geometry analysis, cf. Sect. 10.3, and a camera device to observe
UV-induced fluorescence for local strain determination enables a continuous inline
calculation of flow curves. Effective stress and equivalent strain can be recorded
until the failure of the material, thus providing extended information compared to
the tensile test [15]. The testing procedure is predestined for simulation purposes
and for an application in the quality control sector, allowing for a quick and
profound material characterization.

Figure 14.9 shows a side-on view of the set-up of the laser measuring system.
Two laser lines are projected on the measuring object being oriented perpendic-
ularly to each other. These laser light sections are used to measure the shape of the
deformed metal sheet, see Sect. 10.3. Prior to the bulge test, the metal sheet to be
inspected is marked by a rectangular array of dots using a fluorescent dye. The ring
light illuminates this grid of dots on the metal sheet with a wavelength of approx.
470 nm to excite the fluorescence. The fluorescing spots are observed by a camera
to track their position during bulging of the metal sheet.

Figure 14.10 shows the top view of this set-up. In order to avoid cross talking
between the two laser light sections two different laser wavelength are applied: 680
and 780 nm. These wavelengths are reflected by the dichroic mirror DM. On the
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Fig. 14.9 Side-on view of the set-up to measure inline the shape and deformation of a metal
sheet in a bulge test machine. BM bulge test machine, MO measuring object, PW protection
window, DL1 diode laser module 1 with optics to form a laser line on the measuring object
running parallel to the x-axis, DL2 diode laser module 2 with optics to form a laser line parallel to
the y-axis, PBS polarizing beam splitter, DM dichroic mirror, TCM2 triangulation camera
module 2 to measure the laser light section generated by DL2, RL ring light to excite the
fluorescence, CO camera objective, CM3 camera module 3. Red rays of the diode laser modules,
yellow fluorescence radiation
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Fig. 14.10 Top view of the set-up of Fig. 14.9. TCM1 triangulation camera module 1 to measure
the laser light section generated by DL1
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Fig. 14.11 Transmission of dichroic mirror, for s- and p-polarized light, emission ring light
(blue), fluorescence signal (yellow) and position of the laser wavelengths (red)

other hand the excitation wavelength generated by the ring light should be passed
(for simplicity, these excitation rays are not shown in Fig. 14.9). The center of
gravity of the fluorescence is around 520 nm, which should as well be transmitted
by the dichroic mirror.

Figure 14.11 shows the spectral characteristics of the dichroic mirror (shown
for s- and p-polarization, cf. Sect. 3.2.2), the ring light emission, the induced
fluorescence and the positions of the two laser wavelengths.

Figure 14.12 shows a photograph of the test object with the two crossing laser
light sections and the fluorescing dot array. With this set-up the 3D geometry and
the point displacements are detected simultaneously with a repetition rate of 5 Hz.
The accuracy of determination of the cup height of the deformed sheet can be
estimated to about 1 % of the measuring area which corresponds to about 30 pm at
a cup height of 3 mm.

The inline capability allows for a direct control of the bulge test machine, e.g.,
to carry out constant strain rates during bulging. Measuring results gained are
among others flow curves showing the dependence of the effective true stress
(range 0-1,200 MPa) as a function of the equivalent strain (range 0-1). Defor-
mation degrees can be increased by up to a factor of four compared to the con-
ventional tensile test.

In the second application example laser-induced fluorescence is used to detect
very thin residues of organic substances on metal sheets [16]. During production of
sheet steel, steel strips are passing through several cleaning stages after the rolling
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Fig. 14.12 Photograph of a
bulged metal sheet
illuminated with two laser
light sections and the
simultaneously excited
fluorescence of a dot array

process and further treatment steps, in order to remove oil residues. The task of the
fluorescence method is to monitor these cleaning stages and to detect deviations
and irregularities inline. Thus interruptions of the production process are avoided
and an uniform product quality can be maintained. LIF is applied to detect the oil
residues which normally cannot be seen with the naked eye. The oil is excited with
a pulsed ultraviolet laser beam operating at 266 nm, 20 Hz and a maximum pulse
energy of 20 mJ.

This beam is attenuated and collimated onto the surface of the metal sheet. The
diameter of the illuminated area is S mm. The resulting fluorescence radiation is
observed perpendicular to the sheet surface and imaged to the input aperture of an
optical fiber bundle guiding the light to a spectrometer. In front of the entrance
aperture of the fiber filters are placed to block the excitation radiation. Expected
fluorescence life times of oils are < 8 ns. The spectrometer is equipped with a
gated MCP, cf. Sect. 5.4.4, to suppress ambient light and to synchronize the
fluorescence light detection with the irradiated laser pulse. Figure 14.13 shows the
principal set-up. The fluorescence spectra depend on the type of oil; typically these
spectra cover a range from 320 to 450 nm. For calibration the spectrally integrated
fluorescence signal is studied as a function of the oil residues area density using
sets of artificial samples. Oil residues area densities vary between 0 and 300 mg/
m®. An approximately linear dependence is found between the integrated fluo-
rescence signal and the oil residue area density. The estimated detection limits are
in the range of 6 mg/m” which corresponds to an average oil film thickness of
about 7 nm at the strip surface. This is the order of magnitude of the oil residues
which can be present at the final cleaning stages.

Figure 14.14 shows images of the fuel distribution in a combustion chamber
generated with laser-induced fluorescence where the laser beam is shaped as a
plane, similar to the laser light section approach presented in Chap. 10 [17]. With
this planar laser-induced fluorescence, abbreviated PLIF, the images are taken as a
function of the crank angle (CA). The upper series of pictures shows a side view of
the combustion chamber, the lower series of pictures show a top view. Fluorescence
excitation was performed with a KrF excimer laser at 248 nm. The asymmetric
distribution of fuel can be attributed to the influence of the open inlet valves.
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Fig. 14.13 Set-up for laser-induced fluorescence to measure oil residues on metal sheets. MO
measuring object with oil residue, OR oil residue, LS laser source, BS beam splitter, M mirror, F
filter, FO fiber optics, SP spectrometer, MCP microchannel plate detector, PG pulse generator, SC
signal controller, PC computer
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Fig. 14.14 Distribution of fuel in a combustion chamber visualized by planar laser-induced
fluorescence (PLIF), top row side view of the combustion chamber, inlet valve and spark plug are
shown in red contours, bottom row top view. CA crank shaft angle

Laser-induced fluorescence plays an important role as an analytical method for
biological measuring objects. These include routine analytics, fluorescence
microscopy, clinical diagnostics, the control of chemical or pharmaceutical reac-
tions or basic research. Fluorescence has a role of special importance in the field of
biochips and in vitro diagnostics (in vitro means “in glass”, to be differentiated
from “in vivo”, which means in a living organism).
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Fig. 14.15 Pictures of a brain tumor, left illuminated with white light, right illumination with
blue light. The red fluorescence of the dye that specifically labels the tumor makes the tumor
tissue clearly visible

Fig. 14.16 Degree of —T " i — T 7 T
anisotropy AP as a function 0.20 -
of the DON concentration E ]
measured with FPS 0.18 L .
— 0.16 |- B
-
s, 4
a 0.14 =
=
0.12 + il
0.10 - -
0.08 I I U ST ML L

0 200 400 600 800 1000 1200
DON concentration [ppb]

In the field of medicine fluorescent markers, cf. Sect. 14.3, can be used to
selectively label tumors, see Fig. 14.15 [18].

An application of fluorescence polarization spectroscopy is the detection of
mycotoxins in microtiter plates [19]. Mycotoxins are produced by molds that form
in grains, food and feedstuffs and, thus, can cause health concerns when ingested.
The occurrence of mycotoxins in foods is usually the result of mold contaminated
grain at pre-harvest or during storage. For a fast analysis of grain samples minute
quantities of liquid must be handled and measured automatically. With an elec-
tronic pipette the assay components—sample extract, antibodies and fluorescence
labeled toxines—are injected into the wells of a microtiter plate. The liquid vol-
ume where the measurement with FPS is carried out amounts to 200 pl. The
duration of a single measurement is about 6 min. Figure 14.16 shows results for
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Fig. 14.17 Set-up of parallel fluorescence sensors to detect labeled objects passing through a
microchannel of a microfluidic chip; a optical beam paths, b multianode photomultiplier. FO fiber
optics, FC fiber collimators, EF excitation filter, DBS dichroic beam splitter, M mirror, FF
bandpass filter for fluorescence radiation, MPM multianode photomultiplier, FL focusing lenses,
MC microchannel, MFC microfluidic chip

the detection of the mycotoxin deoxynivalenol (DON). The degree of anisotropy
AP is plotted versus the DON concentration, cf. Sect. 14.5. The detection limit for
DON is less than 50 pg/kg, which is well below the maximum tolerable level of
500 pg/kg for bread including small bakery wares, pastries, biscuits, cereal snacks
and breakfast cereals [20].

Laser-induced fluorescence is also applied to measure single cell properties in
microfluidic devices [21]. Fluorescence emission has become a powerful tool
because of the high sensitivity and versatility of available fluorescence staining
methods, which enable microbiologists to stain microbial cells according to their
individual biochemical, physiological or taxonomic properties. For high
throughput applications, parallelization is a promising solution involving multiple
probing locations. Figure 14.17 shows the principal set-up of parallel fluorescence
sensors. Laser light at 488 nm is coupled to single mode fibers. Two collimators
are used to collimate the excitation light which propagates via the dichroic beam
splitter to the focusing lenses and finally to the microchannel. The collected
fluorescence light passes the dichroic mirror and is detected by a multianode
photomultiplier, see Fig. 14.17b. The width of the microchannel is 25 pum, the
depth 150 pm. The excitation volume is adapted to this structure. Microbeads
labeled with the fluorophore phycoerythrin (PE) are used to characterize the
sensor. A suspension of microbeads with a diameter of about 8 um are conjugated
with different levels of PE. The conjugation level is quantified by the manufacturer
and given as molecules of equivalent soluble fluorophore (MESF) [22].
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Figure 14.18 shows the detected fluorescence signal of a solution of particles
with different fluorophore conjugation levels taken with a flow rate of 10 pl/min
and a dwell time of 0.4 ms. Particles passing the measurement volume cause signal
peaks with different heights. The variations in height are due to different conju-
gation levels of the beads, the distribution of conjugation strength within one
fraction and the nonuniform sensitivity within the measurement volume.

Figure 14.19 shows the heights of the peaks as a histogram revealing three
populations of different conjugation levels. The mean value of each population is
determined by fitting Gaussian curves to the respective distributions. The mean
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signal levels and the related MESF values are given in Fig. 14.20 and show a
linear relation with a slope of (36 £ 1) cts/(s MESF) with a coefficient of deter-
mination very close to 1. The estimated detection limit is about 2,900 MESF PE
based on a type I error of 1/600000.

References

1

10.
11.

12.

. C. Janzen, R. Noll, Laser-induced fluorescence, in Tailored Light 2, Laser Application
Technology, ed. R. Poprawe (Springer, Berlin, 2011) chapter 19.3, pp. 500-509. ISBN 978-3-
642-01236-5

. P. Klan, J. Witz, Photochemistry of Organic Compounds: from Concepts to Practice (Wiley,
Chichester, 2009)

. http://omlc.ogi.edu/spectra/PhotochemCAD/html/022.html, Feb 1, 2014

. F. Hilbk-Kortenbruck, R. Noll, P. Wintjens, H. Falk, C. Becker, Analysis of heavy metals in
soils using laser-induced breakdown spectrometry combined with laser-induced fluorescence.
Spectrochim. Acta B 56, 933-945 (2001)

. H. Haken, H.C. Wolf, Atom- und Quantenphysik—eine Einfiihrung in die experimentellen
und theoretischen Grundlagen (Springer, Berlin, 1980)

. D. Skoog, J. Leary, Instrumentelle Analytik (Springer, Berlin, 1996)

. F. Settle (ed.) Handbook of Instrumental Techniques for Analytical Chemistry. (Prentice-
Hall, New Jersey, 1997)

. Rompp Chemie Lexikon, Online Version 2.0, Thieme Verlag. www.roempp.com

. D. Andrews, Applied Laser Spectroscopy (VCH Publishers Inc., New York, 1992)

W. Demtroder, Laserspektroskopie (Springer, Berlin, 1997)

J. Lakowicz, Principles of Fluorescence Spectroscopy, 2nd edn. (Kluwer Academic, New

York, 1999)

J. Berg, L. Stryer, J. Tymoczjo, Lehrbiicher der Biochemie, Biochemie, (Spektrum

Akademischer Verlag, Heidelberg, 2003)

. R. Rigler, E. Elson, Fluorescence Correlation Spectroscopy (Springer, Berlin, 2011)


http://omlc.ogi.edu/spectra/PhotochemCAD/html/022.html
http://www.roempp.com

392

14.

15.

16.

17.

18.
19.

20.

21.

22.

14 Laser-Induced Fluorescence

J. Vrenegor, R. Noll, Multi-Punkt-Lasertriangulation mit adaptiver Belichtungsregelung fiir
die 3D-Forminderungsanalyse, cooperative project funded by the German Ministry of
Research, Nr. 13 N 8111, final report, July 2005

W. Bleck, M. Blumbach, Laser-aided flow curve determination in hydraulic bulging. Steel
Res. Int. 76, 125-130 (2005)

V. Sturm, R. Noll, Rolling oil residue on steel strips: measurement using laser-induced
fluorescence, Fraunhofer-Institute for Laser Technology ILT, Annual Report 2000, 73

H. Fuchs, Fuel distributions in engine is monitored with planar laser-induced fluorescence.
Lambda Highlights - Lambda Physik 62, 1-3 (2003)

Pictures by courtesy of Prof. W. Stummer, Laser Klinikum Universtidt Miinchen

C. Janzen, R. Noll, Biochemical analytics in microtiter plates, Fraunhofer-Institute for Laser
Technology ILT, Annual Report 2012, 122

Commission Regulation (EC) No 1881/2006 of December 2006 setting levels for certain
contaminants in foodstuffs, Sect. 2 Mycotoxins, p. L 364/17

G. Meineke, D. Flitsch, A. Lenenbach, R. Noll, Fluorescence sensors for parallel
measurements in multichannel microfluidic devices covering the full channel cross
sections. Proc. of SPIE 8615, 86151C-1-8615C-7 (2013)

A. Schwartz, L. Wang, E. Early, A. Gaigalas, Y. Zhang, G. Marti, R. Vogt, Quantitating
fluorescence intensity from fluorophore: the definition of MESF assignment. J. Res. Natl.
Inst. Stan. 107, 83-91 (2002)



Appendix A

A.1 Interference Visibility

In Fig. 2.19 we have illustrated the measurement of the longitudinal coherence
length with a Michelson interferometer showing a curve of the intensity of the
interfering waves versus the path difference 2AL. The degree of modulation of this
curve decreases with increasing path difference. If the path difference is large
compared to the coherence length L., then this modulation vanishes. In the fol-
lowing we present a more precise description of interference visibility related to
the spectral width of the light source. This interference visibility or contrast of
interference is defined as follows:

Imax - Imin

Imax + Imin

, (A.1.1)

where I, and [, are the maximum and minimum intensities of the
superimposed waves. For I,;, = 0 the contrast achieves its maximum value
C = 1. In general the interference of two waves leads to the resulting intensity
described by (cf. 7.18):

1211—|—12—|-2\/1112(30857 (A12)

with I, I, intensity of the single waves and ¢ the phase difference between the two
waves at the point of interference. The phase difference is described by:

5:]{(.?1 7S2)+51 7(52, (A13)

where k is the angular wave number for each wave, s; and s, the pathes travelled
by wave 1 and wave 2; 01, J, the initial phases of the waves at the chosen origin. In
the case of monochromatic waves of the same angular wave number—as assumed
so far—we obtain from (A.1.1) and (A.1.2):

AV
c=2-V12 (A.1.4)
L+DL
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For simplicity, we consider the case, where the superimposed waves have the
same intensity, i.e.:

IL=I=1I. (A.1.5)

For two monochromatic waves follows then from (A.1.4) and (A.1.5), that the
contrast of interference is C = 1. With (A.1.5) inserted in (A.1.2) we have:

I =2Iy(1 + cosd). (A.1.6)

Let us now extend our considerations by assuming a light source which emits—
instead of a single angular wave number, i.e. a pure monochromatic wave—a
spectrum of waves. We describe the spectral intensity /; of this light source by the
following function:

h:%:@) (A.1.7)

with k angular wave number. We can generalize (A.1.6) with the help of (A.1.7):
[o.¢]
1=2 / F(k)(1 + cos(0)) dk. (A.1.8)

We assume that the function f(k) describing the spectrum of the light source is
symmetric with respect to an angular wave number k. Introducing new variables
and definitions:

K =k — ko, (A.1.9)
fl) =f(K +ko) =" (K) (A.1.10)
allows to rewrite (A.1.8) with (A.1.3):

o o
= 2/ £ A+ 2/ F ) cos[(K + ko) (s1 — 52) + 61 — 6] K.
—00 —00
(A.1.11)
With the abbreviations As = s; — s, and Aé = 0; — 0, and Euler’s formula the
second integral in (A.1.11) is rewritten:

o]

i[(k'++ko)As+Ad) —i[(K'+ko) As-+Ad]
/ £ e +e ar
2
_ % / {f* (k/)eik’Asi(koAerAé) +f* (k/)efik’Asefi(koAerAé) dr’ (A 1. 12)

—00
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With the substitution k = —k’ follows:

/ FrK)e *dsdr = / FH(—k)eikds (—dk) = / Fr(k)e*dk.  (A.1.13)
With (A.1.13) we have for (A.1.12):
% / FH(K)e* A2 cos(koAs + AS) dk'. (A.1.14)

Inserting (A.1.14) into relation (A.1.11) for the second integral then yields:

1=2 / FH(K) dK' + cos(koAs + AS) / k) M| . (A.1.15)

Finally, the interference contrast is with (A.1.15) and (A.1.1):
f f* (k/)eik’Axdk/
C(As) = 70%6— (A.1.16)
J fr(&)dk’

The result (A.1.16) shows that the interference contrast as a function of the path
difference As is proportional to the Fourier transform of the spectrum of the
emitted light of the source.

To demonstrate (A.1.16) we consider the following two spectra of a light source:

(k—ko)z
I()e_ 202
=" " A1.17
fl( ) \/%0_ ( )
I (k=k1)’ (k=t2)?
k) = —2 [e e | (A.1.18)
2no

where ¢ determines the width of the Gaussian function, k, angular wave number at
which the function (A.1.17) attains a maximum; k;, k, angular wave numbers at
which the function (A.1.18) attains local maxima, I, total intensity of both sources.
The functions f; (k) and f>(k) are defined in such a way, that

/ﬁ(k)dk=lo,j= 1,2 (A.1.19)

—00

holds. Spectrum (A.1.17) describes e.g. a single mode laser source, whereas
(A.1.18) is a simple representation of a laser running at two axial modes. The full
width at half maximum of the function f; (k) is given by:
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Fig. A.1 Spectrum of a 60 —Tr——TT T T
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Akpwim = 2V21n20. (A.1.20a)
Figure A.l shows an example of the function f; (k)/I,.
(a) Contrast function (A.1.17):
Inserting (A.1.17) into (A.1.16) yields for the contrast function:
Ci(As) = e A7/, (A.1.20b)

Figure A.2 shows this contrast function. The key point is that the quantity o
appears in the denominator of the exponent of the spectrum (A.1.17) whereas in
the contrast function ¢ occurs in the numerator of the exponent. From this follows
that a broader spectrum, i.e. greater values of o, lead to a contrast function
decreasing faster with increasing As. The behaviour of the two functions—
spectrum and contrast—is inverted. The broader the first one becomes, the
narrower is the second, and vice versa. We have discussed already a similar feature
while introducing the temporal coherence, see Sect. 2.4.2, where the coherence
time is increasing, if the spectrum of a light source becomes narrower.

Let us now take the relations (2.28) and (2.29) from Chap. 2 describing the
dependence of the coherence length L. and the angular frequency width of the light
source Aw:

Aw%:n. (A.1.21)

We assume that Ao refers to the full width of the spectrum of the light source at
half maximum. With w = kc and the differential thereof, we can rewrite (A.1.21):
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Fig. A.2 Contrast function L U L |
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shown in Fig. A.1 10 K= 2.1 x 107 rad m™_|
L =150m
. J
08 -
3 J
= 06 .
O
04 F -
02} e
0.0 1 | L | i 1 i 1 L | L
0 50 100 150 200 250 300
AS [m]

With (A.1.20a) and (A.1.20b) we can calculate the contrast if the path
difference As is chosen to be just equal to the coherence length L.

2,2
_L(ﬂ

Ci(As=L) = e 5 = e ™m ~ 0.41. (A.1.23)

The coherence length defined with relation (A.1.22) corresponds to a decrease
of the contrast to about 0.41. This is a way to measure the coherence length by
successively increasing the path difference As caused by the two interferometer
arms of different lengths until the contrast function reaches the limit given in
(A.1.23), then we have L. = As. For the chosen example, Fig. A.2 indicates the
resulting coherence length of about 150 m. For a laser with this coherence length
the frequency full width at half maximum is calculated with (A.1.21) and
Aw = 2nAf: Af = 1 MHz. This frequency width divided by the frequency at the
maximum of the spectrum amounts to 2.1 x 107 This illustrates the extremely
high spectral resolution achievable with a Michelson interferometer.

Instead of taking the right-hand side of (A.1.21) equal to © another value could
be chosen, so that e.g. the contrast function yields 0.5 for As = L.:

L
Aw—= = 4In2. (A.1.24)
C

This is just a question of definition. With the analogous calculation steps as
above, we find with (A.1.20b) and (A.1.24):

1252 8(In2)*c?
_2ndo
Ci(As=L)=e¢ 2 =e OMiwnn —e ™2 =05 (A.1.25)
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For the chosen example of Fig. A.1 and the right-hand side of (A.1.24) we

obtain for the coherence length L. = 132 m.

(b) Contrast function (A.1.18):

The contrast function (A.1.16) for the spectrum (A.1.18) is calculated with (A.1.9),
(A.1.10) as follows:

o0 o0
1 (k +ko—k ) , (k +ko—k; ) ,
Cy(As) = / e el ME + / e eMMaK|. (AL1.26)
2v/2no
The first integral can be solved with the help of the substitution k = k' + ko — ki :
50 o K
NG 0 "1) RInY, — T AL . A2
/ e Ak = e itkomkAs / e 20%ekMdk = iko—k)AS\ /o5 e 5",
(A.1.27)
In an analogous way we have for the second integral of (A.1.26):
i (k +k k) , 252
/ e eWAsgr = etilok)As g et (A.1.28)
—00

Inserting (A.1.27) and (A.1.28) into (A.1.26) then yields:

1 a2
2

Cr(As) ==

e*i(ko*k[ )AS + e*i(ko*kz)AS ‘

1 a2
= —¢C 2

e ikads| \/(eiklAs | ikl (eikifs y e-ikads)

1 ur: 1 242 —
= EefA2 2\/2(1 + cos((kr — ky)As)) = ze%\/Z -2 cos? (MAS).

(A.1.29)

So we have finally for the contrast function belonging to (A.1.18):

os (@ As) ’ (A.1.30)

Let us consider a HeNe laser with a resonator length of L, then the frequency
spacing between two neighboring longitudinal modes of this laser is given by:

AsZq?

CZ(AS) =e 2

Av=— (A.1.31)

with ¢ speed of light and L, distance between the two resonator mirrors, cf. Sect. 2.5.
As numerical example we take L. =30 cm and with (A.1.31) we obtain
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Fig. A.3 Contrast function L L L
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Av = 5-10%Hz. The distance of the two longitudinal modes expressed with the
angular wave numbers according to the definition chosen in (A.1.18) is then:

2
ky — ki = " Av = 10.47 rad m™". (A.1.32)
C

The resulting contrast function according to (A.1.30) is shown in Fig. A.3. The
contrast varies periodically, a series of minima occur at odd integer multiples of
the resonator length L. Starting with As = 0 and stepwise increasing As the first
drop to C(As) = 0.5 appears for the following path difference:

21

Asgs = ———.
50.5 3(k2 — k1)

(A.1.33)

A.2 Comparison of Spectral Radiance of the Emission
of a Black Body and a Laser Source

The idea of this appendix is to provide the reader a numerical example of the
significant differences of the spectral radiance emitted of a black body at thermal
equilibrium and a laser source. The spectral radiance L; describes the emitted
radiant flux divided by the unit area, the unit solid angle and the unit wavelength
interval. Therefore, the unit of L, is W/(m? sr m). The spectral radiance of a black
body is described by Planck’s law [2]:

2hc? 1

4TS ghe/ AT 7 (A2.1)
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Fig. A.4 Spectral radiance 10° ¢ T —r—rer ——
of the radiation of a black F: ]
body described by Planck’s - F 3
law for temperatures up to 10 3 E
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with & Planck constant, ¢ speed of light, 4 wavelength, & Boltzmann constant
and T temperature. Figure A.4 shows the spectral radiance of a black body for
temperatures ranging from 1,000 to 10,000 K.

For comparison with a laser source we consider a HeNe laser emitting at
A = 633 nm taking the following exemplary data: flux ¢ = 1 mW, full divergence
angle ® = 1 mrad, beam diameter d = 1 mm, spectral line width Av = 1.5 GHz.
The latter can be transformed to a corresponding wavelength width with the help

of the relation ¢ = Av:
2

~

A% =Z-|Av. (A2.2)

o |

Relation (A.2.2) yields then A1Z= 2pm. The solid angle of the laser beam in
the far field for a given divergence angle ® is described by:

AQ =2n(1 — cos(©/2)). (A2.3)
This relation follows from the integral:
2n 0/2
AQ = / / sin 6§ d6 do, (A.2.4)
0 0

where ¢ is the azimuth angle, 0 the polar angle. We can check whether (A.2.3) is
plausible by inserting @ = 27 in (A.2.3) which yields AQ = 4r sr, i.e. the full
solid angle of a sphere.

With the given divergence angle of the laser beam we obtain AQ = 7.85 x 10 7sr.
The spectral radiance of the laser source is given by:
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Fig. A.5 Photograph of a hot
T-beam section illuminated
by a laser light section. The
dark black circle is a band-
pass interference filter cen-
tered at the laser wavelength.
The light passing the filter
reveals a very high contrast
which allows to follow the
shape of the laser line even in
the case of a strong luminous
object

L = _¢ (A.2.5)

n(4)*AQA.

Finally we obtain L = 8.1 x 10’W/(cm’srnm), see data point shown as
open triangle in Fig. A.4. This demonstrates that the spectral radiance of even a
moderate laser with a flux of 1 mW only is by many orders of magnitude higher
than the black body radiation calculated for temperatures up to 10,000 K.

Figure A.5 gives an experimental evidence of this significant difference in the
spectral radiances. A laser light section, cf. Chap. 10, is projected onto a T-beam
section. The scattered light is observed via a bandpass interference filter (black
circular disk in Fig. A.5) with a width of about 10 nm centered at the laser
wavelength. Behind this filter a very high contrast between the laser light and the
black body radiation is observed which mirrors the above stated differences
between the spectral radiances of a coherent and an incoherent light source. This
unique feature is utilized to measure e.g. the flatness of hot heavy plates with laser
triangulation, see Sect. 10.4, Figs. 10.24, 10.25 and 10.26.
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A.3 Derivation of Equation (9.23)

We insert the spectrum of the light source (9.21) in (9.18) and integrate over the
angular wave numbers to gain the quantity /, which we need to describe the signal
for time-domain OCT, cf. (9.19):

00

N
Iy _pkp?
I(Zr):/ <l—|— Rm7~>e [Ak]dk+,,,
; ') rAk

0

—kq

* N
I _[kko)?
-~-+/2;\/Rm7jﬁe =] cos(2k(zr—zm,j))dk. (A3.1)
0

The autocorrelation term is neglected, cf. third term with double sum in (9.18).
The first integral in (A.3.1) is easily evaluated by use of (9.22):

A= (1 + zN:Rm_j) Iy. (A3.2)

J=1

As abbreviation for the second integral to be solved we use:

oo

Iy

NIY:

k—kg

e_[T]z cos(2k(z: — zm,;)) dk. (A.3.3)

0
With the substitution k' =k — ko, and the abbreviation dzj =z — zm; We
obtain:

7 1 _[¥? /
B= / \/E()Ake 5] cos (K + ko)262;) dK'. (A3.4)

—ko

Assuming ko > 0 and ky >> Ak the integrand of (A.3.4) has only significant
positive values close to the origin of the k" axis. Since we assume that the width of
this Gaussian function is small compared to ky, we can approximate the integral of
(A.3.4) by extending the lower integration limit from “—ky” to minus infinity:

T I() _[k_’]2 ’ ’
B = x 20z; . A.3.
/ \/EAke w cos((k' + ko)20z;) dk (A.3.5)

With the trigonometric addition theorem cos(x + y) = cosx cosy — sinx siny,
we have:

B~ / ol [cos(K'20z;) cos (ko20z;) — sin(k'20z;) sin(ko26z;)]| dk'.

(A.3.6)
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The second summand is a point symmetric function with respect to k', whereas
the Gaussian function is a symmetric function with respect to k" and the ordinate.
Therefore, the integral of the product of the second summand and the Gaussian
function becomes zero. So from (A.3.6) we come to:

Iy cos(k025z') r VAL
B =~ \/E—Akj / (& [Ak] COS (k/25z]) dk, (A37)
From [1] the following definite integral is known:
o)
2
/ e cosbx dx = ﬁebez—z. (A.3.8)
a

With a = 1/Ak,b = 20z; and x = k’, we see that (A.3.8) is equivalent to (A.3.7)
and finally get for (A.3.7):

_Iycos (k025zj)
T /mAk

Taking this result (A.3.9), we have now solved (A.3.1) and can write with
resubstitution of the used abbreviations:

N N 2
I(z) = I (1 + ZRmJ) +2Ip > \/Rinjcos(2ko (2 — zm.j)) e (@) A
j=1 j=1

(A3.10)

VIAke 0T = [ cos (kg2z))e 054K (A.3.9)

Relation (A.3.10) is identical to (9.23).

A.4 Derivation of Equation (9.26)

To solve the integral (9.26) we introduce a substitution X' = k — ky:

Ak 2m/mAk

—00

+00 B ) oz +00 )
7 :21 / fo [0 gkeqy — oe™ / o il eqr,  (A4)
Y

Euler’s formula says:
&% = cos(k'z) +1 sin(k'z). (A4.2)

With the help of (A.4.2) the definite integral in (A.4.1) can be decomposed as
follows:
+00 +00 +00
AT K12 K12
/ e i &g = / e M cos(Kz)dk +1 / e [ sin(K'z)dk. (A.4.3)

—00 —00 —00
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The first term on the right handside of (A.4.3) is a symmetric function of
z (symmetric about the y-axis), whereas the second term is a point symmetric
function with respect to z (symmetric about the origin). Hence, the second term on
the right handside of (A.4.3) is zero. The first term is a known definite integral [1]:

+00 +oo

/72 112 2422
/ e i cos(k'z)dk’ = 2/ e [x] cos(Kz)dk' = v/mAke 3~ (A.4.4)
—00 0

for Ak > 0. Inserting (A.4.4) in (A.4.1) then yields:

- I ik(]z
F@) = 2 /rlke

212 nloelkoz _2m2
4 =—¢ 4

= A4.
2my/TAk 2n (A4.5)
Relation (A.4.5) is identical to (9.26).
A.5 Derivation of Equation (9.27)
We start with (9.25), insert (9.20) and for I; (9.18):
S(2) =5 / Iox <1 + ;Rm_;) eedk + / Io,kzi; V/Rin,j €08 (k2(zr — zm ;) )e"“dks .
(A5.1)

Relation (A.5.1) is decomposed in two summands. For the first summand we
have with (9.21) and (9.26):

N 202 N B
Si(z) = % <1 + ZRm,, ,) Ipe*ie™ " = (1 + ZR,H? ,) f(z). (A5.2)
j=1 j=1

For the second summand we obtain after insertion of (9.21) and the abbrevia-
tion Az; = Z(Zr - sz):

o]

~ 2]/’ N 10 _(k’kf))z i
$2(z) = %; \ /Rm‘jm / e @ cos(kAz) e*dk. (A5.3)
We abbreviate the definite integral with the letter B:
o0
(k-4o)* .
B = / e a2 cos(kAz) e*dk. (A5.4)
With the substitution k' = k — ko follows from (A.5.4):
2o,
B = / e~ e %oz cos [ (K + ko)Az]dK . (A5.5)

-0
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With Euler’s formula (A.4.2) this can be rewritten and decomposed in two

summands:
eikoz x k’z .y L1y ik
B = / e adeik? [el(k o)Ay @ik Hko)Az | qp/
2 b
—00
eikoz

The summand b, can be converted as follows:
o0
. w2 .
by = et / e e (++49) gi

—00

(A.5.6)

(A.5.7)

(A5.8)

With Euler’s formula (A.4.2) we see, that the integrand is again a sum of a
symmetric and a point symmetric function, hence the integral over the second

summand vanishes and we obtain:
o0
; 2
by = efody / e~ &2 cos (k’ (z + Azj))dk'.
—00

This integral is known, cf. (A.3.8) and (A.4.4):

(s+45) a2

by = &%\ /nAke”
Analogously we have for the second summand:

(s-05)? a2

by = e A% /rAke”

Now we insert these summands into relation (A.5.7):

B =

eikoz (=+a5)° a2 (zAzj)zAk2:|

5 V/TAk [eik"AZf e+ 4e hAyem
This can be rewritten with (A.4.5):

o VA

2nf (z+ Az)  2nf(z — Az)
> +

nlp nlp

Going back to (A.5.3) and cancelling some terms we get:

$:(2) = Y /Ruj(Fz+Ag) +f(z - Ag)).

J=1

(A5.9)

(A.5.10)

(A5.11)

(A5.12)

(A.5.13)

(A.5.14)



406

Inserting (A.5.2) and (A.5.14) into (A.5.1) then finally yields:

Appendix A

$@) =F@{ 1+ D _Ruj | + | D VR j(fe+Ag) + 7~ Ag) | (A5.15)

The expression (A.5.15) is identical to (9.27).
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BOXCARS Variant of CARS, cf. Fig. 13.31 1332 362
CD Compact disc 12.3.1 314
DC term Undiffracted reference wave 7.4.1 185
CARS Coherent anti-Stokes Raman spectroscopy 13.3 355
CLSM Confocal laser scanning microscope 12 305
CCD Charge-coupled device 5.4.5,10.2.4, 135, 260,
Table 10.1, Fig. 5.38 261
CMOS Complementary metal oxide semiconductor  10.2.4, Table 10.1 260, 261
CRM Certified reference material 13.1.6 336
DON Deoxynivalenol 14.7 388
DVD Digital versatile disc 12.3.1 314
E-CARS CARS in backward direction 13.3.4 368
ESPI Electronic speckle interferometry 8.3.3, Fig. 8.11 213, 214
F-CARS CARS in forward direction 13.3.4 367
FD-OCT Fourier domain OCT 9.1.2, Fig. 9.19 235, 244
FLIM Fluorescence lifetime imaging 14.6 382
FPS Fluorescence polarization spectroscopy 14.5, Fig. 14.7 380, 381
FWHM Full width at half maximum 12.1.2 307
IR Infrared 543 131
LAM Laser additive manufacturing 1 2
LDA Laser Doppler anemometer 11.3, Fig. 11.3 292
LIDAR Light detection and ranging 13.2, Fig. 13.17 343, 344
LIBS Laser-induced breakdown spectroscopy 13.1, Fig. 13.1 324
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(continued)

Abbreviation Explanation Chapter(s), Page
Figure(s), Table(s) numbers

MEMS Microelectromechanical 9.3 243

systems

MESF Molecules of equivalent soluble fluorophore 14.7 389

MOS Metal-oxide-semiconductor 5.4.5, Fig. 5.37 134

MOSFET Metal-oxide-semiconductor field effect 545 134

transistor

NA Numerical aperture 12.1.1, (12.1), 12.1.2, 3006, 308,
Table 12.1 315

OCT Optical coherence tomography 9, Fig. 9.1 227

OPO Optical parametric oscillator 13.3.1 360

PDA Photodiode array 54.5 135

PET Polyethylene terephthalate 9.3, Fig. 9.19 244

PIN Positive-instrinsic-negative photodiode 532 121

PSF Point-spread function 12.1.2 307

ROI Region of interest 10.2.4 262

ptv Peak-to-valley 7.5.2, Fig. 7.22 193

SEM Scanning electron microscopy 12.3.1 315

TCSPC Time correlated single photon counting 14.6, Fig. 14.8 382

TD-OCT Time-domain optical coherence tomography 9.1.1, Fig. 9.3 229

uv Ultraviolet 543,93 131, 244

VCO Voltage controlled oscillator 11.3.2, Fig. 11.16 296

VIS Visible 543 131

2-D Two dimensional 10.1, Fig. 10.2 249

3-D Three dimensional 10.1, Fig. 10.2 249

Notations and list of symbols

The following notation rules are used in this book:

a) physical quantities are written with italic characters to visualize that these
quantities have a unit, example: P, radiant flux; unit: Watt,

b) mathematical variables are also written with italic characters to clearly
distinguish these from units or numbers, example: j =1, 2, ...,

¢) numbers including the imaginary unit i = v/—1, and the Euler number e are
set with non-italic characters; mathematical functions are also set with non-
italic characters, example J,, zeroth order Bessel function,

d) units are set with non-italic characters to clearly distinguish these form the
cases a), b); example: m, meter,

e) abbreviations for objects or denominations of points are set with non-italic
characters, examples: r, stands for reference beam or P, denotes a point,

f) differentials are written with non-italic characters followed by a physical

quantity written with italic character, example: dx.
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Symbol Description Unit Chapter(s), Figure(s), Formula(s)
a Typical dimension of diffracting m 2.3, (2.16)
aperture
A7) Autocorrelation function [s(O? 11.3.2, (11.38)
A Absorptance 1 5.1, (5.1), 13.1.3, (13.8),
A Resolution 1 6.2.4
Aji Einstein coefficient for st 13.1.3, (13.8)

spontaneous emission for the
transition from the upper
level j to the lower level i

o Absorption coefficient m! 3.3.1, (3.12), (7.7)
o Angle of incident laser beam rad 2.2.3, (2.10), 10.2.1, (10.9)
Temperature coefficient 1/K 5.1.2, (5.18)

oy Angle of deflection in the x- rad 10.2.5, (10.35)
direction

(o) Specific rotation rad/m 4.1.2, (4.6)

b Image distance m 8.2.1, (8.3)

b, spectral intensity of the W/m 13.1.5, (13.12)
background radiation

B Size of the image m 8.2.1, (8.4), 10.1.1

B, Angular spectrum bandwidth rad s~ 11.2.2, (11.18)

p Opening angle of the objective  rad 10.2.4, (10.31)

p(r,t) Scattering coefficient per solid ~ m™'sr™! 13.2.1, (13.17)
angle per path length

c Speed of light m/s 2.1,3.2,(2.4), 34)

c Specific heat capacity J/(kg K) 13.1.2, (13.3)

Cq Heat capacity J/IK 5.1, (5.1)

Pas) Electrical susceptibility of first ~ As/(Vm)  13.3.1
order

dip Displacement in the film plane m 8.2.1, (8.5)

dop Displacement in the object plane m 8.2.1, (8.6)

dplasma Plasma diameter M 13.1.4, (13.10)

dsp Speckle size m 8.2.1, (8.7)

d, Object translation within the m 8.3.2, Table 8.1
object surface

d, Object translation perpendicular m 8.3.2, Table 8.1
to the object surface

d Displacement vector m 8.3.2, (8.26), (8.28)

dQget Solid angle of receiving optic sr 13.2.1, (13.18)

D Thickness of hologram, diameter m 7.1, (7.7), 8.1, (8.2), Fig. 8.6,
of aperture 10.2.4, (10.11)

D Optical density 1 5.4.1, (5.55)

D, Diameter of circle enclosing the m 8.2.1, Fig. 8.4
interference pattern in the
observation plane

Dy, Pinhole diameter m 12.1.2, (12.8)

(continued)
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Symbol Description Unit Chapter(s), Figure(s), Formula(s)
On Heat penetration depth m 13.1.1
Oopt Optical penetration depth m 13.1.1
5(Zm — Zm.j) Dirac function m~! 9.1.1, (9.11)
U (x, ) Phase of scattered waves in the rad 8.3, (8.21)
observation plane
A Path difference m 2.3.1, (2.19)
A Phase difference rad 8.2.2, (8.17)
AQ. Solid coherence angle ST 2.4.3, (2.33)
ANy, Fluctuation of number of 1 10.2.4
speckles per pixel
Ap Width of pixel m 10.2.4, Fig. 10.15
AFmin Lateral resolution m 12.1.2, (12.5)
Ar Temporal width S 9.1.1, 9.1)
Ay Height of pixel m 10.2.4, Fig. 10.15
Az Uncertainty in the determination m 10.2.1, (10.9), Fig. 10.7, 10.2.4,
of the light spot on the z-axis (10.32)
Azég Measuring uncertainty in the m 10.2.4, (10.25), (10.29)
determination of the position
of the light spot in the
detector plane
e elementary charge C 5.1.3, (5.50)
& Unit vector describing the 1 11.1
direction of the incident wave
A Unit vector describing the 1 11.1
direction of the scattered
wave
E Electric field strength vector V/m 2.1, (2.1a)
Eo Electric field strength amplitude V/m 2.1, (2.1a)
Eng, Eck Complex spectral field strength  V/rad 9.1.1, (9.10)
in the measuring arm,
reference arm
E, Complex amplitude of the V/m 7, (7.1)
electric field of the object
wave
E¢ Complex amplitude of the V/m Fig. 7.5, (7.8)
electric field of the object
wave of the displaced object
E; Complex amplitude of the V/m 7, (7.1), 9.1.1, (9.5)
electric field of the reference
wave
€ Slope of the linear part of an mZ/(Ws) 7,(7.2)
amplitude transmission curve
EAB Seebeck coefficient V/K 5.1.1, (5.16)
£ Permittivity of free space AsV~'m™! 3.4.3, (3.20a)
8/‘_;‘19(;) Line emission coefficient of the W/(m®> st 13.1.4, (13.9)
transition j — i Hz)
n Modulation index 1 11.2.2, (11.7)

(continued)
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(continued)
Symbol Description Unit Chapter(s), Figure(s), Formula(s)
n Quantum efficiency 1 5.3.1, (5.43)
F Area m? 5.1.3, (5.25)
Vs Focal length m 7.1, Fig. 7.3, 8.2.1, (8.3), 10.1.1,
(10.2), 10.2.1, (10.6)
f Frequency 1/s 2.1, (2.4), 5.1.3, (5.50)
®o Phase angle rad 2.1 (2.1)
¢ Phase of the object wave rad 7.1, (7.8)
i Phase shifts rad 7.3.3, (7.19)
bsp Size of speckles m 10.2.4, (10.11)
g Object distance m 8.2.1, (8.3)
G Size of the object m 8.2.1, (8.4), 10.1.1
I'(v) Line profile as a function of the 1/Hz 13.1.4, (13.9)
frequency
h Planck constant Js 3.1, 13.1.4, (13.9)
H Brightness on the monitor a.u. 8.3.3, (8.50)
H Radiant exposure J/m?> 5.4.1, (5.56)
H Magnetic field strength vector ~ A/m 2.1, (2.1b)
Ho Magnetic field strength A/m 2.1, (2.1b)
amplitude
icg Center of gravity of the counter 1 10.2.4, (10.12)
variable i
1 Intensity, irradiance W/m? 2.1, (2.6), 6.1.1, (6.5b)
1 Current A 5.1.3, (5.29)
I; Intensity of an element line of an a.u. 13.1.1
analyte j
I Photovoltaic current A 5.3.2, (5.50)
I Intensity of a reference line a.u. 13.1.1
I(r) Intensity profile W/m? 10.2.2
I(x, y) Irradiance as function of the W/m?> 7, (7.1)
coordinates x, y
I'(?) Intensity distribution of the W/m? 10.2.2
imaged light spot in the plane
of detection
I Spectral irradiance W/(m rad) 9.1.1, (9.16a)
Jo Zeroth order Bessel function 1 8.3.4, (8.57)
Ji Line intensity of species k a.u. 13.1.5, (13.13)
k Angular wave number rad m™! 2.1, (2.3)
k17k2; k7];’ Angular wave vectors of incident rad m : 7.1, (7.16), 8.3.2, (8.26)
and scattered light
K Number of beam quality 1 2.6.3, (2.39)
K Kerr’s constant m/V? 3.24, (3.10)
K Constant 1 10.2.4, (10.29)
K Thermal diffusivity m%/s 13.1.2
1 Displacement vector m 7.1, (7.16)
Distance between mirrors m 2.5, (2.34)
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(continued)
Symbol Description Unit Chapter(s), Figure(s), Formula(s)
L Distance between scattering m 2.3, (2.16), 8.1, (8.1)
surface and observation
screen
L. Coherence length m 2.4 (2.28), 9.1.1, (9.1)
A Wavelength m 2.1, (2.3), 8.1, (8.1)
A Wavelength m 4.1.1, (4.4)
mr, Slope 1 10.1.1, (10.1), Fig. 10.4
M, Angle enlargement 1 7.1
M, Enlargement in the z-direction 1 7.1
M, Measuring range in z-direction ~m 10.2.1, (10.8)
M Ray transfer matrix N/A 4.2.1, (4.22)
M Number of modes 1 4.3.1, (4.64)
M Beam propagation ratio 1 2.6.3, (2.42)
u(4,R) Spatial dependent extinction m~! 13.2.1, (13.15)
coefficient
n Integer 1 7.1, (7.11)
n Refractive index 1 3.2.2,7.1, (7.7), 10.2.5, (10.35)
N Resolving power 1 10.2.1, (10.10)
NA Numerical aperture 1 12.1.2, (12.4)
N; Density of species a with charge m ™ 13.1.4, (13.9)
z
Ngp Number of speckles per pixel 1 10.2.4
Vji Frequency of the transition from Hz 13.1.4, (13.9)
J 1
[0} Angular frequency of oscillation rad s7! 2.1, (2.1), 8.3.4, (8.53)
P Momentum kg m s7 31,32
P Pyroelectric coefficient Cm™2 5.1.3, (5.28)
K-!
P Electrical polarization As/(mz) 3.5, (3.20a), 13.3.1, (13.32)
P Power W 5.1, (5.1)
P Radiant flux w 5.3.2, (5.50)
q Natural number 1 2.5, (2.34)
q Complex beam Parameter m 4.2.1, (4.18)
(0] Charge C 5.2.1, (5.36)
0O; Radiant energy received by pixel J 10.2.4, (10.12)
element i
r Electro-optical coefficient m/V 3.2.4, (3.11)
Fm Reflection coefficient of the 1 9.1.1, (9.6)
measuring object
R Distance between light source m 2.3, (2.16)
and diffracting aperture
R Reflectivity, reflectance 1 3.2.2,(3.6),4.1.1, (4.2) 13.1.2, (13.
4)
R Resistance Q 5.1.2, (5.18)
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(continued)
Symbol Description Unit Chapter(s), Figure(s), Formula(s)
R Reflectivity in the measurement 1 9.1.1, (9.17)
path at location j
Rq Thermal resistance K/(sz) 5.1, (5.2a)
Ty Beam radius m 13.1.2, (13.2)
Tm, 2 (Zm) Reflection coefficient in the m™! 9.1.1, (9.11)
measurement path per unit
length
o Radius of curvature of the phase m 2.6, (2.40)
surfaces
0 Density kg/m® 13.1.2, (13.3)
s(1) Local enlongation m 8.3.4, (8.53)
Scg Standard deviation of iy 1 10.2.4, (10.19)
S Distance between objective and m 10.2.4, (10.11)
image plane
Sopt Optical path length m 4.14, (4.15)
S Spin Js 3.1, (3.3)
Sk Signal of Fourier-domain OCT  a.u. 9.1.1, (9.20), 9.1.2
depending on the angular
wavenumber at constant
position of the reference
mirror
S, Spectral intensity W/m 13.1.5, (13.11)
S(z) Signal of time-domain OCT as a a.u. 9.1.1, (9.19)
function of the position of the
reference mirror
S(Z) Inverse Fourier transform of S;  a.u. 9.1.2, (9.25), (9.27)
S Poynting vector W/m2 6.1.1
ai(4) Absorption cross-section of the ~m? 13.2.1, (13.28)
gas i at the wavelength 1
X Sensitivity K/W 5.1, (5.7)
t Complex amplitude transmission 1 (7.7)
t Time S
T Transmittance 1 3.3.2, (3.15)
T Integration time of the video S 8.3.4, (8.56)
camera
T Temperature K 5.1, (5.1), 13.1.2, (13.3)
To Transmittance at low intensities 1 3.3.2, (3.15)
Ty Beat period s 2.2,(2.13), 11.2.1, (11.12)
T. Coherence time S 2.4.1, (2.28), 9.1.1, (9.2a)
T Exposure time S 5.4.1, (5.56), 7, (7.2)
(35) Time constant of the detector S 13.2.1, (13.21)
Ty Duration of the laser pulse S 13.2.1, (13.21)
0o Opening angle of Gaussian beam rad 2.6.1, (2.39)
0s Brewster angle rad 322, 3.7)
0, Critical angle of total reflection rad 3.2.2, (3.8)
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(continued)
Symbol Description Unit Chapter(s), Figure(s), Formula(s)
u, v Coordinates m 10.1.1, (10.1)
i (T) Partition function of species 1 (13.1.4), (13.9)
a with charge z
U Voltage of video signal \% 8.3.3, (8.48)
U p Half-wave voltage v 4.1.3, (4.10)
VR Velocity of the reference mirror m/s 9.1.1, (9.1)
Vih Average thermal speed of the m/s 13.1.4, (13.10)
atoms and ions in the plasma
v Velocity vector m/s 11.1, (11.5)
\% Verdets’s constant rad/A 4.1.2, 4.7)
w, Wo Waist radius of laser beam m 2.6.1, (2.37a),4.2.1, (4.19), 10.2.1
w Photon energy J 3.1, (3.1)
Ww Work function J 5.1.3, (5.33)
Zm Position of measuring object M 9.1.1, (9.6)
Zr Position of reference mirror m 9.1.1, (9.5)

(continued)
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A

Abbe, 268

Aberration, spherical, 259
ABCD Law, 80

Absorbance, 99

Absorbed laser intensity, 330
Absorptance, 328
Absorption, 51

Absorption coefficient, 171
Absorption cross-section, 348
Absorption, non-linear, 53
Absorption spectroscopy, 376
Acoustic vibrations, 290
Acousto-optic modulator, 67, 76, 283
Aerosol particles, 353

Aging effect, 113

Airy disk, 16, 197

Alkali metals in the atmosphere, 354
Aluminum scrap metal, 338
Amplitude, 5

Amplitude hologram, 171
Angle measurements, 156
Angle of acceptance, 91
Angle of deflection, 268
Anthracene, 374

Antibodies, 378

Anti-Stokes frequency, 58
Anti-Stokes wave, 357

A-, B- and C- scans, 222
Astigmatism, 259
Atmosphere research, 352
Atmospheric influences, 268
Atmospheric optical quantities, 346
Autocorrelation, 379
Autocorrelation function, 299
Autocorrelation term, 233
Avalanche photodiode, 124
Averaging, spatial, 215

B

Babinet’s phase shifter, 78
Background radiation, 334
Bandwidth, 235, 285
Basicity of liquid slag, 340
Beam deflection, 269
Beam expansion, 87

Beam quality number, 32
Beam radius, 28

Beam scanner, 310

Beam splitter, 66

Beam waist, 28

Bearings, 290

Beat frequency, angular, 284
Beat period, 11, 283

Beat signals, 153

Bessel function, 217
Birefringence, 49

Blood vessels, 243

Blu-ray disc, 315
Bolometer, 106
Boltzmann constant, 102
BOXCARS, 361

Bragg cell, 68

Brewster angle, 45
Brightness, 215

Broadband CARS, 363
Broadband Stokes source, 360
Brownian motion, 379
Built-in voltage, 121

C

Calibration, 220

Calibration curve, 324
Calibration measurements, 335
Car body, 292

Car door handle, 220
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Carrier angular frequency, 288

Cat’s eye, 66

CCD image sensor, 135

CCD line array, 251, 260

Center of gravity determination, 257

Center of gravity of the light spot, 264

Channel electron multiplier, 117

Characteristic curve of a triangulation
sensor, 251

Chopper, 74

Circular aperture, 16

Circularly polarized light, 12, 70

Classification of pattern features, 275

Cloud formations, 353

CMOS image sensor, 137

CMOS-line arrays, 260

CO, laser, 365

Coaxial cable, 138

Coherence, 18

Coherence area, 21

Coherence function, 235

Coherence length, 155, 214, 228

Coherence length, longitudinal, 21

Coherence length, transverse, 22

Coherence, spatial, 23

Coherence time, 21

Coherent anti-Stokes Raman
spectroscopy, 355

Coherent molecular vibrations, 358

Collision of second kind, 52

Coma, 259

Combustion chamber, 301, 387

Combustion processes, 363

Compact disc, 314

Complex beam parameters, 81

Complex notation, 146

Complex spectral field strengths, 231

Component vibrations, 290

Computer hard drives, 290

Concentration, 323

Confocal, 306

Confocal laser scanning microscope, 305

Confocal microscopy, 305

Conjugate object wave, 167, 183

Conservation laws for energy and momentum
in the photon model, 357

Conservation of frequency, 58

Continuously casted steel bar, 301

Continuous spectrum, 333

Continuous wave mode, 186

Contour, 248

Contour measurement, 270

Contrast of the interference, 282

Coordinate-measuring machine, 275

Index

Core, 90

Correlation, 210

Correlation fringes, 207, 211, 218
Counter, 296

Cross correlation term, 233
Cross-section of rails, 277
Current-voltage conversion, 140
Cutoff frequencies, 102, 296
Cutoff wavelength, 111

D

Dark current, 121

Dashboards, 218

Debondings, material delaminations,
cracks, impacts, indents,
material inclusions, 223

Defect types, 275

Demodulator, 286

Depth concentration profiles, 340

Depth of modulation, 294

Depth resolution, 342

Derivation of object displacements, 211

Detection of organic molecules, 376

Detection sensitivities, 336

Detector aperture, 351

Diagnostics of coronary atherosclerosis, 241

Differential, 293

Differential absorption LIDAR, 348

Diffraction, 13

Diffraction angle, 15, 23

Diffraction efficiencies, 172

Diffraction order, 182, 202

Diffuse reflection, 49

Digital holography, 182

Digital holographic interferometry, 185

Digital signal processors, 287

Digital versatile disc, 314

Dirac function, 231

Direction of polarization, 12

Dispersion, 60

Dispersion relation, 6

Displacement field, 216, 218

Displacement gradients, 204, 211

Displacement vector, 176, 207, 210

Doppler effect, 60, 153, 279

Doppler LIDAR, 355

Doppler shift, 281

Double slit, 16

Double-exposure method, 173, 186

Double-exposure recording, 180

Dual-frequency interferometer, 152

Dynamic range, 350

Dynodes, 116



Index

E

E-CARS, 368

Electric field strength, 5
Electric polarization, 108
Electrical gas discharges, 363
Electrical polarization, 355
Electrical susceptibility, 58, 355
Electron densities, 331
Electronic speckle interferometry, 213
Electron multiplier, 115
Electro-optic shutter, 333
Element, 323

Elementary bundle, 20
Elementary charge, 113
Elliptically polarized light, 12
Emission spectrum, 324
Emission, spontaneous, 25
Emission, stimulated, 25
Energy balance, 331
Enlargement, 170
Environmental protection, 352
ESPI, 213

Extinction coefficient, 344
Extraordinary beam, 49

Eye, 241

F

Faraday effect, 71

Faraday rotator, 71

Far-field divergence, 28

Fatigue effect, 113

F-CARS, 367

FET amplifiers, 140

Fiber-based Fourier-domain OCT, 239

Fiber lasers, 343

Fiber stretchers, 239

Field strength, electrical, 5

Field strength, magnetic, 5

Filtering, spatial, 24

Filtering, temporal, 22

First spatial momentum of the intensity dis-
tribution, 261

Flatness of rolled heavy plates, 273

Flatness topologies, 275

Flow-cytometry, 378

Flow fields, spatial, 301

Fluorescence confocal laser scanning micros-
copy, 306

Fluorescence correlation spectroscopy, 379

Fluorescence emission spectrum, 376

Fluorescence excitation, 373

Fluorescence excitation spectrum, 376

Fluorescence LIDAR, 353

417

Fluorescence life time, 380, 382
Fluorescence marker, 378
Fluorescence microscopy, 387
Fluorescence polarization spectroscopy, 380
Fluorescence spectroscopy, 376
FM-discriminator, 287

Foam parts, 218
Folded-BOXCARS, 362
Fourier-domain OCT, 233, 235
Fourier transformation, inverse, 235
Franck-Condon factors, 374
Fraunhofer diffraction, 13
Frequency, angular, 284

Frequency doubling, 58
Frequency-modulated detector signal, 284
Frequency shift, 279

Fresnel’s formulas, 45
Fresnel-Kirchhoff integral, 184
Fresnel zone plate, 168

Fringe spacing, 209

Fuel distribution, 386

G

Gabor, 165

Galvo-scanner, 291

Gas discharges, electrical, 363
Gaussian beam, 27, 253
Gaussian function, 265
Generation-recombination noise, 119
Glan-Taylor prism, 72
Glaucoma, 241

Gradient fibers, 89

Graphite furnace, 364
Grating, 18

Grating constant, 18

H

Half-wave plate, 74

Handheld measuring probe, 343
Heat conduction equation, 328
Heat penetration depth, 327
Hertzian dipole, 46, 56
High-alloy pipe fittings, 336
High-alloy steel grades, 336
Hologram, 166, 182
Holographic interferometry, 165, 172
Holographic recording, 166
Hot sheet metal, 275

Human eye, 35

Human cornea, 241
Huygens-Fresnel principle, 13
Hydraulic bulging, 383
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I

I and Q signals, 289

Identification testing, 336

IEC standard, 337

Illumination aperture, 197

Image converter, 132

Image shear, 213

Imaged light spot, 257

Imaging aberrations, 259

Imaging equation, 198

Imaging speckle pattern photography, 198
Impedance conversion, 140

In vitro diagnostics, 387
Inclination factor, 13

Inclusions, 218, 341

Inline analysis, 338

Inline control, 336

In-plane, 209

Inspection equipment monitoring, 337
Inspection of tires, 223

Intensity, 8

Intensity of the CARS signal, 359
Interference fringes, 200
Interference fringe spacing, 200
Interference term, 233
Interferometry, 145

Intermediate frequency carrier, 289
Intermittence effect, 127
Irradiance, 7, 147

J

Jablonski term scheme, 374

K

Kasha’s rule, 374
KDP, 79

Kepler’s telescope, 87
Kerr cell, 75

Kerr effect, 50

L

Labeled antigen, 381

Lacquer industry, 300
Lambert-Beer law, 344
Lambert’s cosine law, 48
Lambert’s emission law, 258
Lambert’s law of absorption, 51
Laser classification, 39

Laser Doppler anemometer (LDA), 292
Laser Doppler anemometry, 279
Laser Doppler methods, 279

Index

Laser-induced plasma, 324

Laser-induced breakdown spectroscopy
(LIBS), 324

Laser interferometry, 145

Laser light section, 270

Laser light section technique, 247

Laser material analysis, 324

Laser measurement technology, 2

Laser mirror, 218

Laser protection, 34

Laser radiant flux, 219

Laser sorting system, 338

Laser-specific risks, 35

Laser spectroscopy, 323

Laser triangulation, 247

Laser vibrometer, 188, 281

Laser vibrometry, 279

Latent image, 125

Lateral effect diode, 137, 260

LIDAR equation, 345

Lifetime of the plasma, 332

Light detection and ranging, 343

Light scattering, 55

Light spot, 251

Limits of detection, 376

Linear absorption coefficient, 51

Linearity error, 243

Linearly polarized wave, 12

Line emission coefficient, 332

Liquid slag, 338

Local strain determination, 383

Longitudinal, 20

Loudspeaker, 189

Lower limit of the measuring uncertainty for
laser triangulation sensors, 267

Low pressure discharge, 365

Luminous exposure, 126

M
Machine tools, 290
Magnetic tapes, 291
Magnification, 198
Maiman
Theodore, 2
Mass ablation, 331
Master oscillator, 287
Matching resistor, 138
Material composition, 323
Material dispersion, 95
Measurement frequencies, 261
Measurement rate, 336
Measuring range of laser vibrometers, 290
Measuring range of triangulation sensor, 254



Index

Measuring resistor, 135
Measuring uncertainty, 266
Medical imaging technique, 227
Membrane of a loudspeaker, 291
Metal and dielectric mirrors, 63
Metallic coatings, 342
Michelson, A. A., 148

Michelson interferometer, 21, 205
Micro beads, 389

Microchannel plates, 133
Microtiter plates, 388
Microtopology of weld seams, 278
Mie scattering, 56, 296

Mirrors, 63

Mixing stage, 286

Mobile laser material analyzing systems, 343
Mode dispersion, 95

Modulation index, 285

Molecular partial density, 361
MOS capacitors, 134

MOSFET readout, 135
Multi-layer PET preform, 243
Multi-mode fiber, 93
Multi-photon process, 359
Multiple scattering, 260

Multi point scanners, 310
Mycotoxins, 388

N

N, distributions, 353

Net line intensity, 334
Nitrogen gas, 359
Non-destructive testing, 165
Non-linear absorption, 53
Non-linear polarization, 357
N, temperature, 367

Number M of modes, 93
Number of particles, 335
Numerical aperture, 91, 267, 306
Numerical reconstruction, 185

(0]

Object displacements in the object
surface, 209

Object displacements perpendicular to the
object surface, 207

Objective scanners, 310

Object rotation, 176

Object scanners, 310

Object translation, 176

Object wave, 167
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OCT, 227

OCT sensors, 237

Operational amplifiers, 140
Ophthalmology, 241

Optical amplifier, 25

Optical axis, 49

Optical coherence tomography, 227
Optical density, 126

Optical disc scanning systems, 314
Optical-feedback amplifier, 25
Optical fibers, 89, 95

Optical measurement methods, 1
Optical parametric oscillator, 360
Optical penetration depth, 327
Optical pick-up systems, 317
Optical resonator, 25

Optical scanning system, 316
Optical signal compression, 351
Ordinary ray, 49

Organic material, 227

Organic pollution in sea water, 354
Organic tissue, 227

Ortho chromatic, 127

Oscillating engine bonnet, 190
Oscillating object, 188

Oscillation, harmonic, 285, 289
Oscillator, local, 286

Ozone distribution, 353

Ozone in the stratosphere, 352

P

Pan chromatic films, 127
Parallel fluorescence sensors, 389
Particle concept, 42
Pentaprism, 65

Phase angle, 8

Phase change, 210

Phase difference, 204, 206
Phase grating, 67

Phase hologram, 171
Phase information, 166
Phase-modulating material, 129
Phase shifter, 77
Phase-shifting method, 180
Phase velocity, 6, 42
Phosphorescence, 373
Phosphor screen, 132
Photocathode, 115
Photocurrent, 121
Photodiode, 119
Photodiode arrays, 135
Photoelectric cell, 112



420

Photoelectric detectors, 111
Photoelectric effect, 111

Photo fragments, 378
Photographic films, 125
Photographic plate, 182
Photomultiplier, 115

Photon correlation, 299
Photon-correlator, 296

Photons, 41

Photoresistor, 118

Photovoltaic element, 121
Piezoelectric transducers, 239
PIN photodiode, 124

Pixels, 134

Planar laser-induced fluorescence, 386
Planck’s constant, 42

Plane hologram, 170

Plasma phenomena, 189
Plastics, 330

P-n junction, 121

Pockels cell, 79, 187

Pockels effect, 51

Poisson distribution, 262
Polarization, 58

Polarization degree, 381
Polarization, electrical, 106, 344
Polarization interferometer, 149
Polarization, non-linear, 357
Polarization-sensitive beam splitters, 67
Polygon mirror, 271
Polyurethane foam, 220
Population numbers, 359
Position-sensitive detector, 248
Preamplifier, 140
Pre-exposure, 128

Principle of superposition, 8
Principal plane, 49

Production flaws, 218

Profile, 273

Profilometer, 313
Protein-protein interactions, 379
Pseudoscopic distortion, 184
Pure rotation, 178, 179

Pure translation, 178
Pyroelectric coefficient, 108
Pyroelectic detectors, 108

Q

Quadrature signals, 287
Quantum efficiency, 112
Quarter-wave plate, 69

R

Radial error, 317

Radiant energy, 186, 263
Radiation transport equation, 332
Radicals, 378

Radius of cladding, 90

Raman scattering, 57

Rayleigh length, 28, 253
Rayleigh scattering, 56, 295

Ray transfer matrix, 81

Real image, 167

Real-time method, 174
Reconstruction of the hologram, 166
Reconstruction wavelength, 169
Recycling, 338

Reference samples, 324
Reference wave, 167
Reflectance, 45, 64

Reflection, 44

Reflection coefficient per unit length, 231

Reflection hologram, 172
Refractive index, 43

Refractive index ellipsoid, 50
Refractive index gradient, 268
Refractometer, 155

Regions of interest, 262

Relative measurement, 349
Residues of organic substances, 385
Resolution, 128, 307

Resolution in the z-direction, 255
Resolution, lateral, 185, 307, 335
Resolvable object displacement, 200
Resolving power, 102

Retina, 35

Retinal tissue, 241
Retroreflectors, 66, 148

Reverse current, 121

Rise time, 101, 117, 123

Rolled sheet metal, 258

Rolling mill, 275

Rotational CARS, 361

Rotational levels, 361

Rotation diffusion time, 380
Roughness, 196

Ruby laser, 186

S

Saturation current, 113
Scanners, 310

Scanning CARS, 363
Scanning microanalysis, 340
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Scanning sensor, 270

Scan rate, 243

Scattering characteristics, 258

Scattering coefficient, 345

Scattering of light, 41

Scattering particle types, 300

Scheimpflug condition, 249

Schottky diodes, 125

Schwarzschild effect, 127

Secondary emission, 115

Seebeck coefficient, 104

Semiconductor detectors, 118

Semiconductor laser, 32

Sensitivity, 104, 110, 113, 120, 127, 139, 167,
252

Sensitivity vector, 175

Shape, 249

Shearing interferometry, 211

Shearing speckle interferometer, 223

Shearography, 211

Signal evaluation, 262

Single-beam system, 316

Single cell, 389

Single point scanners, 302

Single slit, 14

Singlet states, 373

Sinusoidal transmission, 168

Slit scanners, 310

Solid coherence angle, 24

Solid-state image sensors, 134

Sorting fractions, 338

Space-resolving detectors, 125

Spatial averaging, 215

Spatial coherence, 20, 23

Spatial filtering, 21

Spatial flow fields, 301

Speckle effect, 195

Speckle interferometer, 207

Speckle interferometry, 204

Speckle metrology, 195

Speckle noise, 263

Speckle pattern photography, 198

Speckles, 262

Speckle size, 263

Spectral amplitude, 231

Spectral intensity, 334

Spectral line intensity, 324

Spectrometer, 326

Spectroscopy, time-resolved, 332

Spectrum of angular wave numbers, 231

Step-index fiber, 89, 93

Stokes, 357
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Stokes frequency, 57
Straightness measurements, 158
Straightness of rails, 273
Stress, 218

SO,, 353

Superluminescent diode, 239
Superposition, 146, 197
Superposition, incoherent, 228
Surface absorption, 328
Susceptibility, electrical, 58, 355
Susceptibility tensor, 356

T

Telescope, 350

TEMgp-mode, 31

TEM, ,-modes, 31

Temperature measurements with CARS, 364

Temperature scale, 363

Temporal, 20

Thermal detectors, 99

Thermal diffusivity, 328

Thermal noise, 103

Thermal resistance, 100

Thermocouple, 104

Thermoelectric effect, 104

Thermoelectric voltage, 104

Thermopiles, 104

Thermoplastic photographic plates, 129

Thickness of rolled sheet metal, 273

Thicknesses of multi-layer polymer films, 243

Three-dimensional displacement vector, 191

Three-dimensional oscillation elongation, 291

Three-dimensional point-spread function, 307

Time-averaged spectral intensity, 232

Time-averaged vibration electronic speckle
interferometry, 216, 225

Time correlated single photon counting, 382

Time-domain OCT, 229, 233

Time-resolved fluorescence analytics, 382

Titanium dioxide particles, 301

Total reflection, 93

Tracker, 296

Translation parallel and perpendicular to the
object surface, 179

Transmission hologram, 172

Transmittance, 53, 126

Triangulation resolving power, 255

Triple-beam system, 318

Tumor, 388

Tuneable lasers, 349

Turbine housing, 192
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Two-beam interference, 293
Two-photon absorption, 54
Twyman-Green interferometer, 160

U
Uncertainty in the determination
of the position of the light
spot, 255
Undistorted real image, 184
Unfocused speckle pattern photography, 203

\%

Vacuum chamber, 223

y-value, 128

Vaporization, 327

Vaporized material, 331

Vapor densities, 331

Velocity of an object point, 279
Verdet’s constant, 72
Vibrational CARS, 361
Vibrational frequencies, 378
Vibrational levels, 361
Vibration of a membrane, 225
Vibrations of component parts, 281
Vibronic levels, 361

Video signal, 214

Virtual hologram, 183

Virtual image, 167, 182

Virtual intermediate level, 54
Virtual lens, 183

Index

Visibility, 353

Void, 220

Voltage controlled oscillator, 296
Volume absorption, 330

Volume hologram, 170
Volumetric flows, 300

w

Waist diameter, 253

Waist radius, 28

Wave concept, 42

Wave equation, 26

Wave impedance of the vacuum, 147, 138, 167
Wave number, angular, 5
Wedge plate, 186
Wheatstone bridge, 107
Whole-body translations, 211
‘Wind tunnel, 301

Wollaston prism, 78, 158

Y
Young interference fringes, 199

7

Zeeman effect, 152

Zeroth order, 202

Zinc layers, 342

Zirconium tetra fluoride, 301
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