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INTRODUCTION

Physics is often considered to be one of the oldest academic disciplines since physics helps
people to understand how our universe behaves. Physics is absolutely a very broad academic
discipline including astronomy, mechanics, thermodynanupsics, acoustics, magnetism,
electricity, electromagnetism, energy, engin

A decent use of mathematics is very important but when studying physical systems, it is also
very important to have decent observations and measurements of tioengin@ one needs to
study.

The broad realm of physics includes fundamental physical research which supports a large
number of applications. By applying physical insights, it is possible to design and develop a
large number of new solutions.

The presentaor se on Aapplied physicso reveals a br
foundation on electricity and magnetism has been included to support the entire course. Since
performing accurate measurements and having a decent insight in measureoreniserr
mandatory when studying physical phenomena, an extended chapter deals with measurement
principles and measurement errors. Especially the measurement of electric quantities has been
studied. In a third chapter, electrical (power) systems have bgeusded including electrical

power measurements.

Decent observations and measurements are needed when studying physics and engineering
topics. Due to this reason, an entire chapter has been devoted to the working principles and the
use of spectroscopic nietds, microscopy, and magnetometry.

When considering electrical engineering and more precisely the subdiscipline EMC
(Electromagnetic compatibility), a large number of measurements are needed to verify whether
electronic devices satisfy the EMC normalieas. These normalizations aim to ensure reliable
operations of electronic devices. The last chapter deals with system theory and its applicability
to design electronic filters. Electronic filters have a broad range of applications including EMC
filters intended to reduce EMC related problems.
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1 ELECTRICITY AND MAGNETISM
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1.1 Basics of éectrostatics

The electric charges interact with each other, thus the sharges repel but the opposite
chargesattract each otheiEach charge produces an electric field around itself therefore the
interaction takes place by means of electric field.

Electric field is a material environment with a forced action onto the charged patrticles or bodies.
Electric field is assumed to piciwith the help of electric force lines the direction of which
correlates with that of the forces acting. The environment is characterised with a parameter
calleddielectric permeability. An absolute dielectric permeability is

- -3, (1.1)

where - is a constant parameter equal to a dielectric permeability of vacya&mgl
p T &FG);- T is arelative dielectric permeability indicating the how many times weaker
the charges are interacting in a particular environment than in vacuum.

The force of interaction of two point charges is determined with the Colddraty and

directed along atsaight line connecting these chargegoint charge is a charge the linear size

of which are negligibly small in comparison with the distances under considerdttm).
Couloml® kaw states that the force of interaction of two point charges is direcihpgional

to the product of these charges, opposite proportional to the square distance between them and
depends on the environment the charges are placed in, i.e.

0]

0 :

(1.2)

where F is the force dhe charges interaction, Ny are the charges, C (1 C contag®& O
p 1t of electrons charges, coulomb is an amount of electricity flowing through-ggoen
area of a conductor per one second at an unchangeable force of current ofd A, i );
r is a distance between the charges,-m;is an absolute dielectric paeability of the
environment, Fm.

An electric field impacts an electrically chardsatly placed into it. Therefore the electric field
can perform a work, i.e. it is described with energy. Each point of the electric field can be
characterised with an intensity E and potent

Intensity of electric field BEs determined with
o O.
O 0 (1.3)

where F is a force of the field action onto the charge placed into this field. The measurement
unit of the intensity of the field is V/m.

The reserve of energy of a electricity quantity unit at a partipdant of the electric field is
potential. This a work equal to potential energy of a 1 C charge at this point, i.e.

. 0.
5.V (1.4)

the measurement unitvelt (V).
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Moving a positive charge Q from opeint of he uniform electric field tanother poinat some
distance | the forces of the field perform a work "OQx This work is called a voltage across
these two points

Y 0~ (1.5)

If two points of he field have own potentials, ande the work to move a single charge
between these two points is a difference of two charges

Yoo e (1.6)
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1.2 Magnetism and dectromagnetism

Any constant maget hagwo poles: North (N) an&outh (S). A magnetic flux exists between
thepolesand is described by means of magnetic lines in the direction from Kigp1S1). The
force of the magnetic flux corresponds to tiuenber of these magnetic lines. The same type
magnetic flux exists aroundvdre with an electrical current. The direction of the magnetic flux
lines in this case can loetermined by means of screwanvule.

@ g
D

()@

Figure 1.1. Permanent magnet and wire with electric current

Well-known is the fact that like magnetic poles repel but unlikeymesic poles attract each
othe. Conductors with electricurrent could be represented as a kind of coil. Then a total
magnetic flux is equal to the sum of separate fluxes of all the conductotsffig.

W BP, 1.7
where w i s a number i vafuechlledfloxdinkage. t he wi ndi ng,

N
” —

coil of

:)( W2 w turns
| s ( @

iron core

I

Figurel.2. Magnetic flux of the coil

1.2.1 Far d@d alya w

If a constant magnet is moved within a coil with current then the magnetic power lines cross
theconductors and an EMF is induced in the coil
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Q 0o—. (1.8
Therefore the faster is changing the flux the larger is EMF induced in the coil. The measurement
unit for the magnetic flux is Wb (Weber).

Voltage is directed positively froplus to minus, but EMF in the opposite direction If both
voltage and EMF are in the same direction then

0 Q 0 o—. (1.9
Taking this into account Faradayodés Law coul d
6 0o (1.10

wheret X33 ¥Q @& the correlation of the flux linkage and current and is marked as inductance

o =, (1.11)

L is measured indnry (H).

As a result Faradaydés Law can be formul ated
6 00—, 2.12

it correlates the voltage of the coil with the speed of changing of its curré@.déirrent in the
coil is increasing thethe inducedelectromotive forces of opposite direction to the current
and the EMF limits the speed of the current increasimg¢hé case of current decreasing then
the inducedEMF is in the same with current direction and the EMF limits the current
decreasing.

Taking into account the Faradayds Law the m
with a coil and resistor is

6 Y 0o (1.13

where i, u are instantaneous values of the current and voltage in the dynamics of their changing.
The transient process of current chiang in the circuit with coil (§.1.3) could be calculated

using this expression. tes consider a connection of coil to a source of constant voltage U.
The equation for the transient processes there is the following:

6 DY 0O-. (1.14

This is the firstorder equationvith the following solution:

™ Up LgQ !, (1.15

where K1 is a steadstate valueavith t=Ho.

The current through this this circuitinsteegly at e condi ti on will be de
o op Yy (1.16
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Figurel.3. Electrical circuit and representation of transient procesamdnt diagrams

The constant value K2 could be found from the initial condition at t=0 when i=0:

no Yy 0c, (1.17
where K2 isV ¢ Y‘Y'
The resulis ™ -p Ql (1.189
wheret  0j 'Yis time constant measured in seconds (mJdjm i).

Expression 1.18 illustratesthat at t=0 the current is equal to zero, but then it increases
gradually getting the value up atftto the following (Fg.1.3): — p Q T OO.

The stadystate value is reached@t o8 1 t.
Thus the conclusion is that the inductivity impedes to the changes of current in the

circuit. It is essential to understand that the stored energy in the coil is a product of its flux
linkage and current ™M A JIQ ™ DHIQ  (J).

In other expressio@ M MN0 A @3- 0J07@.
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1.3 Magnetic circuits and basic hws
1.3.,1 Magneitriccu itcts &edaimnetper s

Any magnetic circuit consists of magnetic conductors and a source of magnetic motive force
(MMF). One of the best conductors of magnetic flusteeli is used for magnetic wires
(fig.1.4). MMF is created by the winding consisting of a number of turrofluctors (w)

with current I:

0 Q. (1.19

As a result of MMF influence the magitefiux 3 is created in the core and it has the following
flux density:

6 B, (1.20

where s is a crossection area of the core. As is measured in 8, but Sin n?, the
measurement unit for B is Tesla (T).

coil of
W turns

oo N o N o T . R o N o S .Y

2 o i e e e

4a |

LS

2a

I 2a
—_— 6 N /

Figurel.4. Magnetic circuit realisation

Each magnetic conductive material has its own magnetising properties described with
magnetisation curve B=f(H), which depends on linear magnetising fbroneasured as MMF
divided by the length | of the average magnetic Ithat is A/m. The growth of B is usually
started to limit at B=1.0T, wimea saturation process startgy(E.5.).
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Figurel.5. Magnetising curve of steel

Logical is to use the linear part of the curve or its part close to the point of saturation for a
simulation of a real magnetising system, because less values of magnetising force H are
necessaryk-or the magnetic system given in figl the magnetisinguk is determined as

kK 603 6-=3J, (1.2

where flux density B is a function @ = If the value of H is higher than that of saturation

Hso(fig.. 5) then an air gap U shoulld). Tbovercomesi de
this gap a part of general magnetising force is lost

03 6. 9, (122
where U0 i s a | endluxhdensty in magretic aonductdg & magnet
permeability of air, which is ° o TPm mdra .

For exampleif it is necessary to calculate a magnetic system for a reactor with a constant

inductivity L with the current from zero to 10 the initial part of the magnetising curve is applied
for this purpose and

(1.23

0

Therefore ifthe crosssection area s is known the required number of turns w could be
calculated and H can be obtained a®© ) ¥a. If this magnetising force is higher than Hs0 the
difference should be lost in the air gap

o 0 0 0., (1.24

where fran the air gap can be calculated

200 3“0
0]

1 (1.25
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If the sizes of the core are defined as inlfi4. the crossection area of the corelis ¢ O
o o)
w 5

. e D 08 D 080
But an available number of turns of the windibg ,

Wheresc is a crossection area of the conductor wire, j is current density (about 2*1FA/m
IR T the rated current of the reactor usually lower than 10.

132 Il nteraction of electric and magnetic fiel

As magnetic flwexists around a current carrying conductor the flux will interact with external
magnetic system. A constant magrestg figl.6) creates magnetic flux with density

5 B joOA. (1.26)

I f the conductor cr e aidnomal toithe fercedinvghen aceogdimge t 1 ¢ f
to fig.1.6 the repulsive force exists between the two fluxes (both of them are unidirectional)

0§ Oy (1.27)

where | is a conductor active length being in accordance with the length of the pagratm

The direction of this force id determined with the help of left hand rule which states that if the
permanent flux is going into opened palm of the left hand but the fingers are directed as the
current in the conductor than the opened thumb poietslitection of the movement of the
conductor. This phenomenon is the basic principle of electric motors operation.

Figurel.6. Interaction of magnetic flux and current carrying conductor

If the conductor crossesdimagnetic force linesthenamc c or dance wi th Far a
EMFis induces in the conductor. Infig. 7 t he constant maguawth | ndu
density B, and the conductor moves normally to its force lines. The following EMF is induced

there

0 6 WD , (1.29

where v is speed of ¢measuredimnys. This happeres accoodmgte | i r
the right hand rule that states if permanent magnetic flux is going to the opened palm of the
right hand but the thumb points the direction of the conductor moveméme flux then the
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fingers point the direction of the current in the conductor. It describes the basic principle of the
AC generator operation.

Figure 1.7. Generation of EMF

The generated EMF depends on the angle between the magnetimiescnd the conductor
crossing direction; this(Figs7)andgl e U bet ween

O 6 I Q¢ | 1.29
For the practical realisation of electric generator the conductor rotates in the constant magnetic

flux (Fig.1.8), and arEMF of variable both direction and value is induced in the conductor.
The highest value of EMF is induced when the conductor is in the upright position:

0 B LY, (1.30)

where the conductor is of a frame form and has two eslggggould have a lot of turns w.

Uab

Figurel.8. Realisation of generator

The EMF is changing periodically depending o
by means of sinéorm curve

Q 0 Jd Q& (1.3))

The frame rotates with an angul ar velocity ¥
thus¢* 1 OV
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where from

T C v ¢ 0Q (1.32
where f is a frequency of the induced EMF. For the assumed standard &g deedHz the
angul ar velocity is ¥=314 radl/s
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2 METROLOGY AND MATHEMATICAL
MODDELING FOR INTELLIGENT SYSTEMS
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2.1 Introduction

Our modern era cannot be imagined without all those machines, computers, discoveries. They
all measure, intensively use matheimatalculations, perform activities. Behind all of this
bright scene we have various reliable partriefdetrology, science about measuring, and
Mathematical Modellingi a science of how to describe processes with mathematical
expressions. You might feéhém as quite new, however, in fact, metrology, mathematical
modelling, intelligent systems have history since beginning of the Mankind.

In ancient times humans were measuring various physical parameters, described processes
mathematically, and using thewn intelligence capacities, brought us to today's achievements.

But wait! What is intelligence?

Let me declare that intelligence is ability to obtain information, analyse it and react in
appropriate way.

So this book is about to how to transfer informatilom everything, that surrounds us, how to
understand, what we have got, what to do with it, how to ensure, that our plans are the best
match.

To achieve our goals, we need instruments. First we need a sensor. A device that transforms a
physical parameten to desired format, so we can process it. Even a simplest ruler is a sensor,
as it transforms physical dimensions of an object in to values we can interpret and understand.
For example, a brick. The same people uses around the world to build thes.Hoosist have

certain dimensions to fit in to building. So man invented a ruler, a sensor. By the way, ruler is

a perfect sensor, as it is not altering object it measures. Other sensors do.

Second, we must be able to analyse data, we have measureds Smjical. A person, who

does measurement, must be able to assess, is this information correct. Is it reliable enough to
be used. This is one of most important questions in science. History has many cases, when
scientific work or discovery is raised oraloed just because of measurements.

Third thing is the way we use information we got. We should thank our predecessors for
discovery of Mathematics, as this is one and only way how to tell others about physical
processes. So we can put information, exalttes in to mathematical expressions, formulas,
and obtain desired data.

Forth Ainstrumento now is a decision made on
incorrect form of this step. Thedyecsiasyi:oniVWe Td
i' s wrong. The correct description of situat.
not hi ng. 0 | ni doaathing, is aompletely acseptable and does not mean any

harm. Imagine a pilot of a jumbo jet. Flight is normaerything works as expected, no need

for adjustment, so decisidnno action. Opposite sample, reactor in nuclear power plant start

to generate too much free neutrons. Action should be immediate to slow down process or core
will melt and... So decision important.

Here | decide to advance to fifth important part, a cause, why we have all this stuff. We want
to alter, to impact, to change an object. As object here | mean almost everything we have.
Whatever we do, build a house, read a book, drive a@ae,dnsunbath, this is a kind of change.
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It is not a secret for everybody, that mankind is lazy. This fact is an engine for inventions. We
want to get more for doing less. So it was long time ago, and so it is today. Even Archimedes
invented His famous lawvhile relaxing in the bath. Today it is the same, but different. We
advanced so far, that some of routine tasks are delegated to machines. Sounds good, but here is
also a problenii machine can cover a definite set of duties. Human instead, does notblave s
limitations. The border here is ability to make a spontaneous decision. Human can, machine
can not. It would be nice, if we can delegate some decision making to machines, while we are
relaxing in the bath. Now we can and this field have its own nianmelligent systems.
Systems, that are able to cognize the target. If follow scientific oriented literature, you can see
a constellation of words like, cognitive computing, neural networks, artificial intelligence,
intelligent systems and so on. All of the actually, are just bricks of our today. So it is
important to be familiar with them. Field actually is so vast that one book like this can cover
only a tiny, but, in fact, extremely important part. Acquisition and processing of data keeping
in mind a rason, why it is performei creation of intelligent system.

Let's declare, what defines an intelligent system. Now we know, that it is capable to cognize an
object it is applied to. Transform its physical parameters in to process able data. It istoapable
sort out and use only valid data. It has certain mathematical instrument inside, that gives us a
solid base for decision making. And finally, there is a way, how object can be impressed. So in
brief - Intelligent system is a repetitive process, a gywigere exist 5 steps:

Step 1. Perform a measurement
Step 2. Assess acquired data
Step 3. Calculate desired values
Step 4. Make a decision

Step 5. Perform an impression to environment

~§‘<°
&

]

=

INTELLIGENT
SYSTEM

o
30\0%

Figure2.1. Formal gcle of an Intelligent System

What association comes on a pop, when you hear or read thisinartedligent System?
Something very fast operating, powerful and so on. In fact, time for one cycle is not important.
Depending on target, time frame varies. A lot. It might take less tmalisecond or more
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than a week for one full cycle. Most important thing here is to create a proper design. And this
is a thing this book is about. To create a proper design of any kind of intelligent system, you
must have absolutely clear understandiageut what to measure. How You will measure.
What are acceptable measurement discrepancies and how to handle them. You will find answers
about how to reliably transfer information from everything, that surrounds us, to assessment
mechanism to ensure valigiof it. All of mentioned before is crucial for calculations.
Mathematics is straight forward. If You enter correct information in to model, you have good
result. Good result leads to correct decision. Correct decision makes our life better. You might
wonderi and how about error correction? Story is almost the same. How errors are recognized?
Based on exact and verified models. So this is exactly about mathematical modelling. A
reference model allows to determine, is measurement correct, are valuesagtthptable
bounds, can decision be made on this.

So what about impression. This is also a vast area for development and inventions. If we have
a tiny system, all impressions can be done with one actuator, may be a switch or something so
simple. Should wéave a large scale system, or even a set of systems, decisions and following
impressions in one place, can create changes or fluctuations in other. There is a neat geometrical
interpretation, or model, of complex IS structure where we have 12 systemrgunationi
dodecahedron.

Let this picture impressoyr understanding about what to take in account when designing
measuremest

Figure2.2. Dodecahedron as Schematic Interpretation of Complex IS Structure

I know that some ofgu will attempt to inseS cycle directly in to this polyhedron and realize,

that edges cannot be associated with the same process for both IS. Vertices even more. This is
a good point, as You are starting to model. Don't be confused. Just take in account that in
complex environrant whole process is (must be) stripped down to smaller components and
they are interacting in between at different levels. People, who are involved in programming
know this approach as Agile Methodology. However, it is very often covered by some reason
poorly written software, You should not be afraid of it. When applied wisely, this allow to reach
desired goal and not get trapped in to mayhem. So to be able to designparieeihing
Intelligent System, qu should know about Sensors, Measurements, Muettieal modelling,
DecisionMaking, Actuation. All of this gu will have here. At least for the great beginning.
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2.2 Metrology: part 1

Metrology is scientific study of measurement. For people, who just start to study natural
sciences usually this is a momenbig wonder. What can be easier than to measure something?
Use a tool, read result and that's it. It's hard to understand in the first approach, that result we
got NEVER !l is absolutely correct. It is correct within some range. We all know, thatphys
mathematics, chemistry and so on, are exact sciences where exact data is used. It is true. So our
task now is to put together those two things, exactness of science and inexactness of
measurements. So there are two approaches in gémaogt commorand easy to understand

i Classical Approach, and secondUncertainty Approach. Beware of a fact, that few terms

used in both approaches designate two different concepts. In such cases two different definitions
are needed.

Before we advance, it is mandatdo agree on terminology and designations. Terminology
section is covered by International Standards ISO 704, ISO-1,0a8nAd ISO 10241 [1].
Terminology might contain synonyms that are respectively more or less widespread in different
countries, howevef list is provided, first one is preferred.

Terminology used in metrology:
221 I nterval

The term "interval" is used together with the symbol [a,b] to denote the set of real numbers x

for which aOxOb, where a and Isusedherefarr e r e
6closed interval 6. Thepsymbebso& &hd bntdenwot
Example
[i1, 5]

The two enepoints 2 and 4 of the intervalifl , 5] can be stated as 2 I
expression does not denote the interval p].
222 Range

Term Range is used as range of interval [a,b] and mean difference between endpoints. It is
denoted by r[a,b]. Term Span is occasionally used instead.

Example:
r[-3,7]1=7-(-3)=10

223 Quantity

Property of a phenomenon, body, or substance, to which a nearbbe assigned with respect

to a reference. The term AQuantityo is ofte
measurement unit, a measurement procedure, or a reference material. Symbols for quantities
are given in the International Stard ISO/IEC 80000, Quantities and units. The symbols for
quantities are written in italics. A quantity as defined here is a scalar. However, a vector or a
tensor whose components are quantities is also considered to be a quantity.
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Example
Kind of quantity

Aspect common to mutually comparable quantit
according to Okind of guantityo -idiametéro S 0 mi
circumference, and wavelength, are generally considered to be quantitiessafrtbekind,

namely, of the kind of quantity called length, or heat, kinetic energy, and potential energy, are
generally considered to be quantities of the same kind, namely, of the kind of quantity called
energy. Quantities of the same kind within a gisgstem of quantities have the same quantity
dimension. However, quantities of the same dimension are not necessarily of the same kind.

System of quantities

This is a set of quantities together with a set of-oomtradictory equations relating those
quantties. Ordinal quantities are usually not considered to be part of a system of quantities
because they are related to other quantities through empirical relations only.

Base quantity

Quantity in a conventionally chosen subset of a given systeaynanftities, where no subset
guantity can be expressed in terms of the others. Base quantities are referred to as being
mutually independent since a base quantity cannot be expressed as a product of powers of the
other base quantities.

Derived quantity

Quartity, in a system of quantities, defined in terms of its base quantities. It means for example,
that in a system of quantities having the base quantities length and mass, density is a derived
guantity defined as the quotient of mass and volume (lengtie tihird power).

International System of Quantities

ISQ is based on the seven base quantities length, mass, time, electric current, thermodynamic
temperature, amount of substance, and luminous intensity. System of quantities is published in
the Internatioal Standard ISO/IEC 80000, Quantities and units. The International System of
Units (SI), is based on the 1SQ.

Quantity dimension
Expression of the dependence of a quantity on the base quantities of a system of

guantities as a product of powers of factowsresponding to the base quantities, omitting any
numerical factor. A power of a factor is the factor raised to an exponent. Each factor is the
dimension of a base quantity. The conventional symbolic representation of the dimension of a
derived quantitys the product of powers of the dimensions of the base quantities according to
the definition of the derived quantity. In deriving the dimension of a quantity, no account is
taken of its scalar, vector or tensor character.

In a given system of quantities,

1 guantities of the same kind have the same dimension,
1 quantities of different dimensions are always of different kinds, and

30



1 guantities having the same dimension are not necessarily of the same kind.

In the International System of Quantities (ISQ), the disiwrs of the base quantities are:

Base quantity Dimension
length L
mass M
time T

electric current I

thermodynamic temperature U
amount of substance N
luminous intensity J

Thus, the dimension of a quantity Q is dim Q M » T 51 s U gN ¢ J q where the exponents,
named dimensional exponents, are positive, negative, or zero.

Quantity of dimension onadimensionless quantity

Quantity for which all the exponents of thetfars corresponding to the base quantities in its
guantity di mension are zero. The term Adi men.
reasons. It stems from the fact that all exponents are zero in the symbolic representation of the
dimension forsuch quantities.

The term fAiqguantity of di mension 040:992,suef !l ect
clause 2.2.6 in which the symbolic representation of the dimension for such quantities is the
symbol 1. The measurement units and values of diemntf dimension one are numbers, but

such gquantities convey more information than a number. For example, plane angle, solid angle,
refractive index, relative permeability, mass fraction, friction factor, Mach number etc.

Quantities of dimension one cals@ be numbers of entities like number of turns in a coil,
number of molecules in a given sample, degeneracy (number of energy levels) in quantum
mechanics and other.

224 Uni t s
Entity used to have a common nefiace to express a quantity of.
Measurement uni-t

Scalar quantity, defined and adopted by convention, with which any other quantity of the same
kind can be compared to express the ratio of the two quantities as a number. Measurement units
are designated by conventionally assigned nhames and symbols. &eastiunits of quantities

of the same dimension may be designated by the same aansymbol even when the
guantities are not of the same kind. For example, kilometre per hour and km/h are respectively
the name and symbol of both a measurement unit ¢drais and a unit time, which are
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generally not considered to be quantities of the same kind. However, in some cases special
measurement unit names are restricted to be used with quantities of specific kind only. For
example, the unit 1/s is called hertzemhused for frequencies and becquerel when used for
activities of radionuclides.

Measurement units of quantities of dimension one are numbers. In some cases, these units are
given special names, e.g. radian, steradian, and decibel, or are expressedchysgiath as

millmole per mole equal to 3® and microgram per kilogram equal to-90For a given
guantity, the short term fiuniytmaime, obuem aacrm

Base unit

Measurement unit that is adopted by conventioraftiase quantity. In each system of units
there is only one base unit for each base quantity. In the SI, the metre is the base unit of length.
The centimetre and the kilometre are also units of length, but they are not base units in the SI.
A base unit mawlso serve for a derived quantity of the same dimension. Rainfall, when defined

as areic volume (volume per area), has the metre as a coherent derived unit in the SI. For number
of entities, the number one, symbol 1, can be regarded a& aibi&ain any ystem of units.

Derived unit

Measurement unit for a derived quantity. For example, the metre per second, symbol m/s, and
the centimetre per second, symbol cm/s, are derived units of speed in the SI. The kilometre per
hour, symbol km/h, is a unit of speegtside the Sl but accepted for use with the SI. The knot,
equal to one nautical mile per hour, is a uniséed outside the SlI.

Coherent derived unit

Derived unit that, for a given system of quantities and for a chosen set of base units, is a product
of powers of base units with no other proportionality factor than one. Coherence can be
determined only with respect to a particular system of quantities and a given set of base units.
If the metre, the second, and the mole are base units, the metre pdriséteroherent derived

unit of velocity when velocity is defined by the quantity equation v = ds/dt, and the mole per
cubic metre is the coherent derived unit of ameafrdubstance concentration when ameunt
of-substance concentration is defined bydhantity equation ¢ =n /V . The kilometre per

hour and the knot, given as examples of derived units are not coherent derived units in such a
system. The coherent derived unit for every derived quantity of dimension one in a given system
of units is tle number one, symbol 1. Name and symbol of the measurement unit one are
generally not indicated.

System of units
Set of base units and derived units, their multiples and submultiples, and rules for their use.
Coherent system of units

System of units, basauh a given system of quantities, in which the measurement unit for each
derived quantity is a coherent derived unit. A system of units can be coherent only with respect
to a system of quantities and the adopted base units. For a coherent systemrafraetiisal

value equations have the same form as tineesponding quantity equations.
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Off-system measurement unit
Measurement unit that does not belong to a given system of units
Example:

1 The el ectronvol t -10 d)hscan bfsystem@n@adamand unit of 1 0
energy with respect to the SlI.
1 Day, hour, minute are o8ystem measurement unatime with respect to the SI.

International System of UnitsSI

Coherent system of units based on the International System of Quantities, their names and
symbols, and a series of prefixes and their names and symbols, together with rules for their use,
adopted by the General Conference on Weights and Measures (CGPM). The Sl is founded on
the seven base quantities of the ISQ and the base units containedoitotiing table.

Base quantity Base unit
Name Name Symbol
Length metre m
Mass kilogram kg
Time second S
Electric current ampere A
Thermodynamic temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd
Inquantityc al cul us, the quantity O6number of enti

with the base unit one, symbol 1. For a full description and explanation of the International
System of Units, see the current edition of the Sl brochure published Bytbau Internainal
des Poids et Mesures.

Multiple of a unit

Measurement unit obtained by multiplying a given measurement unit by an integer greater than
one like the kilometre is a decimal multiple of the metre, and the hour isdeconal multiple
of the second.

Submultiple of a unit

Measurement unit obtained by dividing a given measurement unit by an integer greater than
one like the millimetre is a decimal submultiple of the metre, and for plane angle, the second is
a nondecimal submulple of theminute respectively.
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Unit equation

Unit equation is mathematical relationship relating base units, coherent derived units or other
measurement units like:

1 [Q1] = [Q2] [Q3] where [Q1], [Q2], and [Q3] denote the measurement units of Q1, Q2,
and Q3, respeately, provided that these measurement units are in a coherent system of units.
1 J =kg*m2 /s2 , where J, kg, m, and s are the symbols for the joule, kilogram, metre and
second, respectively.

1 1 km/h = (1/3.6) m/s.

Conversion factor between units

Conversion factor between units ratio of two measurement units for quantities of the same kind
like:

i km/m = 1000 and thus 1 km = 1000 m
The measurement units may belong to different systems of units.

1 h/s = 3600 and thus 1 h = 3600 s;
1 (km/h)/(m/s) = (1/3.6and thus 1 km/h = (1/3.6) m/s.

225 Quantity value
Number and reference together expressing magnitude of a quantity.

A quantity value either is:

1 a product of a number and a measurement unit (the unit one is generally not indicated
for quantities of dimensioane), or

1 a number and a reference to a measurement procedure, or

1 a number and a reference material.

The number can be real or complex. A quantity value can be presented in more than one way.
In the case of vector or tensor quantities, each compbasrevalue as defined above.

Numerical quantity value

Numerical value of a quantity is number in the expression of a quantity value, other than any
number serving as the reference. For quantities of dimension one, the reference is a
measurement unit which israimber and this is not considered as a part of the numerical
guantity value.

For example, in an amounf-substance fraction equal to 5 g/kg, the numerical value is 5 and
the unit is g/kg. The unit g/kg is numerically equal to 0.001, but this number i8.001 part
of the numerical quantity value that remains 5.

For quantities that have a measurement unit, the numerical value {Q} of a quantity Q is
frequently denoted {Q} = Q/[Q], where [Q] denotes the measurement unit like in the case for a
mass value dd kg, the numerical value in kilograms is {m} = (5 kg)/kg = 5.

Quantity calculus
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Quantity calculus is set of mathematical rules and operations applied to quantities other than
ordinal quantities. In quantity calculus, quantity equations are ratieéerred to numerical

value equations because quantity equations are independent of the choice of measurement units,
whereas numerical value equations are not (§€e310:1992, subclause 2.2.2).

Quantity equation

Quantity equation is mathematical retaship between quantities in a given system of
guantities, independent of measurement units. Generally, quantity equation is the same as
formulas used in physics. For example:

1 Q= @ QQhereQ, Q@,and Qdenote different gaantit
numerical factor.

1 T = (1/2) nv? , where T is the kinetic energy and v the speed of a specified particle of
mass m.
1 n = 1 L t / F where n is the amount of sul

current and t the duration of the electrolysisd where F is the Faraday constant.
Numerical quantity value equation

Numerical quantity value equation is mathematical relationship relating numerical quantity
values, based on a given quantity equation and specified measurement units.

1 In the quantityequation for kinetic energy of a object, T = (1/2mif m =5 kg and v
= 4 m/ s, t hen 2i§dnrumescal(valut €pation gibng the ndimerical value 40
of T in joules.

Ordinal quantity

Quantity, defined by a conventional measurement piureg for which a total ordering relation,
according to magnitude, with other quantities of the same kind is defined, but for which no
algebraic operations among those quantities are defined. Ordinal quantities can enter into
empirical relations only andalve neither measurement units nor quantity dimension. Ordinal
guantities are arranged according to ordinal quantity scales. For example:

1 Wind speed on the Beaufort scale
1 Octane number for petroleum fuel
i Earthqualk strength on the Richter scale

Quantity scée

Ordered set of values of quantities of a given kind used in ranking, according to magnitude,
guantities of the same kind like:

1 Celsius temperature scale
q Time scale
q Rockwell C hardness scale

Ordinal quantity scale

Also known as conventional reference scale. Quantity scale, defined by formal agreement, on
which only comparison of magnitude applies and is used exclusively for ordinal quantities. An
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ordinal quantity scale may be established by measurements accordmgné&asurement
procedure.

True quantity value

Quantity value consistent with the definition of a quantity. In the classical approach to
describing measurement, a true quantity value is considered unique and, in practice,
unknowable. Another approach isrexognize that, owing to the inherently incomplete amount

of detail in the definition of a quantity, there is not a single true quantity value but rather a set
of true quantity values consistent with the definition. Other approaches dispense altogkther wit
the concept of true quantity value and rely on the concept of metrological compatibility of
measurement results for assessing their validity. In the special case of a fundamental constant,
the quantity is considered to leas single true quantity value.

Conventional quantity value

Quantity value attributed by agreement to a quantity for a given purpose. The term

Afconventional true quantity valueodo i s somet.i
A conventional quantity value is only an estii@ of a true quantity value. For example standard
acceleration of free fall (former h=y9.80686% | ed O
m/<%.

226 Nomi nal property

Property of a phenomenon, body, or substance, that can be identical or notpaaatie
property, but cannot be ordered with it according to magnitude.

Sex of a human being

Colour of a paint sample

Colour of a spot test in chemistry

ISO tworletter country code

Sequence of amino acids in a polypeptide

= =4 -4 A4 4
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2.3 Metrology: part 2

Field of knowedge concerned with measurement. Metrology includes all theoretical and
practical aspects of measurement, whatever the measurement uncertainty and field of
application.

231 Meaanod

Quantity intended to be measuretieTspecification of a measuraretjuiresdescription of the

state of the phenomenon, body, or substance carrying the quantity, including any relevant
component and the chemical entities involved. The measurement might change the
phenomenon, body, or substance such that the quantity being measyretffer from the
measured. In this case adequate correction is necessary. For example, the potential difference
between the terminals of a battery may decrease when using a voltmeter with a significant
internal conductance to perform the measuremdrd.opercircuit potential difference can be
calculated from the internal resistances of the battery and the voltmeter.

I n chemi setor,y ,oriarel yntame of a substance or co
0 nasurang . Thi s usage @ theseetermsodo eai vefer td quaes. uns
chemistry, the measuradn be a biological activity.

232 Measur ement

Process of experimentally obtaining one or more quantity values that can reasonably be
attributed to a quantity. Measurement implkesnparison of quantities or counting of entities.
Measurement presupposes description of the quantity commensurate with the intended use of
the measurement result, a measurement procedure, and a calibrated measuring system operating
according to apecified measurement procedure.

Measurement principle

Phenomenon serving as the basis of a measurement. The phenomenon can be of a physical,
chemical, or biological nature, like electromagnetic effect applied to the measurement of
current, light absorption apptieto the measurement of concentration, chavfgkeart rate

during exercise.

Measurement method

Generic description of a logical organization of operations used in a measurement.
Measurement methods may be qualified in various ways such as:

substitution measurement method;
differential measurement method,;
null measurement method;

direct measurement method;
indirect measurement method.

=4 =4 4 -4 4

Measurement procedure

Detailed description of a measurement according to one or more measurement prindiples a
to a given measurement method, based on a measurement model and including any calculation
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to obtain a measurement result. A measurement procedure is usually documented in sufficient
detail to enable an operator to perform a measurement. A measureat&uype can include

a target measurement uncertainty. A measurement procedure is sometimes called a standard
operating procedure, abbreviated SOP.

Reference measurement procedure

Measurement procedure accepted as providing measurement results fit fotehdid use in
assessing measurement trueness of measured quantity values obtained from other measurement
procedures for quantities of the same kind, or inattarizing reference materials.

Primary measurement procedure

Measurement procedure used ttemia measurement result without relation to a measurement
standard for a quantity of the same kind.

The Consultative Committee for Amount of Substanbtetrology in Chemistry (CCQM) uses

the term dAdirect pri mary met hDefinitioosf of tme as ur e
subordinate concept s, whi ch coul d be ter me
proceduredo and fArati o priedanmry orefagree e & eme oy

Measurement result

Set of quantity values being abtuted to a measandtogether with any other available relevant
information. A measurement generally provides information about the set of quantity values,
such that some may be morepresentative of the measurahdn others. This may be
demonstrated in the form of @obability density function (PDF). A measurement result is
generally expressed as a single measured quantity value and a measurement uncertainty. If the
measurement uncertainty is considered to be negligible for some purpose, the measurement
result may bexpressed as a single measured quantity value. In many fields this is the common
way of expressing a measurement result.

In the traditional literature measurement result was definadrakie attributed to a measurand
and explained to mean an indication,an uncorrected result, or a correctesute according
to the contek

Measurement accuracy

In classical approach measurement accuracy is closeness of agreement between a measured
guantity value and a teuquantity value of the measurafidhe concepp measur ement acc
is not given a numerical value, but a measurement is said to be more accurate when it offers a
smaller measurement uncertainty. Measures of measurement accuracy are found in ISO 5725.

The term fimeasurementdatouramgaseshemédt nbt ub
Ameasur ement precision fishould not be wused f

In uncertainty approach measurement accuracy is closeness of agreement between measured
guantity values that are being attributed ® mheaswuand.
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Measurement trueness

Trueness of measurement mean closeness of agreement between the average of an infinite
number of replicate measured quantity values and a reference quantity value. A reference
guantity value can be a true quantity value ofrtteasurand or an assigned quantity value of a
measurement standard with negligible measurement uncertainty. Measurement trueness cannot

be expressed numerically, but measures are given in ISO 5725. Measurement trueness is
inversely related to only systerati meas ur ement error. The tern
should not be used for description of measwent accuracy and vice versa.

Measurement precision

Measurement precision is closeness of agreement between indications obtained by replicate
measurements othe same or similar objects under specified conditions. Measurement
precision is usually expressed numerically by measures of imprecision, such as standard
deviation, variance, or coefficient of variation under the specified conditions of measurement.

The6specified conditionsé can be repeatabili
precision conditions of measurement, or reproducibility conditions of measurement.
Measurement precision is used to define measurement repeatability, intermediate negdsurem
precision, and measur ement reproducidbto | i ty.
mean measurement accuracy.

Measurement error

Error of measurement is difference of measured quantity value and reference quantity value.
The error concept can lsed when there is a single reference quantity value to refer to, which
occurs if a calibration is made by means of a measurement standard of negligible measurement
uncertainty or if a conventional quantitylva is given, or if the measuraiglsupposedot be
represented by a unique true quantity value or a set of true quantity values of negligible range.
The sign of the difference must be noted.

Measurement error should not be confuseith wroduction error or mistake.
Systematic measurement error

Systeméc error is a component of measurement error that in replicate measurements remains
constant or varies in a predictable manner. The reference quantity value for a systematic
measurement error is a true quantity value, or a measured quantity value cumemezt
standard of negligible measurement uncertainty, or a conventional quantity value.

Systematic measurement error, and its causes, can be known or unknown. A correction can be
applied to compensate for a known systematic measurement error. Systapagiocement
error equals the difference of measurement error and random measurement error.

Measuremenbias

A systematic measurement error on itsneste, with respect to a refererpeantity value.
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Random measurement error

Random error is a comportesf measurement error that in replicate measurements varies in an
unpredictable manner. The reference quantity value for a random measurement error is the
average that would ensue from an infinite number of replicaasarements of the same
measurandRandom measurement errors of a set of replicated measurements form a distribution
that can be described by its variance, and has an expectation of zero. Random error equals the
difference of error of measurement aydtematic error of measurement.

Measuredquantity value

Measured value is quantity value representing a measurement result. For a measurement
involving replicate indications, each indication can be used to provide a corresponding
measured quantity value. This set of individual measured quarditesy can be used to
calculate a resulting measured quantity value, usually with a decreased associated measurement
uncertainty.

When the range of the true quantity value$iebed to represent the measurasdsmall

compared with the measurement uncetiaia measured quantity value can be considered to

be the best estimate of an essentially unique true quantity value and is often an average or
median of individual measured quantity values obtained through replicate measurements. In the
case where the rge of the true quantity valueslieeed to represent the measurandot small

compared with the measurement uncertainty, a measured value is often an estimate of an
average or median of the set of true quant.i
fiestimate of the value of the measurand 0 j u st festi mad earod usheed nf
Ameasured quantity valueo.

233 Measurement repeatability
Measurement precision under a set of repdatabonditions of measurement.
Repeatability condition aheasurement

Repeatability condition of measurement in a set of conditions that includes the same
measurement procedure, same operators, same measuring system, same operating conditions
and same location, and replicate measurements on the same or sifeités oleer a short
period of ti me. | n -sehemil stprrye,citshent €eromdodi nt
sometimes used to designate this concept.

234 I ntermedi ate measurement precision
Measurement precision under a set of intermediategiwactonditims of measurement.
Intermediate precision condition of measurement

This is a condition of measurement in a set of conditions that includes the same measurement
procedure, same location, and replicate measurements on the same or similar objects over an
extended period of time, but may include other conditions involving changes. The changes can
include new calibrations, calibrators, operators, and measuring systems. A specification should
contain the conditions changed and unchanged, to the extent practical.c he mi stry, t
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interser i al i ntermedi ate preci si o0nusedwudeasignate o n
this concept.

235 Measurement reproducibility
Measurement precision under reproduiipconditions of measurement.
Reproducibility conditiorof measurement

Condition of measurement in a set of conditions that includes different locations, operators,
measuring systems, and replicate measurements on the same or similar objects. The different
measuring systems may use different measurement preseduspecification should give the
conditions changed and unchanged, to the extent practical

Measurement uncertainty

Uncertainty of measurement is a parameter characterizing the dispersion of the quantity values
being attributed to a measuragnolased on the information used. Measurement uncertainty
includes components arising from systematic effects, such as components associated with
corrections and the assigned quantity values of measurement standards, as well as the
definitional uncertaintySometimes known systematic effects are not corrected for but are
instead treated as uncertainty components.

The parameter may be, for example, a standard deviation called standard measurement
uncertainty (or a specified multiple of it), or the haifith of an interval, having a stated
coverage probability. Measurement uncertainty comprises, in general, many components. Some
of these may be evaluated by Type A evaluation of measurement uncertainty from the statistical
distribution ofthe quantity values fra series of measurements and can be characterized by
experimental standard deviations. The other components, which may be evaluated by Type B
evaluation of measurement uncertainty, can also be characterized by standard deviations,
evaluated from probabilitdensity functions based on experience or other information.

Type A evaluation of measurement uncertainty

This is evaluation of a component of measurement uncertainty by a statistical analysis of
quantity values obtained under defined measurement camglitibor various types of
measurement conditions, see repeatability condition of measurement, intermediate precision
condition of measurement and reprodilitipcondition of measurement.

Type B evaluation of measurement uncertainty

This is evaluation of aomponent of measurement uncertainty determined by means other than
a Type A evaluation of measurement uncertainty like:

1 Evaluation based on information

Associated with authoritative published quantity values;

Associated with the quantity value of a ceetif reference material;
Obtained from a calibration certificate and incorporation of drift;
Obtained from the accuracy class of a verified measuring instrument;
Obtained from limits dedwd through personal experience.

=4 =4 4 -4 4

Definitional uncertainty
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Minimum measirement uncertainty resulting from the inherently finite amount of datthe

definition of a measurandny change in thdescriptive detail of a measurarejuires another

model leading to another measuramalving another definitional uncertainty. some other

|l iterature the concepeéer ddefiinnti omsailcunceetta

Standard measurement uncertainty
Standard uncertainty is measurement uncertaintgesgpd as a standard deviation.
Combined standard measuremantertainty

Standard measurement uncertainty that is obtained from the measurement results of the input
quantites in a measurement model.

Uncertainty budget

Statement of a measurement uncertainty, of the components of that measurement uncertainty,
and of their calculation and combination. The uncertainty budget should include the
measurement model, estimates and measurement uncertainties of the quantities in th
measurement model, covariasceéype of applied probability density functions, degrees of
freedbom, type of evaluation of measurement uraiaty, and any coverage factor.

Target measurement uncertainty

Measurement uncertainty specified as a goal or optimum and decided on the basis of the
intended use of measurement results.

Expanded measurement urteety

Product of a combined standard measurement uncertainty and a factor larger than the number
one. Expanded measur ement uncertainty is te
Auncertaintyo in documents. Tlaeovertagerfattor6f act or

236 Coverage ipmobmavalty and factor
Coverage interval

This is interval containing the set of true quantity values of a measured with a stated probability,
based on the information available. A coverage interval does nottodssl centred on the
measured quantity wvalue. A coverage interval
avoid confusion with the statistical concept. A coverage interval can be derived from an
expanded measurement uncertainty.

Coverage probability

Probability that the set of truguantity values of a measuraisdcontained within a specified
coverage interval. This definition pertains to the Uncertainty Approach. The coverage
probabilityisalsoée r med as Al evel of confidenceo.

Coverage factor

Numbe larger than one by which a combined standard measurement uncertainty is multiplied
to obtain an expanded measurement uncertainty.

42



237 Cal i bration

Operation that, under specified conditions, in a first step establishes a relation between the
quantity values wh measurement uncertainties provided by measurement standards and
corresponding indications with associated measurement uncertainties and, in a second step, uses
this information to establish a relation for obtaining a measurement result from an amdicati

A calibration may be expressed by a statement, calibration function, calibration diagram,
calibration curve, or calibration table. In some cases, it may consist of an additive or
multiplicative correction of the indication with associated uncerta@@&jibration should not

be confused with adjustment of a -mehshrangos
nor with verification of calibration. Sometimes the first step alone in the above definition is
perceived as being calibration.

Calibration hierarchy

Sequence of calibrations from a stated reference to the final measuring instrument or measuring
system, where the outcome of each calibration depends on the outcome of the previous
calibration. Be aware that measurement uncertainty necessardégpses along the sequence of
calibrations. The elements of a calibration hierarchy are one or more measurement standards or
calibrators and measuring systems operated according to measurement procedures. For this
definition, t he eadefindidnefd measufementunitdcheotgh itspnactidal
realization, or a measurement procedure, or a measurement standard.

A comparison between two measurement standards may be viewed as a calibration if the
comparison is used to check and, if necgssawrrect the quantity value and measurement
uncertainty attributed to one of the measurement standards.

238 Metrol ogical traceability

Property of a measurement result whereby the result can be related to a stated reference through
a documented unbroken chawf calibrations, each contributing to the measurement
uncertainty. For this definition, a O6stated
through its practical realization, or a measurement procedure including the measurement unit
for a nonordinal quantity, or a measurement standard. Metrological traceability requires an
established calibration hierarchy. Specification of the stated reference must include the time at
which this reference was used, along with any other relevant metrolodmathation about

the reference, such as when the first calibration in the calibration hierarchy was performed.

For measurements with more than one input quantity in the measurement model, each of the
input quantities should itself be metrologically traceadid the calibration hierarchy involved

may form a branched structure or a network. The effort involved in establishing metrological
traceability for each input quantity should be commensurate with its relative contribution to the
measurement result.

Metrological traceability by itself does not ensure adequate measurement uncertainty or
absence of mistakes. A comparison between two measurement standards may be viewed as a
calibration if the comparison is used to check and, if necessary, correct theyquelngtand
measurement uncertainty attributed to one of the measurement standards.
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The abbreviated term Atraceabilityo i s somet
for ot her concept s, such as O0s@&mmplre Otimasdaah
traceabilitydéd, where the history (6traceb6) o

Metrological traceability chain

Sequence of measurement standards and calibrations that is used to relate a measurement result
to a statd reference. A metrological traceability chain is defined through a calibration
hierarchy. The metrological traceability chain is used to establish metrological thayedbi

the measurement result.

Metrological traceability to a measurement unit

Metrological traceability where the stated reference is the definition of a measurement unit
through its practical realization. The expr
traceability to a measurement unit of the International System &$.Uni

239 Veri faodt i vahi dati on
Verification

Provision of objective evidence that a given item fulfils specified requirements, taking any
measurement uncertainty into consideration.
For example:

1 Confirmation that a given reference materiatlasmed is homogeneous for the quantity
and measurement procedure concerned, down to a test portion having a mass of 10 mg;

1 Confirmation that stated performance properties or legal requirements of a measuring
system are achieved,

1 Confirmation that a statedrget measurement uncertainty can be met.

The item to verify may be, e.g., a process, measurement procedure, material, compound, or
measuring system.

The specified requirements may be, e.g., tha
In legal metrolog, verification pertains to the examination and marking and/or issuing of a
verification certificate for a measuring instrument. Verification should not be confused with
calibration or validation.

In chemistry, verification of identity of entity involvedr of activity, requires a description of

the structure or properties of that entity or activity.

Validation

This is verification, where the specified requirements are adequate for a stated use. For example,
a measurement procedure, ordinarily used ferrtteasurement of nitrogen concentration in
water, may be validated also for the measurement of nitrogiecentration in human serum.

2310 Met r ol ogi cal comparability of measur ement

This is comparability of measurement results that are metrologicatlgatioée to the same
reference like measurement results, for the distances from Earth to Moon and from Paris to
London, are comparable when they are both metrologically traceable to the same measurement
unit, for instance the metre.
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Metrological comparabilit of measurement results does not necessitate that the measured
guantity values and associated measurement uncertainties compaoétharsame order of
magnitude.

2311 Metrol ogical compatibility of measur ement

Property of all pairs of measurementults for a specified measurasdch that the absolute

value of the difference of the measured quantity values is smaller than some chosen multiple of

the standard measurement uncertainty of that difference. Metrological compatibility of
measurement resultse pl aces the traditional concept o]
represents the criterion for deciding whether two measurement results refer to the same
measured or not. If in aes of measurements of a measutatitbught to be constant, a
measuremdrresult is not compatible with the others, either the measurement was not correct

(e.g. its measurement uncertainty was assessed as being too narrow) or the measured quantity
changed between measurements.

Correlation between the measurements influencedrotogical compatibility. If the
measurements are completely uncorrelated, the standard measurement uncertainty of their
difference is equal to the root mean square sum of their standard measurement uncertainties,
while it is lower for positive covarianag higher for negative covariance.

2312 Measur e meanntd nmoedaeslur e me n t functi on
Measurement model

Mathematical relation among all quantities known to be involved in a measurement. A general
form of the measurement model is the equation h (Y,,.X, %) =0, where Y , the output
guantity in the measurement model, is the measured that is to be inferred from information
about input quantities in the measurement model. X, X, .

In more complex cases where there are two or more output quartikieseasurement model
conssts of more than one equation.

Measurement function

Function of quantities, the value of which, when calculated using known quantity values for the
input quantities in a measurement model, is a measured quantity value of thejoatyity in
the measurement model.

If the measurement model h (Y 1 X... , X ) = 0 can explicitly be written as Y =f (X ... ,

Xn ), where Y is the output quantity in the measurement model, the function f is the
measurement function. More genbraf may symbolize an algorithm, yielding for input
guantity values x, ... , % a corresponding unique output quantity value y =f ( X. , %) .

The measurement function is also used to calculate the measurement uncertainty associated
with the masured quantity value of Y.

Input quantity in a measurement model

Quantity that must be measured, or a quantity, the value of which can be otherwise obtained, in
order to calculate a measured quantity value of a measurand. For example, when the length of
arod is being measured, temperature, length, and the linear thermal expansion coefficient of
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the rod are input quantities in a measurement model. An input quantity in a measurement model
often is an output quantity of a measuring instrument @someng sgtem.

Output quantity in a measurement model

Quantity, the measured value of which is calculated using the values of input quantities in a
measurement model

23131 nfluence quantity

Quantity that, in a direct measurement, does not affect the quantity Hdwatiadly measured,
but affects the relation between the indication and the measurement result.

For example:

1 Frequency in the direct measurement with an ammeter of the constant amplitude of an
alternating current;

1 Amountof-substance concentration of bilma in a direct measurement of
haemoglobin amousdf-substance concentration in human blood plasma;

1 Temperature of a micrometer used for measurement of length of a rod, but not the
temperature of the rod itself which may enter in the definition of theuresad;

1 Background pressure in the ion source of a mass spectrometer during a measurement of
amountof-substance fraction.

An indirect measurement involves a combination of direct measurements, each of which may
be affected by influence quantities.

2314 Corrent

Modification, applied to a measured quantity value, to compensate for a known systematic
effect. The modification can take different forms, such as an added or a factor, or can be
deduced from a table.

2315Bl ank indicati on

Indication obtained from a phenemon, body, or substance similar to the one under
investigation, but for which the quantity of interest is assumed to have zero value.
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2.4 Metrology: part 3
241 Measuring instrument

Device used for making measurements, alone or in conjunctiorsupgsiementary device(s).
A measuring instrument alone may be considered to be a measuring system. A measuring
instrument may be an indicating measuringtfimment or a material measure.

Measuring system

Set of one or more measuring instruments and ofteer atevices, including any reagent and
supply, assembled and adapted to give measured quantity values within specified intervals for
quantities of specified kinds. A measuring system may consisinbf one measuring
instrument.

Indicating measuring instment

Measuring instrument providing an output signal carrying information about the value of the
guantity being measured like ammeter, micrometre, thermometer etc. An indicating measuring
instrument may provide a record of its indication. The outgrtal may be presented in visual

or acoustic form. It may also be transnitte one or more other devices.

Displaying measuring instrument
Indicating measuring instrument where the outputaignpresented in visual form.
Scale of a displaying measugimstrument

Part of a displaying measuring instrument, consisting of an ordered set of marks together with
any associated numbers or quantity values.

242 Materi al measur e

Measuring instrument reproducing or supplying, in a permanent manner during its use,
guantities of one or more given kinds, each with an assigned value. The indication of a material
measure is its assigned value.

Examples of material measure:

1 weight piece;

1 volume measure (supplying one or several quantity values, with or without a quantity
sale);

1 standard electric resistor;

1 line scale (ruler);

1 gauge block;

1 standard signal generator.

Measuring transducer

Device, used in measurement, that provides an output quantity having a specified relation to
the input quantity like thermocouple, curremrtsformer, strain gauge, pH electrode, Bourdon
tube, bimetal strip and others.
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243 Sensor

Element of a measuring system that is directly affected by the phenomenon, body, or substance
carrying the quantity to be measured.

For example:

Sensing coil of a platima resistance thermometer;

Rotor of a turbine flow meter;

Bourdon tube of a pressure gauge,;

Float of a leveimeasuring instrument;

Photocell of a spectrometer;

Thermotropic liquid crystal which changes amas a function of temperature.

=A =4 4 A4 -8 4

In somefields the term "detector" is used for this cept
244 Detector

Device or substance that indicates the presence of a phenomenon, body, or substance when a
threshold value of an associated quantity is exceeded. Such devices are halogen leak detector
or litmuspaper and others.

In some fields the term fidetectoro is wused
Aindicatoro is frequently used for this conc

245 Measuring chain

Series of elements of a measuring system constituting a single path of th&eigriae sensor

to the output element like an elecooustic measuring chain comprising a microphone,
attenuator, filter, amplifier, and voltmeter or a mechanical measuring chaiprisorg a
Bourdon tube, systewf levers, and mechanical dial.

Adjustment of a measuring system

Set of operations carried out on a measuring system in order that it provide prescribed
indications corresponding to given values of the quantity to be measured. Types of adjustment
include zero adjustment of a measuringtsegn, offset adjustment, and span adjustment
(sometimes called gain adjustment).

Adjustment of a measuring system should not be confused with calibration. After an
adjustment, a measuring systesually must be recalibrated.

Zero adjustment of a measuriggstem

Adjustment of a measuring system providing a null indication corresponding to a null value of
the quantity tobe measured.

246 I ndi cati on

Quantity value provided by a measuring instrument or a measuring system. The indication may
be presented in visual acoustic form or may be transferred to another device. The indication
is often given by the position on the display for analog outputs, the displayed or printed number
for digital outputs, the code pattern for code outputs, or the assigned quanityorahaterial
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measures. The indication and the value of the quantity being measured are not necessarily
values of quantiésof the same kind.

Indication interval

Set of quantity values bounded by the extreme possible indications. An indication irgerval
usually stated in terms of its smallest and greatest quantity values, for example, 99 V to 201 V.
I n some fields tihceattieommsd.s Orange of ind

Nominal indication interval

Set of quantity values, bounded by rounded or approximate extreme indicatiainable

with a particular setting of the controls of a measuring instrument or measuring system and
used to designate this setting. A nominal indication interval is usually stated as its smallest and
greatest quantity valO0¥'sWheréd ane of thexextrarpd geantityi 1 0 O
values is zero, the nominal indication interval is sometimes stated solely as the greatest quantity
value, for example a nominal indication 1 nte
some fietistheterms A nomi n al rangeo.

Range of a nominal indication interval

Absolute value of the difference between the extreme quantity values of a nominal indication
interval. F o r a nominal indication interval of T1
indication interal is 20 V.Range of a nominal indication interval is sometimes tdrm&i s p a n

ofa nomi nal interval o.

Nominal quantity value

Rounded or approximate value of a characterizing quantity of a measuring instrument or
measuring system that provides guidanceHeirtappropriate use.

For example:
1 100 q as the nominal quantity value marke
1 mol/l as the nominal quantity value for amowfitsubstance concentration of a solution

of hydrogen chloride, HCI,
1 40 AC as a me@mperaiweror §wdges i u s

The term Anominadlforal aromisalal sopopesrty val ue
Measuring interval or working interval

Set of values of the quantities of the same kind that can be measured by a given measuring
instrument or measuring system thvispecified instrumental uncertainty, under defined
conditions.

I n some fields the term is fAmeasuring range
measurement interval should not be confused with the detectian dfnthe measuring
instrument.

Steady state condition
Operating condition of a measuring instrument or measuring system in which the icalibrat
remains valid for a measuramdrying with time.
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247 Rated operating condition

Condition that must be fulfilled during measurement in order that a measuring instrument or
measuring system perform as designed. The rated operating condition generally specifies
intervals of values for the quantity being measured andrfgiinfluence gantity.

Limiting condition

Extreme condition that a measuring instrument or measuring system is required to withstand
without damage, and without degradation of specified metrological properties, when it is
subsequently operated under its rated operatingitons.

Limiting conditions for storage, transport or operation can differ. Limiting conditions can
include limiting values of the quantity being measuaadi of any influence quantity.

Reference condition

This separates two different cases. For perémee evaluation this is condition of use
prescribed for evaluating the performance of a measuring instrument or measuring system or
for comparison of measurement results. For instrumental uncertainty this is condition of use for
a measuring instrument or easuring system, under which the specified instrumental
uncertainty is the smallest possibdereference condition specifies artarval of values of the
measuran@nd of the influence quantities.
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2.5 Metrology: part 4
251 Sensitivity

Quotient of the change ithe indication and the corresponding change in the value of the
quantity being measured. The sensitivity can depend on the value of the quantity being
measured. The change considered in the value of the quantity being measured must be large
compared withhe resolution.

252 Selectivity of a measuring system

Selectivity is capability of a measuring system, using a specified measurement procedure, to
provide measuremengsults, for one or more measuraniat do not depend on each other
nor on any othequantity in the system undergoing measurement.

For example:

1 Capability of a measuring system including a mass spectrometer to measure the ion
current ratio generated by two specified compounds without disturbance by other specified
sources of electric cuent.

1 Capability of a measuring system to measure the power of a signal component at a given
frequency without being disturbed by signal components or other signals at other frequencies.
1 Capability of a receiver to discriminate between a wanted signalramainted signals,

often having frequencies slightly different from the frequency of the wanted signal.

1 Capability of a measuring system for ionizing radiation to respond to a radiation to be
measured in the presence of concomitant radiation.

1 Capability of ameasuring system to measure the amadhisiubstance concentration of

creaininium i n bpraceddre withoat smtertererce frora thel gu€ose@urate,
ketone, and protein concentrations.

1 Capability of a mass spectrometer to measure the arobsnibstance abundance of
the?®Si isotope in silicon from a geological deposit.

In physics, there is only one measuranie other quantities aref the same kind as the
measurangdand they are input quantities to the measuring system. In chemistnye#iseired
guantities often involve different components in the system undergoing measurement and these
quantities are not necessarily of the same kind. In chemistry, selectivity of a measuring system
is usually obtained for quantities with selected comptmeén concentrations within stated
intervals. Selectivity as used in physics is a concept close to specificity as it is sometimes used
in chemistry.

253 Resol uti on

Resolution is smallest change in a quantity being measured that causes a perceptible change in
the corresponding indication of for displaying devices smallest difference between indications
that can be meaningfully distinguished. The resolution can depend on, for example, noise
(internal or external) or friction. It may also depend on the valueeajuantity being measured.
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254 Discrimination threshol d

Largest change in the value of a quantity being measured that causes no detectable change in
the corresponding indication. The discrimination threshold may depend on, for example, noise
(internal or extenal) or friction. It can also depend on the value of the quantity being measured
and how the change is applied.

255 Dead band

Maximum interval through which the value of a quantity being measured can be changed in
both directions without producing a detectalhange in the corresponding indication. The
dead band can depend on the rate of change.

256 Detection | i mit

In chemistry measured quantity value, obtained by a given measurement procedure, for which

the probability of falsely claiming the absence of ® mponent i n a materi:é
probability U of falsely claiming its presen

Default values recommended for U and b equal
257 Stability

Ability of a measuring instrument or measuring systemmaintain its metrological properties
constant with time. Stability may be quantified in several ways like in terms of the duration of
a time interval over which a metrological property changes by a stated amount or in terms of
the change of a property owestated time interval.

258 I nstrument al dri ft

Continuous change in an indication, related neither to a change in the quantity being measured
nor to a change of any recognized influence quantity. For a material measure, the drift is a
change of the value oh¢ supplied quantity that is not due to a change of any recognized
influence quantity.

259 Variation due to an influence quantity

Difference of the indications for the same measured quantity value, or of the quantity values
supplied by a material measure, wia@ninfluence quantity assumes successively two different
quantity values.

2510 St ep response ti me

Duration between the instant when an input quantity value of a measuring instrument or
measuring system is subjected to an abrupt change between two speciitshtcquantity
values and the instant when the corresponding indication settles within specified limits around
its final steady value

2511l nstrument al uncertainty

Component of measurement uncertainty arising from the measuring instrument or measuring
system in use, and obtained by its calibration. Information relevant to instrumental uncertainty
may be given in the instrument specifications.
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2512 Accuracy <c¢l ass

Class of measuring instruments that meet stated metrological requirements that are intended to
keep measurement errors or instrumental uncertainties within specified limits under specified
operating conditions. An accuracy class is usually denoted by a number or symbol adopted by
convention. A related concept is measurement accuracy. Measuringmi@strincludes
material measure.

2513 Maxi mum per mi ssi bl e error

Extreme value of the measurement error, with respect to a known reference quantity value,
permitted by specifications or regulations for a given measurement, measuring instrument, or
measuring syste. Generally, the two extreme values are taken together and are termed
Omaxi mum permi ssible errorsé or O6limits of

A

designd e 6 maxi mum permi ssi ble error6.
Datum error

Measurement error, with respect to akmaeference quantity value, of a measuring instrument
or measuring system at a sgied measured quantity value.

Zero error
Datum error for zero measured quantity value.
2514 Nul | measurement wuncertainty

Measurement uncertainty for zero measured quantitievdlne null measurement uncertainty

is associated with a null or near zero indication and covers the interval whereesmatknow
whether the measuraigltoo small to be detected or the signal of the measuring instrument is
due only to noise.
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2.6 Metrology: part 5
26,1 Cali bration diagram

Graphical expression of the relation between indication and corresponding measurement result.
A calibration diagram is the strip of the plane defined by the axis of the indication and the axis
of measurement result, thafpresents the response of the measuring instrument to different
measured quantity values. A eteemany relation is given, and the width of the strip for a given
indication provides the instrumental uncertainty. Alternative expressions of the relatiateinclu

a calibration curve and associated measurement uncertainty, a calibration table, or a set of
functions. This concept pertains to a calibration when the instrumental uncertainty is large in
comparison with the measurement uncertasntiethe measuremestandards.

Calibration curve

Expression of the relation between indication and corresponding measured quantity value. A
calibration curve expresses a eoeone relation that does not supply a measurement result as
it bears no information about the measuent uncertainty.

262 Measur ement standard

Realization of the definition of a given quantity, with stated quantity value and measurement
uncertainty, used as a reference.

For example:

1 kg mass standard,

100 q standard resistor;

caesium frequencstandard,;

standard hydrogen electrode;

set of reference solutions of cortisol in human serum having certified concentrations and
measurement uncertainties of cortisol;

1 reference material providing certified values with measurement uncertainties for the
mas concentration afach of ten different proteins.

= =4 -4 -4 -4

The Arealization of the definition of a give
a material measure, or a certified reference material. A measurement standard is frequently used

as areference to assign measurement results to other quantities of the same kind, thereby
establishing metrological traceability through calibration of other measuring standards,
measuring instruments, or measuring systems. In many cases, measurement staadards
realizations of the definition of a measurement unit. The standard measurement uncertainty
associated with a measurement standard is always a component of the combined standard
measurement uncertainty in a measurement result obtained using the measstandard.
Frequently, this component is small compared with other components of the combined standard
uncertainty.

Several quantities of the same kind or of different kinds may be realized in one device which is
commonly also called a measurement déad.
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The word fiembodi mento is sometimes used in t
science and technology, the English word fist
widely adopted written standard, specification, technical reeendation or similar document

(in French Anormeo) and as a measurement st
and measurement uncertainty must be ensured at the time veheredisurement standard is

used.

International measurement standard

Measuwement standard recognized by signatories to an international agreewchameaded to

serve worldwide.

National measurement standard

Measurement standard recognized by nation&laaity to serve in the country.

Primary measurement standard

Measurementtandard whose quantity value and measurement uncertaintystaklished

using a primary measurement procedure. For example:

1 Primary measurement standard of amenfréubstance concentration prepared by
dissolving a known amount of substance of a chdndomponent to a known volume of

solution.

1 Primary measurement standard for pressure based on separate measurements of force
and area.

1 Primary measurement standard for isotope amofiatibstance ratio measurements,

prepaed bymixing known amount o$ubsaince of specified isotopes.

Secondary measurement standard

Measurement standard whose quantity value and measurement uncertainty are assigned through
calibration with respect to a primary measurement standard for a quantity of the same kind. The
relationmay be obtained directly between the primary measurement standard and the secondary
measurement standard, or involve an intermediate measuring system calibrated by the primary

measurement standard and assigning a measurement result to the secondarynergasure

standard. A measurement standard having its quantity value assigned by a ratio primary

measurement procedure is a secondary measurement standard.
Reference measurement standard

Measurement standard designated for the calibration of working measursaretdrds for
guantities of a given kind in a given orggation or at a given location.

Working measurement standard

Measurement standard that is used routinely to calibrate or verify measuring instruments or

measuring systems. A working measurementdstahis usually calibrated with respect to a
reference measur ement standar d. Wor ki ng
ss andardo or fAcontrol standardo.

Travelling measurement standard
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Measurement standard, sometimes of special construction, intended for transport between
different locations like a portable battevperateccaesiuml33 frequency standard.

Transfer device

Device used as an intermediary to compare measurement standandsnt&s, measurement
standard are used as transfer devices.

Intrinsic measurement standard

Measurement standard based on a property of a phenomenon or substance, sufficiently stable
and reproducible for its intended use. For example:

1 Triple-point-of-water cell as an intrinsic measurement standard of thermodynamic
temperature;

1 Intrinsic measurement standard of electric potential difference based on the Josephson
effect;

1 Intrinsic measurement standard of electric resistance based on the quantum Hall effect;
1 Sample of copper as an intrinsic standard of electric conductivity.

The quantity value of an intrinsic measurement standard is assigned by consensus and does not
need to be established by relating it to another measurement standard of the same type. Its
measurement uncertainty is determined by considering two componirtisassociated with

its consensus quantity value and that associated with its construction, implementation and
maintenance. An intrinsic measurement standard usually consists of a gysteénced
according to the requirements of a consensus procedure and subject to periodic verification.
The consensus procedure may contain provisions for application of corrections necessitated by
the implementation. Intrinsic measurement standards thdiaased on quantum phenomena
usually have outstanding stability.

The adjective déintrinsicé does not mean t hat
and used without special care or that this measurement stas@dardune to spurious effects.

Consenation of a measurement standard

Also named as maintenance of a measurement standard is set of operations necessary to
preserve the metrological properties of a measurement standard within stated limits.
Conservation commonly includes periodic verificatidpredefined metrological properties or
calibration, storage under suitable conditions, getisied care in use.

Calibrator
Measuremeinstandard used in calibration.
263 Reference materi al

Material, sufficiently homogeneous and stable regarding oneare properties, used in
calibration, in assignment of a wvalue to ant
material & comprises materials embodying quar
allowing to understand what is reference matelescribing quantities:

1 Water of stated purity, the dynamic viscosity of which is used to calibrate viscometers;
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1 Human serum without an assigned quantity value for the concentration of the inherent
cholesterol, used only as a measurement precisiorotomaterial;

1 Fish tissue containing a stated mass fraction of a dioxin, used as a calibrator.

Examples of reference materials describing properties:

1 Colour chart indicating one or more specified colpurs

1 DNA compound containing a specified nuclagid sequence

q Urine containing androstenedione

I n this definition, Aval ueo covers both quan

materials with or without assigned quantity values can be used for precision control whereas
only reference matmls with assigned quantity values can be used for calibration or
measurement trueness control.

Some reference materials have quantities that are metrologically traceable to a measurement
unit outside a system of units. Such materials include vaccimédscth International Units (1U)
have been assigned by the World Health Organization.

The specifications of a reference material should include its material traceability, indicating its
origin and processing. In a given measurement, a reference matecalygée used for either
calibration or quality assurance. A reference material is sometimes incorporated into a specially
fabricated device.

For example:

1 Substance of known triplgoint in a triplepoint cell;

1 Glass of known optical density in a transnossiilter holder;

1 Spheres of uniform particle size mounted on a microscope slide;
1 Array of Josephson junctions.

2631Certi fied reference materi al

Reference material, accompanied by documentation issued by an authoritative body and
referring to valid proceduressed to obtain a specified property value with uncertainty and
traceability. For example, human serum with assigned quantity value for the concentration of
cholesterol and associated measurement uncertainty stated in an accompanying certificate, used
as @librator or measurement trueness control material. Certified reference material has
enclosed documentation in the form of a O6cer
certification of certified reference materials are given in standards dotaime.

I n this definition, Auncertaintyo covers bot
nominal property valueo, such as for i dent
ATraceabilityo covers bot hi toynewalode garcdl 6ttrra

nominal property value'.

60Certified reference materiald is a specifi
guantity values in certified reference materials require metrological traceability with associated
measurment uncertainty.
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2632Commutability of a reference materi al

Property of a reference material, demonstrated by the closeness of agreement between the
relation among the measurement results for a stated quantity in this material, obtained according
to two givermeasurement procedures, and the relation obtained among the measurement results
for other specified materials. The reference material in question is usually a calibrator and the
other specified materials are usually routine samples. The measurement E®ceffured to

in the definition are the one preceding and the one following the reference material (calibrator)
in question in a calibration hierarchy. The stability of commutable reference materials is
monitored regularly.

264 Reference dat a

Data that is atically evaluated and verified, obtained from an identified source, and related to

a property of a phenomenon, body, or substance, or a system of components of known
composition or structure. For exampl eis dat a
commonlyusedinthesingl ar sense, instead of #Adat umo.

Standard reference data
Reference data issued aystated recognized authority.
Reference quantity value

Quantity value, generally accepted as having a suitably small measuremertainty, to be
used as a basis for comparison with values of quantities of the same kind. A reference quantity
value with associated measurement uncertainty is usually referred to:

1 A material, e.g. a certified reference material,
1 A device, e.qg. a stdimed laser;

1 A reference measurement procedure;

1 A comparison of measurement standards.

A reference quantity value must be metrologically traceable.
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2.7 Clasdfication of measurement errors part 1
271 Measur ement error

We all every day perform measurements. Begig with rough estimation of distance to
something, and ending with application of precise instruments. What makes difference? Error,
fault, precision, accuracy etc. In Chapter 1 we met many expressions defining exact thing. When
we perform measuremerittjs actually an experiment of physics. At least it can be treated so.
We all know that two species of scienrgehysics and mathematics, go together Haythand.

We express physics with mathematical formulas. When we cannot perform straight experiment,
it is possible to apply equivalent model a get desired result. It is usually assumed, that measured
result is accurate and satisfy our requirements. However, it is not true, never was and won't be
in the future. We simply sacrifice quality of measuremetse of use. Where is the difference

i all mathematical calculations are exact. If done properly, they do not contain error. If we are
able to calculate that distance is 1 meter, then it is. If we do physical experiment and apply
instrument, then acquideresult contains error. It is expressed as difference between obtained
value X and reference value.X

P = X4 (2.2)
Vol ume of this error relate to accuracy of t
ruler exatlyonemeterl ong so | can measure everything wi

some accuracy and that should be kept in mind. This is one of direct measurements that give
desired information within certain error range. If 1 m long ruler have 1mrsiaing on it, SO

we can assume, that everything we measure has accuracy of one millimetre. And how about
things we cannot measure directly? Indirect measurements are that for. And that's it. There is
no other type of measurements in the warltirect and mdirect only.

So when we perform measurement, it depends of instrument accuracy and external components
like temperature, humidity, pressure, magnetic flux, ionizing radiation etc. Basically, is the tool
we use affected by any external event and how mé&on&xample, oneneterlong ruler in

room temperature appear to be longer than in South pole during Antarctic winter. The same
relate also to indirect measurements where we should take in account all influences to tools we
use for measurements to obtainedimr calculation of desired value.

So in scientific measurements it is mandatory to provide total error of obtained result. For
example, L= (10080 1) mm.

Now you might have question, how many digits should the measurement contain, how many
are for errorEvery value contains so called significant digits. Those, who are specifying the
value where last one is one that contains error. If we have leading zeroes before one, they cannot
be treated as significant unless two digits are taken for absolute emrexarople:

Number Count of significant digits
1000 4
800*10 3
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9*103 1

0,2*104 1

0,03*105 1

From perspective of mathematics, all digits are significant however with physical
measurements it is not true. Where is differéndeve use valuesvithout specifying absolute
error, then it means N1 of |l ast significant
possible to measure a value with tool that has smallest division equal to it or larger. However
technically it is possible to msare distance of 1 mm with 1 m long ruler with 1 mm divisions,

from metrology perspective such measurement should be treated as failure and discarded.

Another important thing is how measured value is expressed.

Let's take for example

Value Accuracy
1234 mm 1 mm
200101 mm lcm
5*103 mA 1A
0,2*104 mV 1V
0,08*105 m|1 q

When physical values are measured, it is not allowed to display value without absolute error
rounded to one or two significant digits. Always keep in mind,dhmaénsion of absolute value
is the same as for measurement.

Samples of measurement value display:

|1=345N Gpad format. Should be 3,5 N 0,4

| =3,45N 0, chriect, two significant digits used

U 127 i/Badl 0o0Omat . Sh oiuthilhgzere added td keBpdrande 0, 0 4
z 10 2idb,a7d K o4rOmat . Should be (100N4)*10.

272 Absolute error

Till now only one component of absolute error is mentianehallest division of instruments

scale. Confusion about measurement value equal to sndillesson is reasonable and that's

why absolute error (o), named al so as margir
They are:

60



® = o S+ @ M+ o P (2.2)
WhereepS st ands f or er r or Dependngionmsystansused asoedyvalues y s t
of S is within range 0,2...0,5*[ ] where [
system. Such approach is caused by need to deal with errors caused by methodology of
measurement and subject itself. A fact thasurement system changes during runtime allow
to add certain metrological resilience to the system. If multiple measurement systems have been
used to obtain value of one physical par ame
absolute error value. \Btype of appearance this error can be as constant or alternating.
Alternating also can be of two typésprogressing or periodic. If error is constant, then it is
easy to take it in account. More complicated situation is when error appear to be affernatin
progressing and also periodic. Then a mandatory action is to have or obtain expression that
describe changes ®S during measurement sessi

oM stands for error introduced by method use
of obstacles affecteldy parameter changes during experiment, value transformation function,
methodology of data acquisition, interference between value measured and measurement device
and other factors not related to measurement system itself. It is clear that best inssrtimeent

one that does not interfere with measured object, however almost all measurements, where
instrument contact measurable object, interference exist. Depending on method used, this sort

of error can contain a separate component named as instrunemt er( i ) . This <co
relates to any discrepancy caused by-inogar conversion of measurable value in indirect
measurement, limited range of sensor used, inertia of measurement system, ageing of reference
object etc.

P descri bes analgrropderivad #dmenononal vatue of smeasurement device
scale division. In some literature this type of error is named alsdpc8ue error. Usually it
is 0.2 to 0.3 but not more tharb@f scale division.

273 Measur ement

If measurement target itsettin satisfy expected results while being in certain range, it is
necessary to add absolute error values to clarify validity of data. Visual interpretation of this
statement is given in Fi@.3

; : Validit | :
VLA A range ML V

[ M X ol
.
.

0 Vminl :\/ma;(

Figure2.3. Absolute error application toeasured values

Let's have a system where a direct measurement of value V is performed and it is expected to
have it within validity range. So how it is possible to determine, that obtained value is valid?
From measurement statement it is predefined dbeéptable value is in between Vmin and
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Vmax. As declared before, absolute error must be added to acquired values. So it is visible that
absolute error value narrows clear validity range. In the same time nature of error states, that
broader range withih-qp a ml+ Vp al so can contain valid val
- and + @@ range around obtained value is <cal

From here it is clearly visible, that if ambient parameters change significantly during one
measurement session, stmandatory to split session in sections and calculate absolute error
for each of them.

Do not be confused by symbol  used for desc
Basically that's because of two methods it can be get. It niedirvge do not have reliable

reference value ¢ absolute error can be calculated. Reference vajumiX be obtained in

few following ways:

1 Theoretically obtained or science backed declared value;

| Attested value based on research performed by national or tdeaiauthority;

1 Agreed and attested value backed by research and series of experiments performed by
team of scientists and/or engineers;

1 Expectation or average value of n measurement series, where n is large enough count

of series to be acceptable as@&xstive and representative.

274 Random error

If absolute error described before, is expressible and remains almost constant during one
measurement session, then anothertype ofemoa ndom error (0) affect
renders fido only one measur e me rolbgy demgndsrab a c h
least 5 or more sequential measurements to be performed to acquire valid data for analysis.
Random error has a dodgy charactérmight be bigger than calculated absolute error in one
measurement and disappear in next. It might havewsusigns in sequential measurements.

For exampld a measurement session is performed carefully for a running device to measure
value Q expected to be 230K5. It appears tha
and 236/ so outside ambiguousrrge with value of 1. So here this 1 is a random error added

to absolute error. Influence of random error should be kept as small as possible and this can be
achieved through larger amount of measurements.

275 Mi ssed measur ement

In some occasions interferc e of random (U) and measur emen
obtained value X to be far out of expected range. Such case is named as rough error or miss. In
some | iterature a name Ablundero is used. Su
seriesas it is stanéhlone and mathematical processing of measurements allow to determine
them to exclude from further use.

276 Rel ati ve error

Relationship between absolute error of measurement and measured value itself is named as
relative error. It is expressed a
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UX = X/ X, (2.3)

Relative error by itself is a dimensionless value and displays level of inaccuracy of obtained
result. Sometimes it is expressed in peré¢amtX * 1 0 0 %.

277 Error classification

Errors in direct measurements carsbkematically classified as given below in Eid.

Errors in direct measurements

Systematic - should be taken
in account and results adjusted

Random

Miss - should be
excluded

Distribution error - describe experimental
measurement variation

Instrumental

Precision
class

Smallest
division value

Figure2.4. Error classification

Errors introduced by instruments come from two aspects:

First is instruments precision clas¢hat depends on physical phenomenon used, components

used to manufactueend desi gn. Error component from thi
("Y100)X. Precision class in percent is printed on instruments scal@ 4Eigr provided in
accompanying document. If no information is provided or available on any sourcsjgreci

class can be taken as 4 however some cheap multimeter devices in some cases have error rate
exceeding 10%. Such tools should be avoided for scientific measurements.
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Second is value of smallest division of the instruments scale. This is very impghamnt

selecting instrument for measurement as in some cases device available can contain a nonlinear
scale and measured value iIis not in the fAbest
expressesg adsh(@wkere h is smallest division.

Best match range

K V
\ ~
£l cuass ( 28
3&’

1

"0" error  Precision class

8

Figure25. Instruments scale

In Fig.2.5. a precision class 2.5 instruments are displayed and best match range is from 5 to 30
volts with smallest division of 1 volt. So it cannot be used as reliablees®f values for
measurements.

278 Zer o error

Anot her speci fi c s o utdesaibegituatiamwhen instrumentdofsdote r r o
di spl ay hbud. Aslit & wisibletirFig. 25.def | ect i on of a dart
almost the same as smallest value of scale in range from 20 to 30 volts. This sort of error should

be eliminatd as far as possible before measurements and each instrument should have a
construction for that. Instruments without
be used for measurements.

Specific AO0OO0O error c as eryhigh indutdmpeddriceya sénaitivity.i nst r
With open circuit it is possible and allowed to have a non zero value on display as specific
zeroing and calibration routine should be performed. Zeroing and calibration routine is
described by manufacturer of devened presented in accompanying document.

279 Distribution error

Distribution error is the one that cover obtained value differences of multiple sequential
measurements of the same physical phenomenon.
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2791Cor nfi el d'"s met hod

Simplest methodto tzulated i st r i b ut dis€Carnfield'smethod ¢ompain)ng following
steps.

1 From a set of measurementsi{X->é x take lowest (in) and highest (¥ay values
and calculate average value x:

0w —, (2.4)
1 Express absolute error as

3 @ —, (2.5)
and result can be logged@s ® 3 with reliability probabilityy p - describing

chance that true value is within trusted rangepE X +®pX

Reliability probability display, how many measurementsafivalent measurement series falls

to trusted range. This method's drawback is also clearly visible as it directly depends on count
of measurements in a set. So for 5 measurement set probability s 0, 93 7i5 but
0,99999994. So basically trustedirg e ¢ 8hgmot be expanded other ways than by increasing
count of measurements.

2792St udents met hod
Sequence of operations in this method is following:

1 From a set of measurements 1{XX> € M} with missed measurements already
excluded, calculate average valiaccording to expression:

B

W , (2.6)
1 Use obtained value for mean square error calculation by using expression:
) S A— (2.7)

z

Obtain reliability probabilityvalué i n t h e s adeseribed foryCornfield's nmiethod.i s
According to measurement count n @nd f raldemmead Students coefficiemt .

1 Now express error of meA®urement average
So desired result X=( x &lpx) within reli abi

I n scientific papers trusted rangedosabancken i s
it is named as standard and trusted range then is not provided. Usage of Students method is
necessary when value of physical parameter is needed to be wébired reliability
probability.

In the industry this probability is replaced with accuracy class of the instrument. So for majority
of research cases, where precision of measurement is not very crucial, Cornfield's method is
completely acceptable. Even redrabsolute error can be calculated as
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3W 3w 3W 3w (2.8)

If all error components are calculated for the same reliability probability. While all error values
are rounded to one significant digit, in praxis ugficient to take one largest error value from
those three if it is at least three times bigger than any other. So basically factor, the error taken

is related to, will determine precision of the experiment.
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2.8 Classification of measurement errors: part 2
281 Evaluation of indirect measur ement errors

When indirect measurement is performed, it's precision is affected by error from measurement
of physical value a desired value is derived from. Let's say desired value Y is a known function
of directly measured Wae X.

Y = f(X) (2.9)

As we already know, every X measured contai |
Addi tion of ®Xx mean also addidft'ipm. tlon reasud,t
indirectly measured value is a function of a setegfarate values, then for each argumenex

get

3 —30 —30 88 —30, (2.10)
Such approach gives maximal possible error value as it reflects maximum deflection from
average value and that in real is unlikelyratirect measurement error can be calculated as

a3 B — 3w, (2.11)

In real measurements relative precision of various xi might differ significantly so might be
reasonable to asses for a set of values &€ , m-1, m, m+1 ... n forinequality

— 30 0—30, (2.12)

In case when it is truiethe largest error value is more than three times larger than next largest,
error of indirect measur ementnthasY can be assu

3 S—BW , (2.13)

282 Error dispersion

Error dispersion from metrology perspective plays a significant role while attempting to
determine true value of the measurement. As declared before, to obtain a really true value of
certain physical parameter, it should cdyrip two rules:

1 Physical parameter is not changing during whole measurement session;
1 Count of measurements performed tends to be infinite.

As we know, both statements are not true. They can not be true as all physical parameters are
fluctuating because of entropy, and measurement techniques deliver satisfactory count of
readings in certain period of time. So what we can talk about is probability) phet
measurement performed will deliver value within expected range. So expected measurement
value is

a D w . 0noae (2.14)

with mean square error (deviation)

67



O S ERPAY oY (2.15)

In case, when any systematic error is excluded, it is possible to declare obtained value mx as
true value for Q, where Q is true valolemeasuand

While for measurement singletons error calculations are described before, in the industry we
should deal with multiple and continuous measurements. As measurement techniques evolve,
situation when one parameter is measured many tmtesut any noticeable alterations in
system becomes a common case. Modern monitoring systems perform so many readings of one
physical value, so count in terms of metrology can be treated as infinite. Basically, thank to
modern devices it is possible torfmem almost infinite count of measurements with accuracy

that renders part of error calculations as obsolete. However, it is possible to chop series of
measurements in separate discrete items, it is more reasonable not to treat measurements as
singletonsput as a trusted range where they all fall with certain probability. This means, that
for a set of measurements we can express also probability of greatness of difference from
average value understanding with this also probability of difference fromatue.

What is important, error dispersion and difference probability have the same density function
around true value as measurement values itself. That's why it is possible with increased amount
of measurements reduce error volume.

Probabilities dependg on approach chosen, have four most common distribution functions.
Graphical interpretation is presented below in figife

N

-Bmax +6lnax) 3
Figure2.6. Error dispersion probability functions

Function a represent even or equal Simpsons distribution function andhméanacceptable
range probability of error is the same. If such approach is thedeasuandand is absolute
error can be expressed without specifying probability of accuracy.

Function b is named as triangular Simpsons distribution and is deniged tivo even
distribution functions. For measurements with multiple errors where each refers to equal or
triangular distribution rule, a normalized integrated function for absolute error must be
obtained. In most cases it tends to be similar to normaikdigon.

Function ¢ is named as normal, or Gauss distribution and is typical for mostFasason d
is named as Students differential distribution function S(t,k) and it depends on patameter

—_, where “Yr = and degree of fedom k =nR1. Values of this function are already

calculated and can be found in table format. So if a limited count of measurements has been
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made, and measurements itself are distributed according to normal function, then probability to
obtain true value uhin trusted range, can be obtained according to Students distribution.

0 & oY O @& 07 ¢ YOQQp (2.16)
This permisto provide a measurement result, true value Q, in format:
0 & 0 Yphwith probability P in percent.

In fact, for measurement count in series exceeding 20, Students distribution tends to become
the same as normal.

283 Measurement graphical interpretat.

A need to display a set of measurements in graphical format is common. We all know how easy
Is to understand a picture, and how difficult it is to comprehend large table of numbers a picture
is created from.

There are many ways how data cardisplayed, but in science sequence of building a graphic
is such:

1 Determine a scaland axis. Depending on valuesw need to display, linear or
logarithmic scale should be selected. Those are two most common however depending on what
is measured and what is required for display, different free form scales can be chosen. Figure
2.7. below gives an overview of scale dersity;

1 Put measurement value points in the grid. Measurement value points must be displayed
with error area for science related graphics. This statement might be confusing and almost
impossible to fulfil in case when error is tiny when compared to grisuth case smallest grid
division is used for error range border;

1 Depending on target, connect points with broken lines, smooth line or approximated
Ai deal o | ine. First, broken I ine, met hod ca
made is straighlinear between measurements. Smoothed line can be used when displaying a
set of measurements that follow certain #iaear rule and it is necessary to demonstrate
complian@. Samples are given in Figure B&low.
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a) Linear
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b) Logaritmic with base 10
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Figure2.7. Diverse scales used for aseirement display
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Figure2.8. Measurement display diversity: a) generic point; b) point with error area c) and

d) points with error range for only one dimension
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Figure2.9. Graphical interpretation of measurement

Approximated line does not connect measurements, but represent expected, or theoretically
ideal process. It can be used in conjunction of error areas displaying that measurement error
area, and ideal process pseudo error area overlap. This allow alsonassesement set in
general. It is possible to obtain a measurement that is valid from error calculation perspective
but does not represent process measured. Statement might rise a gulestioto interpret

such results. Answer can be found in sectiboud measurement systems in following pages.

All cases are provided in FiguelObelow.

AQ

Figure2.1 0 . Approxi mated Aideal 06 | ine with actu
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2.9 Measurement systems
291 Single parameter systems

Such systems are the simplest antlially covers process where attempt to obtain a true value
only of one physical parameter is performed. For examglesoltage is measured in power
outlet. Depending on way, how measurement is made, it is necessary to declare, is obtained
value a sepate measuremeiitsingleton, or set of n measurements within time range. That's
because we already know basic differences of error calculations.

One reason is accuracy, but the most important case from industry perspective, why
measurements are made, ismtoring. So from this comes out need to determine time range

and minimum measurement count during period of time. So actually we are starting to change
paradigm when with phra§emeasurement, we understand a set of value Q readings in certain
period oftime. As count of readings within one measurement can be large enough, distribution
function is reduced to normal. All others are for cases with small measurement count. So
besides of all errors and probabilities, it is common to declare additionathedrame, when
measurements are made. So this statement | oi
with readings. Basically, if a large amount of measurements is taken, we can easy obtain
expected value (known also as knowledge base or refereneeinahtelligent systems) and

its error range, thus every next measurement can be assessed against expectations. From here
comes possibility to create a regulation mechanism, as from differences we can consider about
action. Let's analyse three casesgnidir e wi t h Ai deal 6 | ine and me
represents an expected value for our measurement system, that is assembled to monitor certain
parameter Q. When measurement is within error range of expected value, we can say that it is
normal opeation of the system. When measurements are outside error range, however error
ranges overlap, this is clear signal that system desires closer attention as it might mean early
warning about possible malfunction. Clear miss in measurements actually catvaighéngs

i first. System is malfunctioning. Secorid it is necessary to determine what part is
malfunctioning. While we are talking about single parameter systems, it is impossible to
determine faulty component. A multiple parameter systems are that fo

292 Mul tiple parameter systems

Main difference from single parameter system is that measurements have been made in the
same moment of time. This broadens meaning of temeasurement, as in this case we talk
about multiple values in conjunction. Basicathyltiple parameter systems do not only direct

or indirect measurements, but is instrument to determine relations between different events. As
in single parameter system, multiple ones have trusted ranges and errors, but as this is one, but
multiple paramedr system, measurement and error distribution follow to the same rule for all
values. Probability that true value of measurement is within expected range is equal for all
measurements. Technically this mean that it is possible to assemigergedilingdevice. As

we are measuring multiple parameters, that follow certain correlation rule, a clear miss in
measurement of one parameter, while others a
type of malfunction and its most probable location.
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293 Parlaldyest ems

From metrology perspective parallel systems are completely separate as they have different
error volume and distribution. Key element for parallel system usage is time. As example
voltage and current is measured in electric circuit. Voltnatelass 2,5 and ammeter of class

0,1 is used. While this is the same circuit, devices are different. From task perspective, it is
interesting to measure both physical parameters, voltage and current, for the same moment of
time. We know how current relato voltage. So from here comes desired restdtue with

error and probability to be true value within section of time.

So for indirect measurements depending on desired result a single parameter, multiple
parameter or parallel systems can be used.

Important aspect is scale, size of measurement system itself. While parallel systems can be very
large and gather information from thousands of measurement points, multiple parameter
systems are most often a single device with various inputs, so count thseous readings

of values is limited by measurement device construction.
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2.10 Measurement of electric quantities

210l Base and derived quantities

So now about how to measure one or another quantity. All quantities are separated in two
groupsnontelectric and electric. Such separation is defined by nature and bonds tight to today's
common approach to automation, where almost everything is electric. With measurements of
electrical quantities everything is more or less clear and basic. We Hg\anerbase quantity

and it is electric current that is measured in amperes and have unit symbol A. All other units
are derived.

List of derived quantities is:

Electrical potential and potential difference, measured in Volts and have symbol V;
Electromotive force is also measured in Volts and have symbol V;

Electrical resistance, measured in Ohms and have Greek symbol (omega);
Electrical impedance, measured in Ohms and have Greek symbol (omega);
Electrical charge, electrical flux and amount tfotricity are measured in Coulombs
and have symbol C;

Electrical capacitance, measured in Farads and have symbol F;

Electrical inductance, measured in Henry and have symbol H;

Electrical power, measured in Watts and have symbol W;

Magnetic flux, measureid Weber and have symbol Wb;

Density of magnetic flux, measured in Tesla and have symbol T.

=A =4 4 A 4

E e

So for all electric measurements base unit is one Ampere and global assumption is that current
is 1A when during 1° eecransfiowdthrdugh@Gduaelofsbcdnduétdr.l O
Basically 1° electrahd areGags@ried td I8e one Coulomb and expression of the
current is

W — (2.17

However, in fact, this is not used as general reference as counting such large numbers of small
partides is far too complicated. It is just representing phenomenon of electrical current on it's
natural way as motion of electrons.

So it can be declared, that measurement of any electrical quantity is actually measurement of a
current flowing in the measuramt area, and this statement is compliant with Sl where we have
current as base value.

Another base statement is that every acquisition of a value of quantity, measurement, is
performed using dedicated technical equipment.

2102 EqQui pment grouping

All technicalequipment used belongs to one of groups:
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Gauges, measurement transducers, measurement instruments, measurement information
systems, integrated measurement assembly.

1 Gauges are components withtime constant parameters within known error range and
are ugd to provide reference value. Simple resistor can be used as a gauge in specific cases.
1 Measurement transducers (MT) are tools used to convert value of the measured quantity

in to another desired form that is convenient for transmission or processimgdlcars
connected directly to a point of quantity value acquisition are named as primary transducers.
Transducers used to transmit acquired value proportionally are named as scale transducers.

1 Measurement instrument (MI) is a tool that apptiéectly to a point of quantity value
acquisition provide sufficient and recognizable information to end user. Ml that has continuous
relation between acquired and displayed quantity value are named as analogue. Ml that encodes
acquired value in to disceeunits are named as digital. MI's are also grouped by result output
type. MI's used only to acquire a quantity value without recording functionality are called as
displaying. MI's equipped with recording component are named as registering. Ml's performing
internally one or several conversions of acquired value are named as direct conversion
instruments. MI's where besides direct conversion a reverse conversion is performed, are named
as balanced conversion or comparison instruments.

1 Measurement informatiogystem (MIS) is a set of devices orchestrated by dedicated
management component and used for collection, processing and delivery to display or store of
large variety of quantity values. Such systems often contain analytics and are able to interact
with external parties.

| Integrated measurement assembly (IMA) mostly is a component of a large scale
manufacturing line that performs data acquisition from various measurement points and is able
to alter several parameters automatically. In case when insidéaoftarqultiple manufacturing

line IMA's are governed by common external utility, they can be treated as components of MIS.

2103 Ref erence gauges

Reference gauges are samples of equipment dedicated to preserve certain initial values for
comparison in later steps or resetting of measurement equipment to initial state. Reference
gauges usually belong to one of grouigganchmark or working. Benchmark gauges are used
exclusively for measurement tool calibration purposes. Working gaugesseade during
measurement data acquisition. Reference gauges usually belong to one of three precision
classes where class 1 is the most accurate. Depending on reference gauge type, they might be
single value or multi value device. Single value reference gaugeally are resistors,
inductance coils, constant capacity condensers, chemical normal elements and stabilized
voltage sources.

1 Reference resistors are made from materials that have significant resistance in
combination with excellent thermal parametérsually it looks like a coil with windings from
manganin and copper. Such resistors are named asvained. Cheaper alternative is foll
resistor. Reference resiss have tolerance class from 0.0005 tb&hd nominal resistance in
range from 16Y to 10'% . Reference resistors usually have four connedtows are voltage
connectors and are labelled as U or V and two current connectors usually labelled as | or A.
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During measurements current connectors are used to attach reference resistor to seimeimatics
voltage connectors are comted to measurement instrumegample of 100 Ohm reference
resistor and internal wimg diagram is given in Fig. 2.4there a) shows a one of versions how
reference resistor looks, b) displays internal parts when covemeved and c) provides
internal connection diagram.

In case when reference resistors are used in alternating current schemes, internal capacitance
an inductance should be taken in account.

a) b) c)

Figure2.11 Reference resistor and internal connectimgram

1 Reference inductance coils (RIC) usually are made from wire that is wounded on special
frame or reel. Inductance coils typically have inductance froft@QLH. Tolerance of RIC
usually is within range from 0.05 to3. While inductance coils are usedttwalternating
current, it is necessary to determine working frequency range. Another type of RIC is mutual
inductance coils. It is made as two coils on common frame and mostly are manufactured with
inductance of 18to 102 H and working frequency 50 ki

1 Reference capacitors are usually low capacitance devices with value up to 10nF. As
insulator between electrodes in most cases air or isingl@ss is used. For high voltage
appliances reference condensers are filled with sulphur fluoridg 8-

P

L

a) b)

Figure2.12Reference capacitors
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In Fig 2.12three sample capacitors are shown where a) is 1000pF nitrogen insulated capacitor
and b) and c) are high pressures Sfapacitors for 25kV and 800kV working voltages
accordingly.

| Standard cells are electaemical sources of electromotive force with wealbwn

value and stability at reference temperatur e
with saturated or nesaturated electrolyte. Standard céle tolerance class betwee@(D2

and 002. Howvever, they have electromotive force, due to comparable large internal resistance,
standard cells cannot be used as power source or loaded with high currents. Electromotive
force E20 of a typical standard cell is 1.018638V at reference temperature, hdegseding

on manufactureii varies between 1.0185V andd187V. In case, when ambient (working)
temperature t is not equal to reference temj
electromotive force Eor working temperature.

0O O T®WZpmMm O ¢ TMOFEPT O ¢ TAEFPT O ¢Tm (2.18)

Today standard cells have been replaced by stabilized voltage sources howlesyer
still remain as one and only independent reference. Image of internadsasdlard cell is
given below.

Figure2.13 Standaraell also known as Weston (fell

1 Stabilised voltage sources are complex electronic devices made to provide

electromotive force at desired voltage with extremdéigh precision. For example,

1. 5 0 000IVOThe same as standard cell stabilised voltage source is not a power supply so
for normal operation it demands low draining current, not more than 1mA and mains voltage

N10% of nominal

Multi value reference deees are able to provide more than one reference value. Typically for
one physical phenomenon. Multi value reference devices are measurement generators, different
kinds of special calibrators, variable capacity condensers, variable inductance variometers,
resistance, capacitance and inductance boxes. Typically, multi value reference devices have
worse accuracy than single value devices.
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1 Measurement generators, named also as arbitrary / function generators, are sources of
alternating current with known genézd signal form where amplitude, frequency and other
parameters can be altered within predefined range. Depending on signal form generated
measurement generators are grouped in sine wave generators, determined spectrum noise
generators, pulse generatorgeaal form signal generators. Measurement generators mostly
are used as working reference devices and should be calibrated against single value benchmark.
Operational ranges are starting from®i@ and does not exceed'8z. Depending on signal
generabn methodology for fullanapu e gener at or &7 3% andjamelitudey i s
N (-8)% of range. Digital generators can provide gigns wi t h v er yoodlpegh pr €
as they rely on high accuracy time domain generataygartz or even caesiumocks, but

depending on schematics used inside, at some ranges they might have wider signal spectrum
due to digital to analogue conversion. Refer to manufacturer manuals before use of such device

to determine precision for desired working range.

Figure2.14. Measurement generator

1 Measurement calibrators are sources of signal with stabilised voltage and / or current
parameters. Calibrators like measurement generators are used mostly as working references and
should be calibrated against single paramie&rchmark before use. Calibrators are able to
provide predefined waveforms or direct current with predefined parameters. Such devices are
widely used in automated testing systems and when supplied with control unit are able to cover
multiple checkpoints. Masurement calibrators in general are able to prquideise voltage

f r o v tollkV. Calibrators should not be loaded and used as power sources. Operational
range for current typically a r i e s Afol(® nmA. Hor agtual values refer to manufacturer
manuals. Accuracy of a c®ilofoperaion@mmge.i s usually

Frequency calibrators are usually combined with voltage calibrators, however does not have so
broad voltage and frequency range than measurement generators.

Phase calibrator pvides two signal channelswit s hi ft i n p h%/s ewhferroem |0aA
digit is determined by sampling step (irseamentioned sampling stepid) . Dependi n¢
technology used, phase calibrator has an internal comparably narrow range ZQkz)
measurement generator or can be paired with external measurement generator to cover broader
range of signals and frequencies.

78



Variable capacity condenser usually is an air / gas insulated deceorking range from 0
to 50 OF a n2ebofssebated ramge.y NO .

1 Resistance, inductance and capacitance boxes are widely used as multi value reference
device that permit to select desired value using rotary switches, one per decade. Such boxes
might have extremely wide working rangemallest and biggesamge difference can be up to

10'2 however usually it does not exceed.1Buch boxes are mainly used as workigfgrence

with precision class 005 to 1. When using this type of equipment user should be aware, that
decades used inside might haagious precision classes. Accordingpt@cision class of the
decade r error value can be calculated as

) r— (2.19

where Nhaxis maximum value forange and N is value selectddthis basically means that in

case, when box is used aserence and all decades should be engaged, actual working value
must be verified against benchmark because error value in greater decade can be greater than
adjustment introduced by smaller decade.

For examplé resistance box with six selectors and wogkiange from ¥ to 999999y need

to be set up for reference value of 985¥39ue to errors in bigger decades, selectors on box
display different value, 985128 when desired is displayed on MI. So absolute error in this case
is 7Y only thatfor box withprecision class 005 is very good.

Sample images of combined resistance+capacitance aradanda boxes are given in Fid.3.

= e Y
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MODEL ACS-502  RESISTANGE-CAPACIT SUBSTITUT! 15-400 i
~ s b HIGH- INDUCTANCE SUBSTITUTIR lET

=

Figure2.15.Resistance, capacitance and inductance boxes

2104 Measur ement transducer s

Measurement transducers are separated in two grioupechanical transducers (MT) or
electrical transducers (ET). This describes the way how measurand is altered for future
processing. Transducers provide useable output as response on quantity, praoerdition

in it's input. Transducers depending on their construction are forwarding and / or converting.
Transducer inputs are sensitive to mechanical, electrical, magnetic, optical, chemical, acoustic,
thermal and nuclear phenomenons or their combimnatibransducer as a device can contain
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multiple components, that can be treated as transducers separately so characteristics of it might
be assembled from characteristics of components.

1 Mechanical transducers are devices that useselemtric componentto forward or

convert measuranbypically, MT are rugged, cheap, accurate, linear within working range and
does not demand external power source to operate. All this allow to build various Ml's and use
them where acquisition of information for automatedreifprocessing is not crucial. MT might

be an essential part of a larger measurement system or hybrid transducer where cooperate with
another transducer. Unfortunately, MT have serious disadvantages like friction, narrow
operational frequency range and g cases comparably high energy drain (interference)
from measurand. This does not comply to main requirement for any Ml, that demand to affect
measurand as less as possible. All this narrows set of cases where generic MT can be applied.

i Electrical transdcers are used to convert any redactric quantity in to electrical
quantity. ET have another wide used common nasensor. Depending of phenomenon used

ET converts quantity on its input to electromotive force, resistance, inductance, capacitance or
anyother that can be measured conveniently. However, sensors in most cases are basic ET, in
some specific cases they can be hybrid, where measurand is first transformed by MT in to
quantity that allow to apply precise ET instead of direct conversion witth@nanaccurate
method. As for MT also ET have definite reproducible function that describe relationship
between input and output quantities. So output to input in known time domain is predictable at
determined degree of accuracy regarding to environtemalitions.
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2.11 Measurement instruments

21,1 Equi val ent schematics of measurement i nst

Regardless of construction, every M| used to measure electric quantities has impedance.
Impedance comes from internal resistance, inductanceagraetitance of the circuit. Graphical
diagram is given below.

R L
o o

1€
I

Figure2.16 Equivalent schematic of an Ml

Equivalent impedance of an Ml according to diagram can be calculated as

® O O o Y Qb & (2.20
From here it is clearlyisible that frequency of alternating current is important and thus Ml
should be carefully selected prior use according to expected frequency. Values of equivalent
schematics and maximum working frequency is usually provided by manufacturer of the
device.

2112 Measur ement i nstruments interference

Most important thing to keep in mind is that Ml is not allowed to interfere with parameter it is
measuring. This statement actually is quite hard to achieve as all have impedance and there is
current needed to flow tbugh MI. So this is a thing to take in account when measuring
electrical quantities inside of a system. So for current measurements impedance of Ml should
be significantly smaller than measured system (MS) has.

O LG (2.29)

For voltage masurements it is opposite. For voltmeters internal impedance must be high as
possible so:

o1& (2.22

How much should be the difference to consider impact of Ml as not considerable? Answer is
simplei MI should not alter any significanigit. So from here it is possible to declare that
impact of MI to measurement should not exceed 1/10 of last significant digit value. For
example, if a measurement of voltage is performed and smallest significant digit is second,
mean 10V, then impact of Mhould not exceed 1V.

2113 Magnektectric instrument

There are multiple methods how to acquire value of a current. As we know, around every
conductor with current exists a magnetic field. If this conductor is located in the magnetic field
created by ano#r source, let it be a permanent magnet, both fields start to interact. This
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phenomenon allows to assemble an elegtezhanic ammeter that depending on components
used has a determined measurement range, sensitivity and accuracy. This is one of the most
basic constructions that have name magwedteatric instrument with moving frame. It belongs

to electremechanic group of MT.

LN

N\
2\ 1 2
{4
__+5
3 3______d5
5 7

Figure2.17.Diagram of a magnetelectric instrument

Construction of a magneto electric instrument contdinspermanent magnet, 2magnetic
flux guides, 3 magnetic pole endings,iddart, 5- fixed base, 6 spring, 7i coil, 8- magnetic
shunt.

For operation this type of Ml demand a current flowing through a coil. This create a momentary
torque Mt inside of aystem. Basically torque comes from interaction of two magnetic fields,
one created by permanent magnet and appear to be constant, and $eeatetl by current in

the coil of the MI. Energy W of magnetic field in the gap, that create torque, depends on
linkage between fieldg and electric current i, where linkage depends on magnetic induction
B in the gap between pole endings and coil frame, coil square s, count of windings in the coil
w, andmagnetic flux direction angld

W hw 6 i pPthus momentary torque is

0 — 06i 07 (2.23
In case, when current in the coil is sinusoidally alternating, torque obtains form

0 6i 0VO@BD (2.29

While mass of the coil andpring of the moving part is creating counterforce, mechanical
system has certain sakcillation frequency. Typically, this frequency is around 1Hz and
characterize time needed for needle to reach maximal working position (other end of scale). So
from hee it is clear that for frequencies over sadttillation such Ml is unable to display correct

value and can be used only for direct current measurements or it will follow slow oscillations
displaying momentary value.
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Every spring used in Ml to return ndedo zero position will create a counter torquethat
depend on energy accumuldte i n spring W :@and turning angl e

0 w]. (2.25
From here it is possible to express sensitivity to current of a maglestivic instrument as

Y ——and turning angle for direct current | equalg to YO

This means that turning angle is dependent on polarity, current direction.

However, this type of Ml is hard to apply directly to intelligent system, it is very simple and
reliable device whout need of external power source. It can be used for measurements in cases
when other measurement methods are under suspect of providing incorrect data or being
tampered. Even more, magnetiectric instrument as shown above can be monitored by optical
recognition device and provide desired information over distance.

For example, of an application let's take magneto electric Ml and instead of a needle put a
mirror to the moving part. From low power laser 3 beam 4 is targeted to mirror of Ml 1 and
refleded to optical sensor array 2 graduated accordingly.

3

=

SO

Figure2.18.Optical magnetalectric Ml

Because of comparably large distance between mirror and sensor array, small motion of the
frame gives noticeabl e dednpasiton iallows toonfeasurea s e r
electrical values in place where extremely high sensitivity is needed and by some reason, like
ionizing radiation, other types of transducers cannot be used.

Magneteelectric instrument described here is the most basic typether instruments differ
only by magnetic systefinmean count of coils and sources of interacting force. To describe
type of Ml all of them usually have symbolic description printed on front plate. List of symbols
is given in table below.

| I Magnetoi electric instrument with moving frame
L]
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Magnetoi electric logometer

Magnetaoi electric instrument with moving permanent magnet

Magneto- electric logometer with moving permanent magnet

Electroi magnetic Ml

jAVAVAl % 'G' >D

VR

Electroi magnetic logometer

v

S A/

Electroi dynamic Ml

Ferroi dynamic Ml

Electroi dynamic logometer

Ferroi dynamic logometer

B D A F

84




Inductive Ml

1
T Electroi static Ml

2114 El ectroni c Ml

El ectronic MI"s (EMI) are separate malga®s ot ha

el ectric Ml l i ke | ow i mpedance and foll owi ng
fully analogue devices with external power
schematics to broaden it's applaignaétiberctrAg
i nstrument is usedieloedtisphiay wal umst s Nna Me
| f basic Ml is applied directly, t hen EMI h
i mpedance (typically over hBMW),ucEMIs dthialti 42 et
own error. Such instruments wusually have pre
error rates, EMI can be equipped with more <c

transhwtcemave proentilOs.i2ont ocl2ass fr
Typical suonpurie icefd BEMI2.i19 given in Fig.

INPUT
3 RANGE 3 TRANSDUCER n

DIVISOR AMPLIFIER W

Fi gar.®29Structure of electronic measurement i

Range Divisor is simple voltage divider that
fractiosigogmal npAltready-ewelclt rkcown magnmuetea t
result. I n general, magneto electric instrum
result displayed is actually an taelgéet oifc dell
defl ection angle a is

1 QY YNy QYN (2.25)

wheki# s conversion coelirhiiscicomtveafsiroange edifvics
ampl iSfiersensitivity fd 9 nsdlrpuentpent €0 ¢ isfeil di eam

components actually adarcenjveirsabhneciorfkbnei pat a
Sequenti al structure of EMI allow to build
broad operation rangef fbyki,eabtwyti nghiconappsbDar
dr awbacks. Sensitivity of instrument typical
i mperfection, amplifier kravtaaritest a nv aliumet.a rSyu cal
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i's cafzleedoodw i &voi d this phenomenon, for hi ¢

coef fkkacs eatoundolamméamni cati on, so main task
I's to provide high input i mpedance.

To broaden operation range in |l ow voltage ¢
i nstrument & emiog hatddjchaspvaaim é h tkrhayt tdoe sseted | evel

measur ement session.

Anot her solution to i mproeexrt EdMMNebegnksowi volkltlya
dedi cated modul ator and demodul ator techniqu
i's fed to modul ator M rdrGvehi d.Wwo.62uvO0e guedc B i
amplified by alter,ndathiatg bd wrcrkesn tdianeplti fciuearr e

avoiifiemgopdcreinfotmenon. Demodul ator DM afterwar
sequence of i mpulses with proportional ampl.|
t hat momddi | de mod wal at or steerable rectifier,

work synchronousl y.

INPUT n
o—>» M > A > DM

NG

G
Fi g2ar.20Struct ur iedenho dwoldautl cart oaf el ectroni ¢ Ml
Average voltage at exit of demodul ator i s pr
YO QWYY (2.26)

As system i sfizapobopefefinbotomteendd nhy a mp | kcfainc abtei o ms edc
quite hikgh* >l eeen mor e. This allow to have
measure voltages et &dbt6 % go ff r vanl eatVe dvirt aang e .

By default all electronic voltmeters are sui
any other form of signal i s achieved by addi
current cadn ibne tcoo nsvweirttaebl e direct current by
additional schematics is needed.

Depending on schematics wused, MI for altern
average value or actwual wvalue.

1 Vol t meters apampbli ¢euh@aveiasmlbeme call ed pea

of such scheme is to keep maxi mum amplitude
i nformation from MI. Generic scheme of peak
bel ow.
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O_H O “‘f"’{_—"—'———._.__f"-—-._._t_‘lnut
/Ny, i/ 3
Uin D T Uout Y . >
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O > O ‘\...1’ ‘\_/’

Figar2&@&eneeak detect diragarnadm vol t age

As it i s possiibbkettagesdeafiram,tvmketage at ou
|l evel but significantly | ess than it irs in I
range. Capacitor C and drain resistor R shou
than time between two peaks of AC. So this a
the same time | arge C andtlramgee tR amidl Ir eidrucree ¢
to follow changes of the peak values.

Peak detector shown in.FiAg. $t2hDsBE1 ciompaimfe ot n &n
the signal stdifkeowsbnont mhft eht di ode D.aglen Usuct
i S

Y, YOBD (2.27)
Due to rectifice®, DG campescnaevhte nwilUl | be ignor
taken in account in measurement planning sta

To avoid any wundesir eadic ledoifegdpespebdk DEfetcemponce
There are various generic schemes, hoiw t his

defl ecti mmasawmmge me otf | Disg r pmemae rpthié @ middle tact anrhe
a:vkjm.

Anot her thing to take in account is a fact t
sinusoi dal current. So i f form of the measu
range), then vaadljuues treeda du ski.hnogidcdo ébfefviaddiyentie s p |
Unmi s

Y QY wuy. (2.28)
Valkithere is amplitude coefficsene formsshegnht
will be
vo4 (2.29)
1 Averageovdlmed ers contain current rectifie
all ow to increase sensitivity of an instrume

defl ection angle a of the Udewfdl!ree d¢d¢su fpir @mpto rcta u
by voktage

1 Q- o 0sQo QY avg (2.30)

Scale of such instruments are also graduated
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non sinusoi dal signals are measumed}i ©Ofue®aaéav
di spl ayed.

~

A A— (2.31)

wheksies coef fisdinents i gfrkai.cf oo enf aindi ent of sine

1 Actualvolattmet ers are built on alternating
the rul e

Y QY (2.32)

Schematics of such converter can vary depen:
them deflection angl eoofsgMErraebddlaeé val ppopodi
applied:

1 Q- 6 00 QY, (2.33)
So it is clearly vismhuasecdla¢e smwmd ht o nséduamen
of this, for voltmet ecrosnvweirttherl iinmse aern gsacgaelde , Ac
i's used in negative feedback circuit.
11 12
e + e
(O
Uin A Cl |u ) DCA

)

Fig2ar®ahal squarcet ucaoln vvearltueer vaol t met er structu

As shnown g. vdUZ2ppéeéi ed to input is amplified
A andterdurnr grmte f i r s tCiasngdu acroen vceoltivaedr éweadrlt t. a ¢Cau r

l2at exit of direct current ampl i fier ( DCA)

converters and is fed back CtoonG@Gleeeo ndh eiomvew

conver si onkiacnddesfof ivoil dmtgees at converter exit &
Y oy Qo (2.34)

Whi | e lefurramenampl i fier A is proportional to Vv
0 QVY, (2.35)

So voliatagtehd iewsitt sgfuare converter (Cl) 1is
Y QY , (2.36)

Whil e amplification coefficient of direct cu

si ghlalt DCA dlh=pl80 Sos iab2 U1t hen
QQY, Q0and deéhgkceioh the Uisstrument needl e
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1 YO YQ =%, QvVv, (2.37)

Saeflection awbigéepodbpohtei oealdl o voltage app

Such actual val ue wwolrtkmentge rvso | tt yapgiec arl d nyg eh asvte
millivolts and frequency from 1Hz to 1GHz. D
accuraaguofkemmaet can5vamwoy 250 % ange N(O.
Beside of voltmeters explained above, in pro
They might have various converters inside so
known accuracy. Tools contasobahfbyaasmetvealfslag d
volt met eUser using rotary switch select desi
Typically wuniversal voltmeters are good enc
exceptional precisioneamd!| wagki n§ nangeerimod
dedi pat es@ v alrtemaitseerds Thi s type of tool cont
and | ock peak value of a short i mpulse follo
such voltmedeed ZEY dlboowewer depending on sch
to capture i mpulses up to only 10ns wide. Ti
domain so for sequenti al i mpul ses wor king fr
Q —. (2.38)

Us u aMolryk iema efnrcy sltHazr tanfdr oggoe0s. up t o 1GHz.

For pulse voltmeters one of crwucial things i
i mpul ses are assembly of sinusoi dal signal s.
cases whehsesheirgnal i's applied and have fr
i nstrument, signal building spectrum exceed

at | ow frequency. This mean that voltage sho
Anot her ¢ mseetlieicist i vé haol hmeeeschematic capabl
signal actual val ue of specific component.

freqguency range that can be sistt.r ®d@d¢ e i golat n
filtered out from sequence of pulses or nois
measured by gener al use universal wvoltmeter.

'S measur ement of signals carreimad i cseruskey, r
voltmeters have working voltages from severa
| i es bNe(tSweteon 15) % for frequencies between 20l

2115 Di gi t al instrument

Anot her type of fMi'gstas oI gst dIDMbheihtahieelrone
i mpedance i s very high. Mu letliepclter itci nMels hhaisg h e
not demand current to display a value. Besi
source ©b ppwent e, they do not di splay dire
approxi mated equivalent.
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For operation DMI contai-digwéamaiconvempene A
counter (DiC). While ADC byndaersamgge iand btlyep «

usually DMI contain a variety of completely

t hat are described before in section about
proportionally to worki ADCrdogg bheADCo 8ohi
at i nput i's represented as digital (binary)
named al so as operational word (OW). So afte
di spltayanemi ssi on.

Functionally, all ADC's treat input signal e
measured, it should be converted into DC in

Today depending on application twothgpesaoné
on field with their pros and cons.

1 Successive approximation converter

This type of cooaoevéeesi awntimetzlkeodcwlumgy . By ¢
generation of temporary OW is startedck Speec
CLK working frequency. Di gaintad lo gv & lomes eird ec o v
to comparator CM. Comparator will return to

Upacat DAC exit is aeagu8toprsggmat zlsed Walmt adlisn & (
temporary OW is valid for transmission. OW w
Di C reset and start signal depending on sys

schemati cs or upon request Bclhbhemad xtcesr nat

SERIAL OW OUT

-
r
-

PARALLEL

ow ouT
TEMP OW g

-

approximation converter is given bel ow.

Fi g2r23Structure of successive approximati on

| Parall el (flash) converter
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Par al |l el converter does not use counteceerr but

operation. Signal applied at converters inpt

ft roval ue i f signal at input is over it's ref

oWw. However parall el convertrsi ons spade at( 210

conversions per second possible), it has si (

usually does not exceed 8 bits and has maxi m

addi tional bit doulres atnhde rceocsu rstt oafs cooenepdaerda i
URrer

gy [ - - o

ENCODER
PARALLEL
oW OuT

Figar24Structure of parallel A/ D converter

Regardless of ADC construction, al/l DMI show
As way how value is delivered eliminate rea
conversion. This mean that value shown <can
approximation. Simplisfuicdd coinyealoiwomt esprgetvamn

A

Xag i l 4 i l _ _ Figure
2..25 /jﬁ fAx

XAs5 !

X4 1 !

X3 / N

X a2

XA17/
t, b ot t; ts tg t; tg 3 t

Approxi mation of a signal by DMI

Let's take a random freeform signal x and ap
does not represent any specific DMI but is d
ti m@nal ogue to discrete si gnnagl ocno nAvDeCr »uiscerd ,i d
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wi | | be declared as measur ed Vv abfuoer fDoirC pbaarsae

converters. So both cases have the satmep.styl
As it is vifsarblmomem® owmf. e 2am@pl e approxi mati o
ermorbet ween true signal value and assumpti o

n fact apprmoxdomas i oot eplra@ay significant rol e

I

size is 16 or 24 bits amm ®Oo0oCvédrasiedn ADE i ss s
i mpact on DMI i s caused by noise that <comes
I mpedance and selectivity of ADC, noise make
shift positiongiotf tloasotn es,i gtnhiafti ciasntnaodti changi
example, observer perform voltage measur emen
10 digits. Due to DMI construction, | ast 5 d
alonst unreadable. Value at position 6 does no
digit. Basically this mean that signal to no

range selected.
For ADC's with Di C ¢ewer apipomaichessédadr OW g

1 Direct count method expect counter to inc
This method is wused in cheap DMI'"s with sl
simplicity.

1 Fl oafioindeget hod means settindgsh bl ggeslt )i

compari son padi sr espelrti.w Ivfallue i s set to O and
Val ue of posi tdaoanp preemaitno ilb eiHidved wver Umet hod
complicated than diremceedadofuintedidcournt mafc hc If a

resul t. Tecohcnki craulninyi nwgi ta®t7 528l 2tMdH zf ii It | trakgisst er

However DMI -tsi peartamedo®tr aamd QW o(vi de measur em
sound as notitveaan ibnpocdmnitdered as true onl

and a static value is desired. Today this ap
is capable to provide a | arge array of wvalu
obwver is able to do more accurate deci si ons
component that provide automated management
system state. So DMI is a true footdtadnaddfs
intelligence to the system. So if time to ma
of DMI is extremely cruci al

Anot her key factor of every MI, and DMI i s n
® . It I s dior ecd ys arnepllaitnegd r at-8BhamMmcacmor damgl i
theorem (know also as Kotelnikov's theorem),
asipUthat is taken in account, I's half of OW

Q —. (2.39)

Thiaspect, in fact, dramatical ly r eedruec edimaexcit
count Di C is wused.
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2.12 Bibliography and list of acronyms

1. I nternati onal iVWasaibculanwrdy Gen Mealo o€ egee p Te |
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2http://www. bipm. dbrokcédntpdblications/ si

List of acronyms:

Bl PM nternational Bureau of Weights and Measu
CCQMConsul tattveeCObmBubmtisMeteof ogy in Chemis
CGPMGeneral Conference on Weights and Measur
CODAFBommi ttee on Data for Science and Techn
GUMGuUui de to the Expression of Uncertainty in
| AEEAnternationaledAtymic Energy Ag

| CSUnternational Council of Scientific Union
| EdQnternational El ectrotechnical Commi ssi on

| FGCnternational Federation of Clinical Chenm
I LACnternational Laboratory Accreditation Co

| SO nt eranatOragmani zati on for Standardi zati on
| UPAICnt ernati onal Uni on of Pure and Applied

| UPAC AAWNt ernati onal Uni on oifCoPmumies sainodn Agmp | i
| sotopic Abundances and Atomic Weights

| UPAIPnt ernati onal Uniieodh PHhHysPiuoase and App
JCGMoint Committee for Guides in Metrology
JCGM/ W&t king Group 1 of Joint Committee for
JCGM/ W& 2 ki ng Group 2 of Joint Committee for
Ol MU nternational Organi zation of Legal Met r c

VI MI nternational VocBduilargnofGMedsdlbo@Qaneapt
Ter ms

WHOWor |l d Health Organizati on
MTiMeasur ement Transducer

MITMeasur ement Il nstrument
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3 ELECTRICAL ENGIN EERING
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3.1 DC circuits
31,1 El ement s racfui tBC ¢

An elementaryDC electrical circuit consists of a DC source of electrical energy, iload
consumer of the energy, connecting wires, terminals with the help of which the wires are
connected to the source as well as of commutating (like switch) and proteetinduses)
devices.The DC source of electrical energy consists of a unidirectional source of EMF E and
its internal resistance;RFig.3.1). One pole of the source has a constant positive polarity but
the otheri constant negative. The DC source BWMF could be provided by chemical
accumulators, photovolizs, fuelcells, etc. Electrical current is a constant movement of
charged patrticles through the close (with switch S in ON condition) circuit directed form the
pogtive pole of the source of EMte the negative one. In respect to the load the current is a
result of an action of the potential difference across the load which is called voltage U. EMF
and voltage are measured in volts [V], electric curfemt amperes [A]. For DC circuits all
electrial values are marked with the use of uppercase letters I, U, etc.

Because of the inside structure of the conductors and other elements any electrical circuit and

the EMF course itself resists to the movement of the current; this phenomenon is called an
elect ri cal resistance (R). The wunit of measur e
resistance of the conductor depends on its material, its length as well asectoss area. The

resistance of the load is calculated for gaining a certain noth@ load by the action of the

current and this resistance is much higher than that of the energy source and the wires.

Figure3.1. A Simple DC electricaliccuit

Resistivity of a conductor is used to evaluate electrical features of material. Rgsistivi

different for various materials and these data could be found in special handbooks. Resistivity

i s designated as }, measured in [ q*m] and ha
the whole conductor:

Y -, (3.1
where [i is the length of the conductor, msi crosssection area of the conductor?.m
All materials are divided into 3 groups:

liconductors of el ectrical current, whi ch

2iinsul ators with high | evel of 1},
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31 semiconductorsvhich could have different resistivity depending on specific conditions.
For the most wuseful conduction materials §J h

1 for copper wibregs*m,=0.0175*10
1 for aluminum i rq&an,} =0. 027*10
1 for steel Wwigeémsm. )} =0.1*10

The material usually used for the wires is steetopper; the resistance of the wires ordinary
is much lower than that of the load then the voltage drop across the wires is very low and
therefore can be neglected at calculations.

312 Ohfte Law

The correlatio of EMF (voltage), resistance and current in the given circuit is described by so
called Ohmés Law: the current in the circuit
reversibly proportional to the whole resistance of the circuit:

0 . (3.2)

Ohmés | aw is valid not only for the whole ci
electric circuitthe voltage is supplied in the direction from the point of higher potential to the

point of lower potential, i.eacross the load the voltage id directed from the positive terminal

of the source to the negative and calculated as

Y@y, (3.3

whereUii s a difference of potentials in volts
could beformulated as follows: current through a part of an electrical circuit is equal to the
voltage, supplied to the terminaithis part divided by itsesistance

313 Theoremobfsagbeev(&@ hekhkeor am)

This theorem describes features of a soofasltage containing EMF and internal resistance

in series. The theorem states that any network with respect to a pair of terminals may be replaced
by a voltage source (equal to the oj#cuit voltage between the terminals) in connected in
series witha resistance. If the switch S in Bd.. is in turnOoff condition the current is equal

to zero and the voltage supplied to the terminals corresponds to M) ( This is so called
opencircuit condition. If the terminals of the source are connectedlghnyr a wire, a short
connected circuit takes place, then

0 Ou. (34

The internal resistance of the source could be determined from 2His dxpression.
Nevertheless the current here is very high. That is the reason why this condihercotuit
is not used, so the circuit is usually loaded with an external load.

In the case of external loading the voltage between the terminafs i&DY. The voltage
supplied to the internal resistance of the source is:

Y Y O 7, (3.5
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Therefore the internal resistance of the source is eqi¥al to o Y ®

The relation between U and | is called a loading characteristieafource and it is shown in
Fig.3.2.

Figure3.2. The loading characteristic of DC source
314 El ectawiec al P

Electrical power of any element of the circuit is a product of its current and voltage:

0 YOB® wdood (3.6)
Taking into account Ohmés | aw two other vers

0 @Y J0 00, (3.7)

0 Y3YY Y)Y (3.8)

It should be mentioned that in DC circuits all the power of the resistive elements is transformed
into heat. In respect to the connecting wires a specific indicatorrent density } is used for

the calculations of crossection area of the wires for appropriate temperature conditions with
current in the wire. For individual connecting wires this indicatoabisut 'Q ¢8 1 O

p TOFA ; for the wires in a coil it i) ¢ Jp mMOFa

For the protection of power source and wholecteleal supply network an especially low
resistance of wire with higher resistivity is inserted in series into the circuit. It is so called fuse
(see fig3.1) i circuit protection element. If the current in the circuit is inadmissibly high a
power of highe density if dissipated in the resistance of the fuse (because of small size of the

fuseds wire) and the wire is melted so open
supply.
Power generated by the EMF source is the following:

0 000 (3.9

Relation between the power of the load and that of the source is called an efficiency factor:

S — . (3.10)
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o)

For the circuit in K.3.1. — -5 -

Voltage drop across the internal resistance atluece couldhedefined as the losses of voltage
which decrease the efficiency factor.

315 Compl ex elrewtiKiisrc clifadavfs f

A real electrical circuit could include more than one source of EMF as well as resistors (loads)
connected irdifferent ways. In £g.3.3 one example of a complex circuit containing three
resistors and two EMF is shown. Thiiedifferent waysdirected currents are possible in this
case. Current I1 is running to point 1 and currengsitl k are running in the diction from it.

There are three branches of current in the given scheme.

R1 1 R3
—L |
L
—= —= I3

Figure3.3. A complex DC electriciccuit

Kirchhoffds Current Law states that the alge
the current runs $ 0 (appbedihtheccererd rurs fromkdher itisi p | u
Ami nuso. Therefore in accordance with KCL:

O O 0O 1 (3.11)
or O O 0.
This circui't can be also considered as a col

Voltage Lawstates that the algebraic sum of the EMFs around the loops is equal to the sum of
voltage drops. Thus for the left loop:

O "0y 0oV, (3.12)
For the right loop
O 03y "OOv. (3.13)

Further applying toget hthe curkeM lin, eackk ddnch &ane Oh mé
calculatedas well as on the basis of these laws of electrical circuits a number of methods and
approaches to solve complex electrical circuit are developed.
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3.2 Circuits of single-phase alternating airrent
321 Cirowitehsi st or s

If a circuit of alternating current contains a resistor R (se8.4igthe instantaneous value of
the current i is changing in accordance with the changes of instantaneous value of the supply
voltage Y i Q&7 o

Q —i€Q 00i Q&1 o (3.19

A pointer of a voltmeter V connected in parallel to the input terminals and in series connected
ammeter A could not follow to the quick changes of the instantaneous values. The devices are
performed following theprinciple of electromagnetic influence, and they measure the real
active value of the signals (so called romtansquare value or RMS):

~.

Y- YiQE@ 60 P (3.15

As we can see the correlation between the maximum and RMS valiessineform signal
is

~ <« —

Q — — W (3.16)
For RMS value QY.

If to multiply the instantaneous value of the current and voltage the instantaneous value of the
power is obtained as the curve in &g, which is only positive and chamg with double
frequency of electric supply network. As all instantaneous values of the power are positive this
circuit has only active power, the average value per period of which is

0 - YOI Qta 6 YO0 (3.17)
In the circuit under consideration the phasors of current and voltage are congruent in phase, i.e.
they are of the same direction and rotate with the same velocity.

Active power is measured in watts (W) by means of wattmeter with twoictiile coil of
current and the coil of voltage i@3.5). The deviation of the indicator depends on the torque
produced by interaction of the magnetic flux of both coils similar to the case of DC power.

Measurement of the RMS values of the current and voltage is reblysetkctremagnetic
devices on the basis of interaction of magmataive force of the coil with current ann
armature with a pointer {.3.5.).
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Figure3.4. AC circuit with resistance and diagram of the its signals
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Figure3.5. Measuring opower of AC circuit

322 AC circuits wintdhucawirl) (reactor or

In the casavhenthe circuit contains amductor only it looks like in Fg. 3.6.
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Figure3.6. AC circuit with a coiland diagrams

As it was already said the voltage of the coil isftil®wing:
6 Yi Q&1 b—. (3.18
With this (3.18) expression we can derive another one for an instantaneous value of the current:
M — i QEMD O —GOETIT 00DETI] O (3.19

This expression allows concluding that at t=0 wherO0 the current has a negative maximum
valueilm(Fig.3.6) , but at u¥Untheturentisnd0d.@. the curtdags behind
the vol timphase.by 90A

The maximum value of the currentalculating dividingby Y¥L. Ther ef ore <L
to the impedance of the coil. But the multiplication Bf and i corresponds to a sH@m

signal with double frequency, the average value of which is zero. It means that no active power
exists thee. Therefore the notion of inductance impedance is stated:

®w 10 (3.20
but the power periodically changing in the network is a reactive power:
0 "YJO (3.22)

§©)

where™Y Y vic - is RMS value of the voltage aitd vic i RMS valueof the current
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0 —. (3.22
Consequently the reactive power could be represented as
0 —NO 09 0 (3.23

The measurement unit of reactive power is var.

323 AC ci r c wmiptax i wiotrks c

Capacitor is an electric device with two insulated plates. Direct current can not flow through
the plates. In the case of alternative current the polarised biasing current is

06—, (3.24)

where capacity C is measured in farads (F). In fact, the capacity depends on a distance between
the plates, their area and characteristics of an insulator between them.

The current flowing through éhcircuit with a capacitor is {§.3.7):

M — 1 BIY WéEi] ®AEIT] O (325

uy=Up sin ot

VANWANANN
\VARVARV,

Figure3.7. Scheme and diagrams of AC circuit with capacitor

When t=0 and ¢~0 the current has a positive maximum valge | but | f c=0the "/ 2 a
voltage has its maximum, i.e. tharrent ¢ leads voltage by 98in phase (F.3.7.).

The maximum value of the current could be calculated multiplyimly ¥ C. Ther ef or ¢
1/ ¥C refers to a resistance of capacitor. Bu
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of uc and t is a sineform signal with double frequency, the average value of which is equal to
zero, i.e. no active power generated. Therefore the capacitive impedance is

(AT (3.26)
but the reactive power is
0 YJO YOI B —, (3.27)
where'Y 7Y IWc , but RMS value of the current is
0 — YD B®. (3.28

For both inductive and capacitive cases the phasors od reactive power as well as that of the
current are opposite directed. WhenOQ is negative (F.3.6.), 6 JQ s positive and vice
versa.

324 AC circuitsewishoceil s and r

Conventionally the circuits with resistor R and inductancaré in practical applications
(Fig.3.8).

E—
Um
uy=Up, sinot § ® /7|U1m %
0] —_— n
0 — Im ot
L uL '[_'" )

Bm
S -" E

0 ‘

P

ot

Figure3.8. AC circuit with coil and resistor

In such circuit the sameurent i runs through all the elements. The phasor of the voltage across
R coincides in phase with the phasor of currenbut phasot).m leads the currentlb y 9 0 A
Therefore

Y Y Y 0OY & . (3.29

In terms of vectors KVlfor a series camected circuit is considereda Y 7Y.
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For RMS value

0 — — (3.30

where Z is a total impedance of the circuit.

In this case the product of u and i is a periodic curve with double frequency wasgimmetric
in accordance to the axis of time, the average value of the signal (active power P) is higher than
zero level.

The voltage drop across the resistaegiactive power (§.3.8.)

0 Y ogwl. (3.31)
The same voltage gives@active power n t h e leadng ih phas® 0 A

0 "YJO 09 O|var], (3.32
but the product of input voltage and current creates so called apparent power

Y Y JQVA. (3.33
From the diagram ini§.3.8 we can see that

Y 0 0 (3.39)
or

WET = — —. (3.35

The least parameter illustrates the relation between useful and total power of the circuit and is
call ed fApower f ac339 cad derive dnbtiheswidelysgu des@igionamih  (
active powed Y OCDD € . o

The sign of angle G4 can be con®i—dem ed from v

i . e. in respect to the formed power for a ci
is signed positive.

325 AC circuits wedihstcapaci tor and r

In such kind of circuits (i§.3.9.) the same current i runs through both elements. VegigidJ
in phase withd , but vector Ym lags that by 94
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Figure3.9. Scheme and diagrams of the circuit with capacitance and resistance

Therefore
Y Y Y oY o . (3.36)
For RMS values

0 —— — (3.37)

where Z is a total impedance of the circuit. The product of u and i is also a periodic asymmetric
to the axis of time curve of double frequency, the average whlwhich (active power P) is
higher than zero.

As we can see fromid:3.9. vector of reactive power §Jags vector P, but at the same time
vector of the appar kaswel Paveréactori@thiseagess P f or (i<

WEl o= —, (3.39

wherethe reactive power of the capacitorls "COY "OQd "01 &
From the vectodiagram of power —  TI.

As Q and @ are mutually opposite directed powerQs assumed to be with

~

Twi t-fn. A
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3.3 Three-phase AC ystems
331 Generatiphaoekttlgeee

Like other electric machines thrphase generators alsonsist of stator and rotor. The rotor
in this machine is a constant magnet or elestemnet, ht the stator is representedhaee
frames of conductors which lag behiedch other by 12QFig.3.10) with frames Ax, B-y, C-

z. If the magnet rotates in Bockwise direction then at the position of the figure the polarity of
EMF induced in the frame-X is positive relatively to the lead x, but the amplitude of EMF is
maximumAf t er r ot at i nthe ldadh@ of theoftarnerZ isfmaximuré edative
relatively to z. Afe r  rBoBeAhe lead B of the frameBis maximum positive relatively to y,
etc. Thus a system of three siioem alternative voltages shifted in time and space byAa4@6
relative rotating vectors A, Usy, Uc; Of this system are fored (Fg.3.10.).

1n
1n
* u,, sy U A¥
[=]
1209 /% 240%/ %360°
0 o o o = mt
60 180 300

Figure3.10. Realisation of threphase sindorm voltages system

If the leads xy ,z are connected together forming so called zero point then the windings have
AYO connection. The voltage volkadeuThesdherbare3e ac h
phase voltages ¢)Us, Uc)s hi f t e deach  othefladdmeasured between pairs of leads

A and 0, B and 0, C andl correspondingly. filese voltages are called ph&aseero voltages

Up-0.

The load of the generator in its twwould be connected to each of threag#to-phase voltages

Y oY YN
Y'Y YN (3.39
Y Y Y8

The correlation between phasgephase and phage-zero voltages could be filged from the
vector diagram (§.3.12).
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30° /!
0.5+Uc  Usc

Figure3.12.Vector diagram of threphase system

For example from the triangle COB with the sid@ JY  the following can be determined:

Y ¢ Y g OY ¢3dy 9. %V Vo (3.40)
The three phases with a zero wire are sugpbehe industrial consumers@i3.11). A voltage

of 220V between one phase and zero point, i.e. an RMS value of thetpizase voltage, is

used for lighting and household needsaofisumers’Y Vo3 ¢ 1T o Y

To balance the supply system all three RMS values of the ptvaseo voltages should be

fully the same and symmetric. So do the three ptapbase voltages. Such supply system is
symmetric. If all three phase currents of gemerator are with the same RMS values and are at
same shift angle in respect to the corresponghmgeto-zerovoltagethen the system of the
currents is also symmetric, i:® ‘O ‘O 1. The algebraic sum of the instantaneous values

of these thre currents at any time is also zero. But if RMS if these currents are not the same or
the angle between their vectors is not the same then the sum of all three vectors is not equal to
zero and there is a current flowing in the zero wire. Such case isanobdlor asymmetric.

For the case of symmetric load of a thpmse system the total power is
Y oJdY J0 wmedY IQ (3.41)
active power

0 oJY J03Hé i +MoJY JOTE | » (3.42
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reactive power
0 oJ3Y Jd Q¢ «MoJY JOTd Q¢ (3.43

In the case of asymmetric load each phase has its own RMS value of current and shift angle.
Then the total power is the sum of all three phase.

332 Connection schemas with symmetric |

The threep hase | oad <c¢can havenneetor (figd.1B) In the case efl t a (
symmetric load with Y connection the RMS vadwé al three currents are the same. As a total

i mpedance (Z) of each phase is the same the
corresponding phage-zerovoltages are also the same and a vector sum of the currents is
O 0 0O m (3.49

Zero wire could be disconnected. Voltdge-OL between zero points of the generator (0) and
that of the load (OL) is equal to O.

Figure3.13.El ectr i cal schemes for Y (a) and o (b)

Zero wire does not need @ connection and eac
is equal to lingo-line voltage. If all three impedances Z are the same the total power of the
load is
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Y  oJYJ0 weJY JO. (3.45)
The angle betweend andilsci s adidthe vector sum of them® WMocJO o JO .

333, Y Connectionoad asymmetric |
If there is a zero wire in the system then in the case of an asymmetric load
O O 0O 0O m (3.46)

and the currentnl leaks through the zero wire. The system of pHasgero voltages is
symmetric because it depends on the symmefygtem of supply voltages. If the load is
asymmetric, i.,ed @ @, and the system has no zero wire then a voltage exists between
zero point of supplying source 0 and load OL.

This voltage could be defined calculating the following system of equation:

Y Y ‘035 1h
YOY ‘005 mh (3.47
Y Y '03 Th

© 0O O mn8
Then thevoltage between zero points

¥ 20 20 20
Y —— . (3.48)

The load voltage of phase A

¥ 20 0 0 20 20
Y . (3.49

The load voltage of phase B

¥ 20 0 o) 290 20
Y . (3.50)

And that of phase C

¥ 20 0 0 20 20
Y ——— . (3.51)

Although the system of phase-line voltages is out of symmetry, the system of pHagghase
voltages is symmetric.
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4 SPECTROSCOPY, MICROSCOPY,
MAGNETOMETRY , ELLIPSOMETRY
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4.1 Optical spectroscopy of molecules

Molecule is the smallest part asubstance possessing its main chemical and physical properties
and capable of independent existence. The molecule consists of different or the sarnewgiteds

into the singleentity by chemical bondsThe number of atoms in the molecule may vary from t

(Hz2, N2, CO etc.) to thousands (e.g. protein molecules). Coulombic attraction of electrons to nuclei
of atoms plays the decisive role in chemical bond formation. However, only the quantum theory
allows understanding the chemical bond nature as wellhgsipal and chemical properties of
molecules.

411 Energy | evels and types of molecul ar spectr

Energy of molecules Electronic energy levels.As it has been mentioned a molecule is a
guantumchemical system arnid order todescribe it, i.e. tgetwholeset of possibleigenfunctions

(or wavefunctions) and corresponding eigenvalwe®i(@es) for a molecule one should solve
Schr°dinger equation, taking into account the
electrons, electrons and nucland also interaction between nuclei within the molecule. The exact
analytical solution of this equation, even in the case of a diatomic molecule (except hydrogen ion
H>" https://en.wikipedia.org/wiki/Dihydrogen_cation) is impossible. Howeatespme conidons

with sufficient accuracy the mentioned problem can be reduced to the system of thraednew
related problemswhichcould be solved in a consecutive manneesgproblems are as follows
determination of electroniEe, vibrationalE, and rotationBE; energies of the molecués well as

their corresponding wavefunctians this so called Bor®Oppenheimer approximation the total
energy of the molecule is represented as a suheabrresponding energies

E=E +E, +E,. (4.1)

I nitially Schr°dinger equ ay, ishouldbé solved.titldescrites e c t r

spatial distribution of electron probability density in the molecule with nuclei fixed at some
distancesfrom each otherOnly one parametedistanca between the atoms is needed to describe
nuclei cofiguration for diatomic molecules, while for mtdtom molecules more parameters (or
internal coordinates) arequiredT he s ol ut i o nquatibngSes the setdfithe geetron e
wave functionsy .(n) and corresponding values of electron ere=de,(n) (where n i state

numbey). It is noteworthy, that additional approximatieroneelectron approximation model is

often usedwhile finding theSc hr © d i n g solutioe §ha aneelectran approximation is

based on the assumption that the quantum system can be described as a system of individual
electrons moving in an averaged potential field, which takes into account interactions with atomic
nuclei and with other electrenThemulti-electronwavefunctiony _(n) of a manyelectron system

in the oneelectron approximation has form of the Slater determinant of a certainosetalectron
wavefunctionsAdditionally, dectrons in diatomic molecudeould beconventionally divided into
two types: the electrons remainiagtheatomic electrororbitals(called nonbonding-electrons)
and electronsvhich which wavefunctions participate in constructionnod | e ¢ ud nad /- olr
electronorbitals providing interéomic chemical bondFor diatomic molecules in a specific
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electronic state thiaternuclear distance affectsvalues of electroniwavefunctiony _(n) andits
energy valueg,(n). Thus solutionofSc hr © di nger e g u avavefonatiorfobhe t he
diatomic moleculeat differentr values (0<r < B gives series of E (r) functions (so-called

configuration curveps This is in contrast to the case of atavherethe solution givesset of
numbers electronicenergy levels (compare Fig.1 andFig. 4.2).

Since E(r) contains all kinds of the intramolecular energy except the nuclei kinetic energy the
function E_(r ) representtheeffectivepotential energypf the fixed moleculeUnder this approach

the functionsEe(r) areoften denoted biJe(r) and calledpotential curves

The necessary condition for molecule stability in the given electronic state is the presance of
minimumfor Ee(r) function atacertain} =} on valuei equilibriuminternuclear distance (Fig.2).

The function Ee(r) increasesapidlyif r valuebecomes smallgéhanj om (due tonuclei repulsion)

and tends talimit E_ (D) atlargerdistances (atrY ® t h e infewattianbetweerthe atoms
goesto zero).

€|
En
P
Figure4.1. Typical electronic energy level Figure 4.2. Typical potential energ
diagram of an atom surfaces (configuration curves) for thr
consecutive electronic states in t

molecule

If total energyof amoleculereachesEe(E)) valuethemoleculewill break down.e. dissociatanto

ions or neutrahtoms(depending on nature of chemical bondisjhe numbem increases (i.ewve
aregoing to higher excited electronic stateBppe oftonfiguration curves changessually,the
curve minmum becomes shallownd the equilibrium distangen increases (Fig.4.2.Sometimes,
the second excited statenE 3) could not be realizedue to too shallow minimum and the
molecule becomes unstable.
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As mentioned above each electronic stdt@molecule is characterized by a specific configuration
curveandthe correspondingvavefunctiony _(n) which describespatialdensity distributiorof

electrors. As an example the Fidh.3. represents the distribution of the electron density for two
groundstates for Hand N molecules.

H. (occupiedd-orbital) N2 (occupiedd- and two” -orbitalg

Figure4.3. Isosurface plot of total charge density in gneund states of Hand N molecules.
Basis set cpVDZ, chage density contour value =0.035

Thus the most important characteristics of electronic $tateach molecule are: equilibrium
distancg on, the minimum value of the electron enemgylr ) and the energy differende, (D)

Ee(r On). This difference (up to aercpoint vibrationsenergy, see below) is equal to molecule
dissociation energn for the corresponding electronic state.
The deeper is the minimum on configuration cuna whenDy. is largerthe chemical bondill

be strongerAs a rule, dissociation energy for the ground electronic state) n the molecule is
the highest.

The energy difference between neighboring electronic states decreases when mumbzases
and foratomsand moleculebas the value of 1 10 eV.

The vibrational energy of diatomic moleculesDiatomic molecule vibrations problem is solved

by means ofondi mensi onal Schr°dinger equaty(nnfor t|
this equatiorthe electron energ;Ee(r) should be used as a potential enddfly) inSc hr °di nger
equationConfiguration curve Ee(r) should be used foaeh electromn multi-electron molecules

to get total potential energ@ndthis results in &et of vibrational problemi®r the molecule

The selection otJn(r) function type depends on the particular modding into account both
theoretical considerations and experimental data.
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Harmonic oscillator model The potential functior (r) can beexpanded in Taylor seriggear
the equilibrium position :

MONUGE = KRBk & NErE = A
gdr g 8 6g r3§
0 "o (4.2)
L . - adu g _ o
Considering that functiot (r ) has a minimum at =r , (so thataed—g =0) and neglecting in
¢dr =,
(4.2) cubic and all the subsequent terom&could obtain
u@g)- UG )—— %g U -1g)? ——ku-;o) (4.3

ad?
wherek = @—8 the stiffnesscoefficientof the interatomic bond within the molecule (its force

constant).

The system gssessing potential energy.3¢is called alinear harmonic oscillator(LHO).
According to quantum mechanics LH@s the following allowed energy levels

E, = hn, 5 + 8, (4.4)
c 2+
whereh is thePlanck's constantu = 0, 1 , vib&atjonaBgéantuns numbeAccording to

(4.4) the minimum energ% hn, is aso-calledzeropoint vibrations energgnd corresponds to the

ground statg u=0) of the harmonic oscillator, and the enejfference between neighboring
vibrational levels is constant and equalh, (Fig. 4.4.). The frequencys, corresponds to the

frequency of the classical harmonic oscillator and associated with force cokstaghtatomic
massesm andm as follows

no= K m=_MM (4.5)
0 Vm m +m,
Anharmonic oscillator modelThis model takes into account that configuration cwhpe) of the

real molecule is close to a parabola only near the bottom of the potential well, and in case of large
differences betwegnandr , the curve has significantly anotrstrtape from parabal&ight branch

of the "real" potentiaU (r ) is flatter than the same one of the parabola and hence such a potential

well expands with increasing energy faster than for the harmonic oscillator (compatd.Fagd
Fig. 4.6). Rigorously in this case the vibrational energy lewalsgradually come closer to each
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other approaching the dissociation limit (unlike equally spaced LHO leVédlas the difference
between the actual configuration curve(r) of the real molecule and parabola

U(r0)+%k(r - r, )’ requiresto consideranharmonicterms in the expansion.@) and leads to

deviations of (4) when dealing withreal molecules Corrections to (4}) are usually written as

L 1
expansion in powers ot/(+ E):

o 1 ~ o l »/2 o l ~3
E,= hnog@ +=8- xhnog@ +=8 + yhnog@ +=8 +...
¢ 2+ ¢ 2= ¢ 2 (4.6)
where X, vy, ..., coefficients calledanharmonicity constants Typically these constants are

sufficiently small such that Oxx<< 1, M << x etc.In contrast td. HO the number of vibrational
levels inadiatomic molecule is usually finite: quantumambery takesvaluesu=0,1,2,¢€ , u,,
(Fig.4.5.).

Obviously the sufficient condition for chemical bonding is the presence in the potential well at least
one vibrational level and the dissociation enekgyis equal to the well deptiith the zeropoint
vibration energysubtractedFig. 4.2. and Fig.4.5.)

U(p) E, Ulp) E,

T — Viim

O—MWAULOIOO C
O — N WAL

Po P Po p
Figure 44 The scheme of the vibration: Figure 4.5. The scheme of the vibration

energy levels of a diatomic molecule in t energy levels for a diatomic molecul
LHO approach assumption of anharmonic vibrations

Providing a molecul&ith anenergy higher than dissociation enengyresults inbreaking down
of the moleculesothateach separate atofftfagment)acquires some translational velocity. Since
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the translational kinetic energy of ndound atoms can takany value(nonquantized), the
absorptiorspectrunof the moleculeabove the dissociation limit will be continuous ().

Hereinafter let us consider the first ordemaharmonicitycorrection in (46)

& 18
- xhn,al + =0

¢ 2= 4.7)
Thenthemolecule vibrationagnergyin thestateu =0 (zerepointvibrationsenergy is equalto

1 1
E,(0)==hn,- =xh
)= 3t Jm, a5

and the distances between neighboring vibrational leaetsthe first energy differense
D,E, =E,,, - E, andaccording to (4) do not remain constant (as it wouldfideLHO approach

andthey will decrease linearly as the energy increases:

DE, =E,., - E, =hn, - 2xhn,3 +%8

¢ (4.9)

According to (49) the number of vibrational levels is finite, and the matifiboundary

vibrational numbeu,, . is approximately equal to

Up.. a 1
lim
™o 2x (4.10)
andthusdirectly relatedto theanharmonicity constart

Finally, the dissociation energy is obviously equal to the sum of thk first differencesD,E, :

Ujim
D = a. DlEu
u=0 . (4.11)
Expression(4.11) containing ¢;,, of termsaccording to(4.9) presentsghe sum of termsof an
arithmeticprogressiordecreasingrom hn, - 2xhn, to zerg andtherefore,
1
D = =(hn, - 2xhn,)u,,
2 . (4.12)

Given the factX << 1, the following expression can be usadteadof (4.12):

D= %hnou

lim

(4.13)
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Each electronic state has its own configuration curve and thereforéshasn system of
vibrational levelsEnergy differences between vibrational levels are significagsigthhan between
the electronic onesf about10'2i 101 eV.

Rotational energy of a diatomic molecule This part of the molecule energy is determined by
solvingt he Schrodinger equat i lmnhis ipproachtlebt®nicramdt at i or
vibrational states arassumedo be found alreadsind the distance between the nuclei in the first

approximationis assumed to beonstant (rigid rotor model). The rotational energy of a diatomic
2
moleculeis relatedto itsangular momentunL. asE, = |2__| where| is the molecule moment of

inertia relativeto the rotation axis E&ing througtthe center of mass and perpendicular to the
molecular axisModule of angular momentumectorcan take the following quantizelues

L=>/JJ+D), (4.14)

Where J =0, 1, 2, é therotational quantumnumber Therefore,

L2 >2
Er:_I:jJ(J+l):BJ(J+1), (415)

> . - .
Where B = o is therotational constant Formally, the(4.15) indicatesthat the rotational levels

form an infinite divergent systemctually, however, there is a limit rotational energy, where the
centrifugal forces "break" the molecule. @s15) approachethislimit it is nolongerapplicable

Energydifferencedor the lower rotational levels are two ordezsdthan for vibrational ones and
havevalues of about0'*i 103eV.

Diatomic molecule energy levels schemdJsing the mentioned above Bor@ppenheimer
approximatiorthe typical scheme of the engy levels of a diatomic molecule can be represented
asfollows (Fig. 4.6) Each of its electronic states has a set of possible veduesbrational and
rotational energies.

Three types of molecular spectraOne can distinguistiree types of molecular specbrased on
transition energy and what kind of energy levels are involved at the trar{§iiip#.6.).
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3
l— 2
n 2 O (1)
v’ J
5 ~10* eV
2
~1 eV 2 (';
~102 eV 2
: :
n"=1 0 (]) L3
D" J" A B C
Electronic levels Vibrational levels Rotational levels

Figure4.6. Scheme of the electrauibrationd-rotational levels of molecule

Rotational spectra This type ofspectraoccuss underA type transitiongFig. 4.6) when only
rotational state of the molecule changes. Line spectral frequencies can be derivi froeof
Bohr frequencies:

1 B
n,==(E,- E))=2[3ii+1)- J(I +1)]
h h (4.16)
Keepingin mindthe selection rule faotational quantum number
DJ* Ji- J="1 (4.17)
the transitions arenly possibleif quantum ofabsorption or emissioanergyof electromagnetic
radiationis equal to the differendeetweemeighboringrotational levels

2B
=—(J+1
=22 (1)

r

(4.18)
Thus the rotational spectrum of a diatomic molecule is a series idistgatlines.

Since DE, =hn, hasthe order of magnitude 1071 102 eV, frequencies and wavelengths for
rotational spectrum amsfollows:

n, =10°-10'Hz; | =1 cmi 1 mm.
These lines belong to the microwavange so the rotational spectra are studied by radio
spectroscopynethods.

Only the moleculespossessinggermanenelectric dipole moment .@. norzerodipole moment
even out of thexternal electric field) have the rotational spedhdditionally thesubstance must
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be in gas phaseMoleculeswithout permanent electric dipole momerdx( Ch, 1> etc.) do not
absorb light and do not havetational spectrum

Vibrational (vibrational-rotational) spectra In order tochange vibrational state afmolecule it
is necessary teupplyenergyquantumof 1021 10*eV. Since DE, is approximatelyl00times
largerthan DE, changeof vibrationalstateof moleculesn gasphases usuallyaccompaniedby
change imotationalstatealsa As aresultseries otypeB transitionsarepossibleamongvibrational
and rotational energy levels (Figure 4.6). Therefore,in contrast topure rotational spectra
considered earlier, upon excitation of a molecule to anetheational stateseries of spectral lines
(vibrationatrotational spectruincan be observedexpression for the frequenci@s vibrationat
rotational spectrurs:

1
= = |(Ej- E Ei- E
n, h [( 4 u)+( d r)] (4.19)

Since DE,, has valuef~102i 10*eV, vibrationatrotational spectrum lies in near infrared range:
n,=10"7 10" Hz; |, =10%7 103 cm.

Thecharacter of thepectrums easy tdigure out if contribution related tootationallevels change

is not consideredSince the distance between the vibrational levels gradually decreases and the
selection rules for the anharmonic oscillator allow transitions between any vibrational states pure
vibrational spectrum would be a group of lines that converge tbalarter waviengtts up to a

certain limit. Due to the small rotatiortekrm(3.1019) each pure vibrational lirsplits intoa band

with so-calledrotational structure (Fig3.107). In order to observe thiine structureone need to

use a spectrometawith sufficiently high resolution. Each line in the vibratiomatational
spectrum isassociatedvith a transition between a pair of levels with certain values ahdJ.
However, "allowed".e.actually possible transitiorsse thos¢hat satisfy the selection rul@hese
rulesfor vibrationatrotational transitions aras follows

Du=N1,2,8 N DJ=N1. (4.20)

Transitions withDu=N 1  mareeprobable to occurah withDu = N2, and so on. Figurd.7
shows vibrationatotational spectrum of HCI.

In fact in diatomic molecules with nerero electronicangular momentum (for example NO
molecule) transitions witB J = 0 are also possible.
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Figure 4.7. IR absorbance spectra of HCI isotopologues simulated using the data of Hitran
databaserl = 296K,p =1 atm

Thus, the frequencyn, & DE,

as well as otheparametersare the specific for a diatomic

molecule. Eigenvalues or natural vibration frequenciewelbasother constants fathe set of
diatomic molecules are represented in Tdble

Table4.1 Constants that characterize the equilibrium configurations of diatomic molecules

Momentof | Rotational Vibration
Internuclear ) . Force constan
Molecule distanca . U inertial, constanB, | frequencys , o kN/m
Y 110k gR|  mev 101 &1 :
H, 0.741 046 740 1.318 057
N, 1.094 1399 0.24 0.708 2.30
o, 1.207 1946 0.18 0474 1.18
Cl, 1.988 11715 0.029 1.064 034
HCI 1.275 2.64 1.29 0.897 052
HF 0917 0.80 4.25 1.241 0.97
CcO 1.128 1457 0.23 0.651 1.90

Espectra (electroit-vibrational-rotational spectrg. The nature of these spectra is determined by
transition betweerlectronic statof the molecule accomperd by correspondingchangs in
vibrational andbr rotational energlevels(C type transitions Figd.6.). Thecorresponding band
frequencies in the absorption and emission spectra are determined by the expression:
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- - ;
39—5[(54- [e)+(Ei- [,)+(Ei- 1) (4.21)

Due to the contributiorof quantum energyhn, = DE, caused by electronic transition the
electronc-vibrationatrotational spectrurfalls into the visible omearultravioletelectromagnetic
range3,=10"1 10 Hz; | =101 10°cm.

Since many vibrational and rotational sublevmong taboth initial and final electronic statéhe
electronic absorption and emission spectrgasiike substances have very complex structure and
consist ottherelatively narrow bandseries.

The Boltzmann distribution law4(22) for moleculesacross thesnergy levels and the Franck
Condonprinciple are thebasisfor the relative intensity interpretatior the vibrational bands in
electronievibrational spectra According to Boltzmann equationthe level with the lowest
electronc and vibrational energy is the mgeipulated

N, é hn, o

—zeXxpsr ——=»
No 8 KT H (4.22)

For example, there are only ~0.1% of tb&l number of hydrogen molecules at room temperature
which are in the first excited vibrational leval£ 1) while the absolute majorityf the molecules
remain in the ground vibrational state= 0).

Therefore, the bands corresponding to the tramsittoomn=1,u=0ton=2,u=1, 2, 3, &
much more intense than the bands corresponding to the transitionafrbpo =1 ton=2,u =
2 ,  3in theélectronic spectra of the diatomic molecules.

Franck-Condon principle. Due to the fact that the electron mass is much smaller than mass of the
nuclei theoptical electroric-vibrational transitioncan be considered to happen in the molecule

with fixed positionof nuclei Graphicallythe electronc-vibrational transitiongan berepresented
asverticalstraightarrowsbetweerenergy levels of the initial and final statéslifferent electronic
potential energy curve$hese arrows should be drawn in such a way that their continuati@ss cro

the interatomic distances axis at the point corresponding to the most probable internuclear distance
typical for the initial electronic stat@ig.4.8. Graphical representation of the vibrational wave
functions for the combining 4&s is also shown iRig. 4.8 It is important to note that probability

of the transition between these states depends on overlap of their wave functions.
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Figure4.8. Demonstration of the Frang€Bondonprinciplefor different situations: ainternuclear
distance in the upper and lower states is the sam@tbrnuclear distance in the upper state is
slightly larger than in the lower state: internuclear distance in the upper state is significantly

larger than in the lower state

412 Vi brational spectroscopy of polyatomic mol

IR (infra-red) absorption spectroscopy of thepolyatomic molecules The IR spectroscopy
method is one of most widely used methods of vibrational spectroscopy due to the simplicity of
obtaining spectra andomparativelylow cost of spectraketup and that isery important in
qualitative and quantitative analysis of substances.

The polyatomic moleculeare characterized by compleibratioral motion of atoms. However,
any intermoleculavibrations can be representedlassuperposition of a certamumberof normal
vibrational modesEach ofthese modekasthecharacteristic frequen@yand is quantized similar
to the above model of an anharmonic oscillator. The vibratiomoteEfcules are usually considered
in the framework of the soalled natural coordinate system, where stretching of chemical gonds
and change of the angles betweeh e; are analyzedf the vibrationdemonstratesiainly change

in the bond lengths and bond angles are not chasget vibrations are called stretching
vibrations If vibrations result mainly in change of bond angles, duhd lengtls are almost

122



unchanged then such vibrations are calleddeformation or bendingibrations The stretching
vi brations are oft®n derf otreadgctdi.yo nt beresy mbol ¢

Depending on the symmetry, vibrations can be symmetric or antisymmetric. Stretching symmetric
vibrations are denoted ag, the antisymmetric- n,.. The examples of symmetric and

antisymmetric stretchingilrations areshown in Fig. 8.

Stretchingvibrations

. 1 .
L X, X, -
& &z
Gl N ] N
symmetric antisymmetric
Sym,ns Antisym, Nas
Deformation vibrations
Planedeformationvibrations
N )
> NG
Scissoring Rocking

Out of planedeformation vibrations

O A
Ny \ y
Twisting Wagging

Figure4.9. Examples of symmetric and antisymmetric stretching and deformation vibrations. Often
the vibrations are denoted using the following symtmisstretchingiii in-plane deformatiom
i outof-plane deformation; T rocking; s- symmetric; asantisymmetric
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The number o vibration modes is determined by the number of athnmsthe molecule and its
structure. For linear molecules

Z=3N-5 (4.23)
and for nordlinearones
Z=3N-6 (4.24)

Thenecessary condition f@ppearance ofibrational absorption or emission spadf related to
whetherelectric dipole momerdf the moleculehangsduring thevibration. In particular, tat is

the reason whyvibrational absorption spectreould not be observetbr diatomic molecules
consisting otheidentical atoms. In many cases IR spectra of polyatomic moledalest contain
symmetrical vibrationdines This featurereduces the possibility ofR spectrosopy. It is
consideredhat molecudr vibrationsthatdo not change electric dipole momehthe moleculare
inactive in IR spectradowever, sich vibrations are active in Raman spectra (Raman scattering).
The physical nature and application of Ramarttedagwill beconsideedseparately.

The IR spectroscopy methdsl a powerful toofor analyticalproblemsof substances containing
polyatomic moleculedt is important to obtain the qualitative IR spectrum of the test sample and
interpret it using someet of analytical band&requenciesand intensies of the spectruniines
represent "fingerprintdf a molecular structure arate specific characteristics of the molecule
According to formula (3.10.5) frequency of the vibrational bands are determined by force constants
for each g vibrational coordinate. Thus, thegould be determined by quantum chemical
calculations or by spectral measurements of reference substandesmi of compound
investigation The analytical spectra interpretationplies establishingcorrelatiors between the
experimentally observed spectrum bands and certain types of intermolecular vibrékiens
vibrations characterizabilityand the databasef ahe characteristic vibrations frequencies of
different chemical bonds atomicgroupsshould be used for interpretatid@omparsonof spectra

of numerouddifferent moleculesevealedhat certain atoim vibrations in different molecules often
have thesame or closérequencyalues calleaharacteristic The vibrations of éH, C-C, C=C,

C-O groupsand many others arexampla of suchtype vibrations All atomsin polyatomic
molecules are involved ia vibrations. However, the vibration amplitude canysignificantly.

The presence of characteristic frequencies in the vibrational spectra atiiters making
conclwsion abouthe moleculestructure.

The relative intensity asell asthe spectral position of tHR vibrational bands is alsan individual
characteristic of molecular structure. The molecule vibrational bands intensity in the IR spectrum
is proportional to the square of the dipole moment component for the given vibrational coordinate.
The absolute banihtensity in the IR spectrum depends on the sample molecule concentration.
This fact is used for substanceagptitative analysis

Table 42 shows approximate positiof the main vibrational bands the IR spectrdor the
characteristic vibrations @tamic groups for different classes of chemical compounds. There are
tables of characteristic frequencies of the basic functional groups of molecules which show the
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frequencies and relative intensities of vibrations of basic functional groups belonginigtendif

classes of substances

Table 4.2 The characteristic vibrations frequenciestioé atomicgroupsin the IR spectra of

polyatomic molecules

Functional group Vibration frequencycm?! Intensity

Ci H, stretching 27003300 intense
Ci H, bending 130061500 intense
Ci H, bending 800-830 intense
J 1 ,stretching 30003700 intense
[ ,bending 12001500 medium
Ni H, stretching 30003700 medium
Ni H, bending 150061700 intense
i 4 stretching 8001200 medium
¢ = wstretching 16001700 medium
CiO 10501300 intense
C=0 16901760 intense
NO2 13001370 intense
Clrc 21002400 weak

CIN 21002400 medium
ui F 10001350 intense
did | 710770 intense

The stretching vibration frequencies of hydrogen atoomdto carbon, nitrogen or oxygédrelong
to shortwavelength (high frequency) spectrahge3700i 3200 cm'. Frequencies of H groups
are in thehighest frequency range of the spectrum

Attaching atom with increased mass to the carbon atom results inrappeaf absorption bands
in the lower frequency range of the spectriimus, vibration frequenyof the GH-groups isabout
3000 cm?, Ci C vibrationsfrequenciesare in the range of 110000 cm!, and G Br about600
cm'L. The increase inhemicalbondorder results invibrationsfrequencies increase.

IR spectrumof aromatic ring showsmedium intensity peak of stretching vibrationdHGabout
3030 cm,
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Another characteristic feature is that stretching vibrations of aromatic eeabbon bonds are
usually observed at 1600 and 1475 tm

Finally, the aromatic ring reveals intense absorption band in the range-698@d*, caused by
deformation CH vibrations. All of the mentioned features of the aromatic ring are observeal in th
toluene IRspectrum (Fig. 40.).

1.0

0.51

Absorbance

. J

0.0 T T T T T T
4000 3000 2000 1500 1000 500
Wavenumbers, cm™?

Figure4.1Q IR spectrum of toluene

The scheme of substance analysis using IR absorption spectra

1. Classification of the organic compounds (saturated, unsaturated, aliphatic, aromatic,
heteroaromaticYaking into accounthe IR absorption spectra lsasedon the characteristic
frequences of stretching vibrations of TH, CiC, C = C, G C bonds and alsout of plare
deformationvibrations of CHbonds. The range offrequencies25001500 cm' is the most
informativefor this purpose

2. After compoundclassification it is necessary to identify the main functional grguesent in
the molecule Absorption bands in the range of 462800 cm' should be analyzedt allows
unique identiicationfunctional goupssuchas Q H, Ni H, S’ H, as well as various types of carbon
hydrogengroupsCspd H, Cspd H, Cspf H, (O =) Q' H (aldehyde)After the characteristic bands of
stretching vibration$or certain types of bonds indtspectrumare detected is necessary to find
out the bonds of respectideformationvibrations in the range df500-500 cm! for example in
the casef Oi H, Ni H, Ci H bonds.
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Raman Spectroscopy.

Raman scattering en inelastic light scattering related to electlijgole monentoscillation of the
molecule nducedby electric field E of incident electromagnetic wave. The induced dipole
moment ofthemolecule is determined hig polarizability and the wave electric field

L; -
p=eaE. (4.25)
In case of monochromatic wave with frequengy
\ % | 4
E = E,cos2p nt (4.26)

Valuea is a function of molecular vibrational coordinates and depends on distance between the
atoms, i.ea=a(q), whereq; is the generalized vibrational coordinate of atomthe molecule. In

the simplest approximation
apa, 0
a(g )=a, +§Ji8 ]
¢HAi =40

, (4.27)

whereg =q,C0S@p ). As a result one can obtain
C 50a. 6 C
S: a,E, cos2p nt + l?;C@)#ﬂ'gqi E, cos2o(n, - n )t +

2(; q =+

. (4.28
180, 0 é: cos2p(n, +n 1t
Z%g]' 0 o T/ L.

Thus, under the field of propagating monochromatic electromagnetic asawelucedelectrical
dipole momenbf themolecule will oscillate with frequencies, no° ni. As a result the secondary
emissionappears aRamanscattering antvands withsatellitefrequencieso+n; andnoi n; will be
observedn addition to thdundamentafrequencyno (Fig.4.1J).

Vo—V;

Figure4.11. Raman spectrum
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Occurringof combination frequenciestise consequence of the incident wave field modulation by
intermolecular vibrations.

The followingfeatures are typicdbr the Raman scattering.

1. Besideghe main line of Rayleigh scattering withfrequencyin the spectrunthere are linesf
n, Nnu frequencies representing combinasai the main frequency and the frequencies of the

molecule normal vibrations. The intensities of these lines-Byo6ders of magnitudare lower
than theRayleighline intensity. Lineswith the frequeniesof no - ng are calledStoles lines lines
with the frequency ofio + ng T anti-Stokes lines

2. The difference between the Rayleigh line frequency and the frequeRanudnliine does not
depend on the incident light frequency andeggial toone of the natural molecule vibration
frequencies.

3. The intensity of antBtokes lines is much lower thahet intensity of the Stokes lines and
increasesvith temperaturgrowth

Classical theory explairdbserved embination frequencies in scattering spaofr molecules and
crystals but does not allow deterraiion ofthe individual vibrational bands intetsias well as
the difference of the Stokes and a8tokes lines intensities. The most complé¢scriptionof
Raman scatteringpectras givenby quantum theory.

According to the quantum model the radiation of frequenisyconsidered as a flow of phot®

with energyha. The photons scatter in collisions with molecules. In the case of the elastic scattering
photons deflect from the direction of their movement without energy change (Rayleigh scattering).
There are also cases when collision causes enrchpege between the photon and the molecule.

At this kind of collision the molecule can get or loose some energy according to quantization rules
I its energy can change logk value corresponding to the energy difference of its two allowed
vibrational stats . Il n ot IEegatue mustrbel equal tapthe molecule vibrational and / or
rotational energy change. When the molecule acquires eqe&rglthe scattering event the photon
changes its energy & 7 qy or frequency t@ 1 gE/h respectively. When the molecule loses
energyqE at the scattering the frequency of the scattered photon will be ecualdgi/h.

128



______ K_-- ST --/\_---. virtual
levels
o e halal nad o i i = = e o
hvo|  |hvo hvy h(votv;)
el |hve hvo|  [A(vo—Vy)
A 4 A 4
vibrational
v Yy sublevels
Rayleigh Stokes RS Anti-Stokes RS
scattering component component

Figure4.12. The Schemdemonstrating the Raman Scattering quantum model

According to the quantum transitions theory the spectral line intensity is proportional to the number
of particles participating in the transition, irmber ofparticlesat the initial energy level (level
population). Thereforeinderthermodynamic eqlibrium conditionstheintensities ratio of Stokes

and antiStokes lineshouldbe equal to thpopulationratio ofthecorrespondingibrationallevels
andcanbedeterminedy Boltzmann formula (3.10.22Expressiorn(3.10.22) shows that intensity

of theStokes linswill always behigherthan the antStokedinesintensity, and the intensity ratio
depend on the temperature and vibrations frequency.

At low temperatures populatioof the first vibrational level is low At room temperaturéor
vibrationalfrequency of 1000 cm'there are only 0.7% of the molecules on the first vibrational
level, so the antbtokes scattering intensity is loWith temperaturegrowth populationof the
excitedvibrational level increases and the intensitynti-Stokedinesincreases.

Raman spectroscopya sectiorof molecular spectroscopstudying Raman spectrand iswidely
usedfor structural analysis and chemical compounds identification

Raman spectraspy has thesignificant disadvantagaue tolow scattering crossection, i.e. the
relatively low intensity otheindividual vibrational bandS.herefordt is necessary to usetensive

light sources for excitation and relatively high concentrationmaculesin solutions(usually

~102mole/liter or higher).

Surfaceenhanced Raman spectroscopy (SERSytudy of vibrational spectra of molecules
adsorbed on metal surfaces relies berqpmenon ofurfaceenhanced Raman scatteri(ERS)
discovered in early 80's of the last century. @sgence of this phenomenon is significant increase
of Ramanrsignalintensitywhenmoleculesareadsobedonroughenednetal surface(Au, Ag, Cu)

or on small (10a 000 U) par ti cl e gnterify enhandemesih soreet caskss .
reaches~1® times. The theory oSERS phenomenon istill incomplete; however, its basic
regularitiesare clear today.
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It is assumeds in the case of Raman scatterthg intensity of SERS spectral linepreportional

tothe product of molecule polarizabiliagndelectric field (see thexpressior§3.10.25)). Therefore,
intensityenhancemendlso depends on two factors. One of themassociated with increag in

the electric field acting on the molecule near the maidiaceand providesncreaseof Raman
crosssection by~ 10% 10°. Thisenhancemeris determinedy resonance of incident or scattered
electromagnetic radiation with oscillating electric field of electrons localized near the roughness of
metalsurface or in a separate metal particle at specific eigenfrequencies. The existence of such a
resonance effect also gives qualitateslanationwhy highest enhancement is achieved cliase
surfaces of noble metabgth high reflectivity in the visiblegange ofspectrum.

Another factor oRamansignal enhancemergrelatedto change of molecule polarizabilitue to
couplingwith metal electrons. Thikind of interactionhaschemicalorigin. The magnitude of this
"chemical"enhancemendepends on thiype of interactions betweetihe adsorbed molecusnd
metalsurface Due to chmical interactions with the surfatke distribution of bandmtensities
within SERSspectrum of complex molecules differs significantly from thaRaman speaim
and depends ametalsubstratanature

Rougtenedsurface ofsilver electrode in electrochemical cell is often used as substma8ERS
spectra The surface rougherg occurs usingso calledoxidationreduction cyclesAnother
substrate types metal colloid(sols)particles with sizes ranging from 5 to 200 n@ne mordype

of substrates is island (granular) metal films obtained by metal vacuum deposition on dielectric
surface. Such films are composed of metal nanoparticleslitwensionally dstributed on the
planeof substratelt is possible to obtaiquastperiodicfilm structures with metal islands having
lateral dimensions of-850 nm and heights of ~100 non moreby varyingvacuum deposition
conditions (deposition ratsubstrateemperaure).

Themetalisland films and latticesf regular structure producédxy microlithographymethodsare
alsowidely used.

One of advantages of SERS spectroscopy is the posstbilitgtectextremely small amounts of
substances (concentration of the solutiownto 10*° mole / liter orevenless) Using this SERS
possibility isextremelyimportant for the study of objects availablesary smallguantities as well
as analysis of real systems with low concentration of analyte moleculeprdgressn SERS
spectroscopy methods hasulted irthe possibility of single molecule detection.

Besidesthe useof SERSmethod for study of surface proped, SERS spectroscofnas been
widely usal in medicine and biophysics studyg processesf structure of drugarget complexes,
pharmacokinetics of drugs in living celigg It allowsinvestigation oimechanism of drugs action
underconditions close tghysiological Such systems are also widely used in the products of
chemical reactionanalysis, control of the reactants purity as well as the control of environmental
pollution by organic compounds.

The schematic representation of a typical experimsegsaém used in SERS spscopy is shown
in Fig. 413.
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Figure4.13. The model of SERS experimental system

To provide specific adhesion propertiesiver island film placedatop the dielectricsubstrate
surface (Ag, Fig. 43) can be modifiedcoated) with a thin layer cfurfaceactive compounds

(e.g.stearic aciyl Upon irradiation with frequenc¥,,, thelight parially undergos reflecton and
elastic scatteringiithout change of photon enerd,, or is inelastically scattereasSERS signal

(hn.., Raman scattering) amitted asfluorescencehn . In somespecific casesnot only the

Ramansignal enhancementours butluminescencenhancemendf the adsorbed molecules is
also observed.

Fig.414 shows the Raman spectof known fluorescent dye thioflavin Tinder different
registration conditions.
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Figure 414. Calculated (1), experimental RS spectra of the powder of thioflavin T (2), and ¢
spectra of thioflavin T at the SERfRtive substrates: citrate sol (3) and thin silver film (4).
Excitation wavelength 633 nm (2) and 473 nm (3, 4)

It is important to note significant differenbetweerRS and SERS speatof thethioflavin T dye.
The probability of vibrational transitiongithin the moleculehangesstheresult ofits interaction
with the metal surface, i.e. the amplification is observed not for all vibrational Kandsan see
thatthe mostactive vibrational bandé SERSspectrum are d&32, 795, 1139 and 1390 ¢niThe
main contribution to the vibrational bands is made by stretching vibraticet®msforming the
aromatic rings. Silver films, used as a substrpteyide mainly electromagnetievhile silver
hydrosolsprovide both electromagnetic and chemical mechanifmsignal amplificationThe
difference in the number of bands intengFig. 4.14.) is due tothe difference in the contribution
of chemical and electromagnetic mechanisfsrhancement
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413 Lumi nemsocleenctul ar anal ysi s
1.Background

The luminescence method is one of the most effective methods used for detection and
determination of substances, as well as for the study of their structure at molecular and atomic
levels

The prominent feature of this methodhg ability to observéhe emission signal from extremely

low concentrations of luminescent substance #1100 *?g/cn?). Use of lasers as excitation sources

and highly sensitive photodetectors allowed to signifigantprove limit of detection and resulted

in capability to register and study even single fluorescing molecules. High sensitivity of
luminescence analysis is widely used to solve many scientific and practical problems in geophysics,
mineralogy, metallurgychemical industry, textile industry, criminalistics, medicine, biology, and
even in construction.
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Figure4.15. Jablonski diagram of electronic, vibrational, and rotational energy levels in a
molecule

In absence of excitation (e.g. provided by el@tiagnetic field) anolecule resides in an electronic
state characterized by the lowest possible energy #altéis electronic state is called thpeound
state,and the corresponding energy level is called the electronic ground energy level of the
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molecule. Typically, when molecules with closed shell configuration are considered, total spin S
for the ground electronic state of the molecule is equal to zermulgplicity is 2S+1 =1, and the
state is referred to as a singlet state @ambtedvith symbolS (Fig. 4.15).

When a molecule in the ground state acquarpsrtion of energy from outside (for example, during
absorption of a photon), a transition ofaten from one molecular orbital to another occurs and
the moleculechanges its energy level (i.e. transits)the excited electronic state S, which
corresponds to the energy le&l If the transition occurs between the groundaBd the first

excited $ states, this process can be desatitvith the following equationM +hn, - M,

whereM andM* denote the molecule in the ground and excited electronic states, respeltively;
is the amount of the absorbed photonrgyehn, =E(S) - E(S)) =DE,,

If the molecule absorbs light of a different frequency, sudiis E, - E, = DE,,, then transition
takes place to the secoexcited electronic stat8, (Fig. 4.15).

Excited electronic state hasn-equilibrium character, therefore molecules can not stay in this state
for a long time. Deactivation of the excited molecule, i.e. loss of the energy gained during the
excitation, takes place as a result of several competing processes: spontaneitios ti@riise
ground state accompanied by photon emissiorcéfled radiative transition); excitation energy
transfer (or migration) to another molecule; activation of photochemical reaction
(photoisomerization, photodissociation, photoionization, etaersystem crossing non
radiative process resulting in spin conversion from singlet to triplet states (for example conversion
from S to T; state); internal conversion process, when the moleculeathatively transits to the
highly excited vibrational sublevel of lelying electronic state and the excitation energy is lost
(converted to heat) due to energy exchange during collisions wittusding molecules.

As it was mentioned, one of the routes of the excited state energy deaciivatidative transition

to the ground staté is accompanied by photon emission, andghacess of light emission by
molecules or atoms during this tratie is calleduminescencelt is essential that luminescence
represents the radiation which is not in thermodynaggjailibrium with the source (i.e. the
emitting molecule) in contrast to thermal radiation. Luminescence emitted by molecules shows
quanturmnature of light absorption and emission processes. In general, not only electronic but also
vibrational and rotational energy states of the molecule can be changed at the radiative transition
(Fig. 4.15). However, it is importanio note that electronigdnsition in a molecule is considered

to be the usual condition for luminescence emission to occur.

Depending on a way how the emission is excited, luminescence can be divided into several types:
photoluminesceng@xcitation by light) electroluminescendg@xcitation by electrical discharge or
electrons)chemiluminescendgexcitation as a result of chemical reactions), etc.

Almost all atoms, majority of molecules in gas phase, as well as ions of raremestels and
aromatic organic molecules in solutions exhibit luminescent properties.

134



Study of luminescence properties of molecules in solutions provides important information on
structure of the molecules and their microenvironment, nature of-iaimd intermolecular
interactions and kinetics.

Depending on multiplicity of electronic states, between which the radiative transition occurs, and
emission decay duratioft), luminescene is divided intofluorescencetransition between two
singlet states S So with typicalt= 10°. 10'° s) andphosphorescendggransition between triplet

and singlet states;T So with t=10°- 10 s). It is noteworthy thaginglet and triplet energstates

have significantly different quantum nature and transitions between states of different multiplicity
are forbidden by the selection rules of electric dipole transitions. However, the selection rules do
not hold strictly and transition between tripdand singlet states is possible but at drastically lower
rate. Singlet states have multiplicity equal to 1 and they do not split when magnetic field is applied
in contrast to triplet states (multiplicity is 3) which are split in three sublevels in magjetti

Molecules containing heavy atoms such as bromine and iodine are frequently phosphorescent. The
heavy atoms facilitate intersystem crossing and thus enhance phosphorescence efficiency.

2. The main parameters of luminescencé.uminescence spectrusidependence of the radiation
intensity distribution, emitted by a molecule or other luminophore, on wavelength or frequency of
light. The spectrum represents energetic characteristic of the luminescence. Its position in the
frequency scale is determineg difference of energies between the excited and ground $tates

hnlum: E -E,). While luminescence spectra of molecules in gas phase are comprised of series

(bands) of narrow spectral lines, the spectra of complex molecules in solutions are generally
appeared as a single broad band with full width at half maximum (FWHM) of tens of nareometer
The considerable width of the luminescence band is related to the fact that each electronic energy
level of the moleculdnasa corresponding set of vibrational and rotationaklswiels, which are
significantly broadened due to intermolecular interaxgtiavith the environment.

Emission of light is a statistical process, relevant for ensemble of many luminescing particles. If
the ensemble is comprised of the same type of molecules then each excited molecule of the
ensemble is characterized by a certaobpbility of emission (or rate of emissioh)thatdoes not

depend on how much time it spent in the excited state. In this case, after the preliminary excitation,
the number of molecules in the excited stdteuld decay exponentially with time

N =N,exp(At), (4.29

where N, is the number of excited molecules at the initial time correspondihg @ The time

(or lifetime) spent in the excited state for individual luminophores of the total ensemble of
molecules is different, but the ensemble averaged time spent in the excited state has specific value
t = 1/A. This magnitude is used to charactefiftime of the excited stat&ince the intensity of
emission is proportional to the number of excited luminophores, therefore the emission intensity
should follow the same rule:
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| =1, exp( %) . (4.30)

Therefore, luminescence decay lifeéirh has meaning of time during which the intensity of
emission decreases by 2.72 folds. It is noteworthy that the same valug used to characterize
duration of the emission process (emission decay) by ensemble of moleculeshadhtterize
lifetime of the excited state.

The luminescence efficiency is described using special teropsantum and energyields

Quantum yield of luminescencki(m) is defined as ratio of number of luminescence photdps

to number of photons absorbed by molecules of the luminescing subBtgpf the same period
of time:

N

= (4.31)

BIum -
N

abs

Fluorescence quantuwield I 7 is definedas the ratio of the number of photamitted through
fluorescence to the number of photons absarbed

abs (4.32)
The phosphorescengeantumyield is defined in similar way.

The luminescence quantuyield can not exceed 1, and in most cases it is less thahus,
quantum vyield represents emission efficiency of a givemnophore andtan be considered as
probability for the molecule, that absorbed a photon, to emit a luminescence photon.
Luminescence ergy yield (¢) is the ratio of the total light energy emitted during luminescence to
the energy of absorbed light:

(4.33)

Since part of the photon energy absorbed by the molecule is converted to vibrational motion (and
dissipated in heat), the energield is usually lower than the quantugpreld and luminescence
spectrum position on frequency scale is shifted to lower frege®im comparison to absorption
spectrum.

3. Principle laws of luminescencdndependence of fluorescence spectrum on excitation light
wavelength. As can be seen from Fig.1% excitation of a molecule in the ground state with
photons of different energwill result in transition to different electronic, vibrational, and
rotational levels of the excited states. Therefore, one can expect that luminescence spectrum will
depend on excitation wavelength. This is indeed true for molecules in gas phase.
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However in the case of substances in condensed state (for instance, in solutions) it turned out that

the same fluorescence emission spectrum is generally observed irrespective of the excitation
wavelength. This behavior for emission spectrum in condensed s&agemerally known as
Kashaods rule, but it should be noted that i nd:¢e
wavelength for molecules in condensed state was first reported by S.I. Vavilov.

Expl anati on o ffollswang. @od excitationlingd highsr eléctromic and vibrational
levels, the excess energy is quickly dissipated due to interactions with surrounding solvent
molecules leaving the fluorophore in the lowest vibrational level of the first excited elestiatgic

S1 (Fig. 415). This nonradiative process of energy dissipation is called internal conversion and its
typical timescale is ~1# s, which is usually much shorter than lifetimg@ypical value is ~18s)

of the first excited Sstate

When rapid internal conversion processes are over, the further deactivation processes originate
from the lowest vibrational level of the excited state Therefore, emission predominantly occurs

from the lowest vibrational level of the excited st&eand fluorescence spectra are usually
independent of the excitation wavelength. From the practical point of view, this allows to use wide
spectral ranges for excitation and neglect spectral composition of the exciting light.

StokesLommel law. In 1852 G. $okes formulated the rule stating that the luminescence light
always has a longer wavelength in comparison with the light used for excitation. Although usually
this statement is valid (see Fy15), in many cases the Stokes rule does not work. Therrdaso

this is partial overlap of absorption and luminescence spectra for many subgtanoes416).
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Figure4.16. Absorptionspectrum(1) and fluorescencgpectra(2, 3) of rhodamine 6G iathanol
excited a#60 Nm ((exc) and 540 nml (exc2)
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According to the Stokesd rule only part of t
wavelengths (or lower frequencies) than the excitation light wavelénrgticould be observed.
However, in many cases, we can observe the full spectrum of tueresc e , i .e. the St

violated. Part of the fluorescence spectrum within wavelengths rasdggxis calledanti-Stokes.

In Fig. 4.16. anti-Stokesfluorescence of rhodamirgG excited atl e — 940 nmis observed in

spectral range 50830 nm Appearance of anstokes fluorescence can be explained by presence

of certain vibrational energy in molecules, that absorb photon of excitation light, i.e. absorption
takes place from excited vibrational levelstbe ground electronic state. Population of these
vibrational levels at certain temperature can be estimated using Boltzmann distribution. Sum of
vibrational energy of the molecule and energy of the absorbed photon makes possible emission of
photons withhigher energy than the excitation light, thus explaining-stokkes part of the
fluorescence spectrum.

E. Lommel proposed t he enussionemettruno as awioole ard @s St o |
maximum are always shifted in comparison with the absorptnghits maximum toward longer
wavelengths (or lower frequencies).

The shift between maxima of absorption and emission spectra is called Stokes shift. It is important
to note that energy losses between excitation light and emission are observed unifgrsally
fluorescent molecules in solution. One common cause of the Stokes shift is the rapid decay to the
lowest vibrational level of electronic; State due to internal conversion processes. Additionally,
upon fluorescence emission fluorophores generally transit not to the lowest vibrational level of the
ground g state but to higher vibrational levels, resulting in further loss of excitation ebgrgy
thermalization of the excess vibrational energy. In addition to these effects, fluorophores can
display additional Stokes shifts due to solvent effects, exsite reactions, etc.

4. The mirror -image rule by Levshin.For a wide range of dye solutigrparticularly for aromatic
hydrocarbon# solvents of low polarity, one can observe manifestation-aafed mirrorimage

rule established by V.L. LevshiAccording to this rule (Figd.17) absorption and fluorescence
spectra, depicted in frequenayate, are symmetric to each other with regards to the line passing
through the intersection point of both spectra and perpendicular to the frequency axis, i.e.,

N + Nabs= 2No-0, (4.34)

where naps is the frequency in the absorpti@pectrum,nq is corresponding frequency of the
emission spectrunmg.o is the frequency of the symmetry line, which has meaning of frequency of
the purely electronic transition froo¥0 vibrational level of the ground electronic staged31j=0
vibratioral level of the first excited electronic state S
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Figure4.17. An example of the mirror image rule for absorption and fluorescence spectra of
anthracene. Spectra of anthracene in cyclohexane are shown in wavenumbes %/cale

The generally symmetric nature of the absorption and fluorescence spectesult of the same
transitions being involved in both absorption and emission, and the similar spacings between
vibrational energy levels ofpSand S states. Usually, these energy levels are not significantly
altered by the different electronic dibutions of $ and S states. In absorption spectrum of
anthracene (Figl.17.) one can see sharp distinct peaks related to population of vibrational levels
in the molecule. These peaks are due to transitions from the lowest vibrational levejrotinz

S state to higher vibrational levels of the excitadstte. Upon the deactivation of the excited
electronic state the fluorophore can return to any of the ground state vibrational levels. If these
vibrational energy levels have similar spacing comparison to those in the; State then
fluorescence emission spectrum shows the same pattern of peaks as the absorption spectrum

5. Luminescence depolarization.Luminescence depolarization can provide information on
orientation of the emitting centeasid their mobility during the timescale of luminescence decay.
This method is more appropriate to study fluorescent molecules since timescales of fluorescence
decay and rotational diffusion of these molecules in solutions are usually comparable (~ns range)
Origin of anisotropy or polarization of fluoresceneenitted by a molecule is related to a well
defined spatial orientation of transition dipole moments (or quadrupole moments if dipole
transition is forbidden) within molecular framework which are resjida for radiative transition.
Therefore, excitation of dye molecules using polarized light can result in emission of the polarized
fluorescence.

Quantitatively fluorescence polarization is characterizeddgyree of polarizatiolr anisotropy

L e t 6 sderc¢hat mcident excitation light, linearly polarized in YZ plane, is directed daxgs

(Fig. 418). If we conduct measurements of fluorescence intensity polarized along XZ and XY
planes at right angle to the direction of the exciting light propagéte. alongX axis, Fig. 418)),

the degree of polarizatidhand anisotropy respectively will be equal to
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(4.39

In equation 4351, andl~ are the intensities of fluorescence components Hpekarized in XZ and
XY planes, respectively.

2P orp= 3
3-P 2+r

Relations betweeR andr values are the following =

Let 6 s thas maleoutes of the luminescent substance are located in a solvent with high
viscosity, which prevents their rotation during the time between light absorption and emission.
Additionally, transition dipole momentan between electronic statésandB for ensamble of the

dye molecules are randomly oriented in space.

Therefore, only molecules with nerero value of the transition dipole moment component
along Z axis will be able to absorb the linearly polarized ligt. 4.18), become exa#td, and then
emit the fluorescence photon.

In general, transition dipole moments for absorption and emission processes can be different and
have nordentical orientation, for instance when electronie S transition takes place during
the absorption an8;- ST during the emission.

Z

A
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Figure4.18. To the determination of the luminescence polarization degree

Degree of luminescence polarization depends on anfletween transition dipole moments for
absorption and emission. One can show that
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P=3cos a

> .
cos a+3

Since the angle can be in the range fro@t o 90 A,
within rangefrom 1/2 toi 1/3. Similarlimiting values for fluorescence anisotropy r are equal to 0.4
and-0.2, correspondingly. However, in fact these limiting values are rarely achieved due to various
factors leading to depolarization of emission: rotational Brownian motion of moleculegy ener
transfer between molecules, intramolecular motions, etc.

t he

colPiserxlpsech di ng

(4.36)

Equation 4.32) allows to explain why fluorescence anisotropy or polarization degree can be
dependent on frequency of the exciting light. By changing frequency or wavelength of the
excitation onemay induce transitions to different excited electronic states S
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different values resulting in different magnitudes of polarization degree.

Besideghe dependence on exciting light frequency, degree of polarization depends on excited state
lifetime t, solvent viscosityh, temperaturd and hydrodynamic volum¥ of the dye molecule.

The following equation proposed by F. Perrin and V.L. Levshin relates polarization degree (or

anisotropy) of fluorescence with abovementioned parameters:

where kB is the Boltzmann constariy is the limiting value of the polarization degmetermined
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by eq(4.36) for the case of infinitely high viscosit -
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Figure4.19. Spectra odRhodamine 6G fluorescence in glycerol (1) and ethanol (2) as well as
fluorescence anisotropies in glycerol (4) and ethanol (®)ceh temperature
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Figure4.20. Fluorescencspectrum and anisotropy fdfMASEBT in ethanolat room temperature

Figure4.19. showsdependence of fluorescence anisotropy on emission wavelength for the popular
dye rhodamine 6G dissolved in ethanol and glycerol. For glycerol with viscosihs60mP a L s
anisotropy of rhodamine 6G fluorescence high value(l a 0.3)within the whole fluorescence
spectrum; in contrast, in the lewiscous ethanol with~1m P athesanisotropy is close to zero. It
means that rotational diffusion of the excited Rhodamine 6G in ethanol due to Brownian motion
occurs much faster than in glycerol and it is able to completely reorient ensamble of the
photoexcited molecules by the tinoé photon emission and resulting in loss of fluorescence
anisotropy.

It should be mentioned thiite anisotropy strongly depends on duratbfiuorescence decay. Fig.

4.20. shows fluorescence anisotropy for tréhls[4- (dimethylamino) styryl]-3-ethyl1,3-
benzothiazolium perchlorate (DMASEBT) in ethanol. Despite the low viscosity of the solvent,
fluorescence anisotropy is close to the limiting valud 0.4 for DMASEBT molecule. This
phenomenon can be easily understood if we take otouet the fact that its fluorescence decay

lifetime has very short value ef50 ps. Indeed, using effectiverads 4, 6 | f or DMAS]|
molecule in accordance with Perlievshin equation one can gl’eé 0.38 which agrees well with
experimental data.

Time-resolved fluorescence spectroscopy

The most important characteristics of fluorescence are the spectrum, the duration of its decay,
quantum efficiency and anisotropy. Most practical applications of fluorescence are connected with
the registration of emission spectra (thecatled steadystate fluorescence). However, the most
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important progress in fluorescence spectroscopy is associated with using methods based on the
measurement of decay duration (tinesolved fluorescent spectrogpy). The fluorescence (or in
general photoluminescence) lifetime is characteristic property for each fluorescent or
phosphorescent molecule and thus can be used to characterize a sample. It is, however, also
influenced by the environment and its chemicab mposi t i on. Additional
Resonance Energy Transfer (FRET), quenching, charge transfer, solvation dynamics, or molecular
rotation due to diffusion also have an effect on the decay kinetics. Lifetime changes can therefore
be used to gai information about the local chemical environment or to follow reaction
mechanisms.

Methods of measurement of fluorescence decay duration

There are two most common ways of measuring the fluorescence decay d{Batiezin and
Achilefu 2010) 1) phasemodulation techniques using modulated laser radiation for the excitation
(frequencydomain); 2) methods based on the study of the temporal response of the system after
the excitation by a short light pulse (tirdemain or pulse fluorometry).

In the first case, one can use monochromatic radiation of laser sources, subjected to sinusoidal
modulation(Gratton and Barbieri 1986; Hedstrom, Sedarous et al. 1988; Sipior, Carter et al. 1996;
Vos, Strobbe et al. 1997As a result of the fact that the fluorescence has a finite duration, the
phase of the recorded signal response is shifted relative to thetieroitae by a certain angle.
Furthermore, the emission has a smaller modulation depth compared with the excitation light. As
a result, by measuring the phase shift and the modulation depth (demodulation index) we calculate
the fluorescence decay duratiofhe limit of time resolution 40.1ns) is determined by the
maximum modulation frequency that usually does not exceed 10 GHz. The method of phase
modulation fluoometry allows to register the fluorescence decay kinetics described by one or two
exponentialsUsing this technique to study more complicated cases of decay is difficult.

Depending on operation principles the following methods are distinguished foddimain
fluorometry: timecorrelated singlghoton counting (TCSPC), stroboscofilames, Siemiarczuk
et al. 1992; Matthews, Summers et al. 20@#eak carera(Graf, Buehler et al. 1994; Becker
2012) nonlinear upconversionMataga, Shibata et al. 2000; Peon and Zewail 2001)

The TCSPQO'Connor and Phillips 1984; Birch and Imhof 2002; Becker, Bergmann et al. 2004)
method is thenost widely used due to the large dynamic range of measurements and the possibility
of studying the kinetics of luminescence of samples with low fluorescence quantum yield. In
accordance with TCSPC method, in order to excite fluorescence we use a miisesburce
emitting short light pulses that are directed to the object under study. Due to the absorption, some
fluorophore molecules transit to an excited state and then emit fluorescence. If the sample consists
of molecules of the same type, in the siegplcase, the function of fluorescence intensity decay
may be represented by a decaying exponential

- (4.39
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where the prexponential facto, i the intensity at the moment of time 0, { 1 the duration of

the fluorescence decay. If fluorescence is emitted by several types-witei@cting emitters, the
number of which i, then the functiont (t) is described by the sum of thexponents

f(t)= an aOie_
i=1 : (4.39)

<

Sometimes, when fluorescent systems exhibit structural and microenvironment heterogeneity (for
example, fluorescent probes embedded in biopolymers, fluorescent semiconductor nanocrystals,
etc.), it is more suitable and convenient to use continuous distnbof the emitting centers on

decay lifetimea(r) (typically we use linear combination of distributions such as Gaussian, Lorentz,

etc.). In this case functiom(t) can be represged by the following equation:

t

f(t)=fp(t)e dt. (4.40)

Then the expressiowill correspond to discrete representation of the distribution of emitting
centers on lifetimes.

The main purpose of the pulse fluorometer is to measure the fluorescence decay curve and
determine the functiort (t).

The operating principle of TCSPC fluorometer

Let's consider operating principle of a pulse fluorometer, based on thedmelated single

photon counting meth@ilaskevich, Stsiapura et al. 2013)pical scheme is shown in Fig21

It consists of such elements as: a pulsed light source (Pulsed source), monochromators, sample
compartment (8mple), where the sample (usually a cell with solution of the studied compound) is
placed, photodetectors working in single photon counting mode (photomultiplier tubes, PMT or
singlephoton avalanche diodes, SPADS).

Pulsed diode lasers delivering light pes with picosecond duration are widely used in TCSPC
instruments for excitation of the sample. They provide light pulses with highly stable temporal
properties and variable repetition, however, at single wavelength only. Therefore, in order to be
able toexcite at different wavelengths one needs a set of diode lasers. Sometirdesigage

lamps are used as light sources although typical widths of generated light pulses are longer (subns
and nsranges).

Simultaneously with the excitation light proddcby the Pulsed Source a short electrical pulse
(denoted as START pulse) is generated, which triggerstoraenplitude converter (TAC). The
excitation light is absorbed by sample molecules and fluorescence photons of a specific spectral
range are collecteby photodetector (usually PMT working in single photons counting mode).
When single photon of fluorescence reaches the photodetector, this event is registered and an
electrical signal is generatédso-called STOP pulse. Intensity of the excitation lighthosen in

such a way that only single photon of fluorescence is registered per single excitation pulse. TCSPC
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method is based on repetitive measurements of time delays between START and STOP pulses (Fig.
4.21), i.e. between the excitation time and tinge of fluorescence photon arrival. One can show

that histogram of these time delays corresponds to temporal kinetics of fluorescence decay for the
studied dye compound.

Pulsed source Sample

CFD PMT Monochromator

- - _ | Deconvolution
TRIGGER TAC MCA aralats

Figure4.21 Scheme of typical TCSPQubrometer

Due to statistical nature of sigremplification in photodetector the electrical STOP pulses could
have significant amplitude variations (sometimes amplitude of START pulses can be also affected).
This leads to some uncertainty in time when the pulse arrives to TAC if triggering byntonsta
discrimination threshold is employed (jitter effect, i.e. pulse arrival time is not measured correctly).
To reduce this uncertainty, ®alled constant fraction discriminators (CFD) are used, which
produce standard pulses with sharp front edges, symeler with the time when STOP (or
START) pulse reaches specific fraction of the amplitude.

Thus, signal from the PMT output goes to CFD and, after the conversion, to the input-twFtime
amplitude converter (TAC). TAC produces voltage of certain amplifuagyortional to the time
interval between START and STOP pulses, which is analyzed by multichannel analyzer MCA.
Usually CFD, TAC, MCA are integrated in a single circuit board that can be installed into extension
slot of a computer.

Time-to-amplitude conerter (TAC, Figd.22.) is a critically important unit of TCSPC setup which

is responsible for accurate measurement of time interval between START and STOP pulses.
Simultaneously with the excitation light from laser (or other light source) the STARE is
generated which initiates charging of TAC capacitor (Big2). Voltage on the TAC capacitor
increases linearly in time until STOP signal is received indicating that fluorescence photon reached
the photodetector. The voltage on the capacitarestlly proportional to the time interval between
START and STOP signals and can be measured with an aadlbgjtal converter (ADC)The
resolution of such a system is in the range of 1 tpsi0 J ef 2004) Value from ADC is read by
multi-channel analyzer (MCA) and count number for the channel, corresponding to voltage interval
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of the data point, is increased by one. Then TAC capacitor is discharged during some time which
i s call ed dicdnechltk uged fon eméasueements. If TAC does not receive STOP pulse
during some specified time after the START pulseso-called TAC conversion tiniethe
measurement is ceased and the capacitor is discharged.

Not more than one pulse from PMT can be rtegexd during the TAC conversion time. Only the

first photon arriving to the detector can be registered. Therefore one needs to ensure that not more
than one photon of fluorescence could reach the detector per excitation pidsegliirements

can be sasified if counting rate for STOP pulses is much less than for START pulses; usually it is
supposed that STOP/START ratio of <5% is enough.

If measurements of time intervals between START and STOP pulses are repeated many times one
can obtain histogram of ése time intervals which corresponds to fluorescence decay kinetics.
Parameters of fluorescence decay lafp) can be determined by analysis of this histogram (see.

The data analysjs

Start Stop |

u(t)

0 ta 0 to t
Figure4.22. Rinciple of TAC operation

Compounds with monoexponential fluorescence decay, stable and known decay lifetbalésdso
fluorescence lifetime standards can be used to determine and calibrate temporal resolution of
TCSPC fluorometers. Parameters of some popular standards arenghadsie4.3.

Table4.3. Fluorescence Lifetime Standards

Nanosecond Lifetime Conditions for Excitation Emission Ref.
Lifetime [ns] Lifetime [nm] [nm]
Standards Measurement
NADH 0.40 0.1M PB 330370 400600 (Lakowicz
pH7.4,20A C 2006)
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NATA 3.0 0.1M PB 275 310400
pH7.4,20A C
p-Terphenyl 1.05 Ethanol 280320 310412
PPD 1.20 Ethanol 240-340 310440
PPO 1.40 Ethanol 280-350 330480
POPOP 1.35 Ethanol Abs. 280-390 370540
Dimethyk 1.45 Ethanol 300400 390560
POPOP
2-Aminopurine 11.34 Water 290 380
L-Tyrosine 3.27 Water 285 300
Anthranilic 8.9 Water 290 400
Acid
Indole 4.49 Water 290 360
Fluorescein, 4.10 NaOH/Water 400 490520 | (Magde,
dianion Rojas et al
1999)

PB = phosphate buffer

NATA = N-Acetyl-L-tryptophanamide

PPD = 1.5diphenyt1,3,40xadiazole

PPO = 2.&iphenytoxazole

POPOP = 1, bis(5phenyloxazole2-yl)benzene

The data analysis

It should be noted that the experimentally detected sigfialis a convolution of the time profile
of excitation pulseL(t), the response function of registration systafr), and the fluorescence
deay function £ (t) of the sample molecule

F(t)= f(t)A L{t)A H(t) (4.41)

Equation (436) is usually written in integral form:

F(t)=f()A P) = ;'f"f’(ti)f (t- ti)ti, (4.42

0
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where p(t) is convolution of the excitation pulse and the response function of registration system,
the saecalled instrument response function (IRF) of fluorometer. When full width antediium
(FWHM) of IRF functionP(t) is much less than typical duration of dhecay law function, one can
neglect contribution from IRF and consider tk#f) © f(t). However in many situations this is not

the case, temporal durations of P(t) and f(t) are comparable and it is necessary to apply
deconvolution operation to determineé&iics parameters of the fluorescence decay(lw

Thus, in order to get(t) function one needs to register temporal dependence of experimental
fluorescence decay curve F(t) and IRF function P(t). Recovery of f(t) function from convolution
(4.37) in the presence of noise is regarded apabed mathematical problefBakushinsky and
Goncharsky 1989; Tikhonov, Leonov et al. 1986) requires special methods for its treatment.

The important featurefdf CSPC method is the known noise statistics (number of counts in each
channel has Poissonian distribution) of the collected experimentat @atand P(9). Information

about the noise statistics can be explicitly taken into account in data analysis and while testing
statistical hypotheses about functional formsdf).

As it was mentioned, fluorescence decay tdy is often parametrized and represented as a linear
combination of exponentials (Eq3¥). In this case deconvolution of (e4}42) and determination

of parameter8l, andt, in Eq.4.37are usually carried out using itéie reconvolution method,
variant of the nonlinear least squares metliohnson and Frasier 1985; Bevingtod &obinson
2003)

Goodness of fit is estimated ke criterion, standard deviation of weighted residuals, plots of

weighted residuals and their autocorrelation function. £2B. shows plots with fluorescence
decay kinetics of PPO and tryptophan fitted by single and biexponential decay functions.
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Figure4.23.Fluorescence decay (black curves) of (A) PPO in degassed ethanol and (B) Trp in
phosphate buffer at pH 7.0 and the corresponding IRFs (dotted curves). The fitted decays (red
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curves) and the weighted residuals are for (A) a siegfonential and (B 2 double

exponential fit. The bedit values for the decay times araf i values for each fit are noted. All
measurements were done at 20AC with a ti me
(https://www.picoqguant.com/images/uploads/page/files/7354/appnote_tr_protains.pdf

Usually not just one fluorescence decay curve is measured during an expdrnsaties of
fluorescence decay curves at slightly different experimental conditions (e.g. at various
wavelengths) are recorded. There is an approach referred to as global analyqiBg&hEm,
Knutson et al. 1983; Beechem, Ameloot et al. 198&) allows to analyze and fit all the recorded

fluorescence decay curves simultaneously in the framework of the same model using the common
parameters. Selection of a model that describes behavior of the fluorescing molecular system is

equivalent to defition of relationships among the kinetics parameters for the individual decay
curves. By treating entire set of data simultaneously, one can reduce total number of the fitting
parameters, and thus significantly increase the reliability and statisticahagai results.

Moreover using the GA method, one can test hypotheses about applicability of specific physical
models to describe kinetics and behavior of the system under study. On the other praodl,
information about the system under study, ofgdiby other methods (e.g. molecular modeling),

can be explicitly used to select a suitable physical model and establish links and relationship among

the parameters of the fluorescence kinetics. Thus, GA method allows to perform comprehensive
analysis ofime-resolved fluorescence, its spectral and kinetic properties while taking into account
a priori information. This approach is particularly useful for studying objects with structural and
dynamical heterogeneity like biological macromolecules and theiplexes.

To demonstrate capabilities of GA method, let's consider results of fluorescence decay kinetics
for pyrene in liposomes (spherical vesicles with a membrane composed of lipid bilayer). Pyrene
is a widely used fluorescent probe to study biologicaroranes, in particular their viscosity and
heterogeneity. Emission spectrum of pyrene in liposomes from egg lecithin is showndi24ig.
The fluorescence spectrum of pyrene monomer, located in the range42@6@n, is
characterized by the pronouncabrational structure. Solubility of pyrene (hydrocarbon
molecule) in water is very low and the dye molecules are practically confined within the lipid
bilayer of liposomes. Therefore, one can see a new structureless band with maximum at 460 nm,
which nomally appears in the emission spectrum at high concentrations of pyrene molecules in
solution (above 1®M). Emergence of this band is attributed to formation of pyrene excimers.
Excimer (orexdted dmer) is a shodiving dimeric molecule which is stable only in the excited
state and is formed due to interaction of excited andexaited monomer moleculeSince
excimerization is a diffusiogontrolled process, the ratio monomer / excimer, that can be
measured for pyrene molecules, is sensitive to microviscosity and diffusion rate in the immediate
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environment of the probe, thus giving information about mamdwriscosity and heterogeneity.
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Figure 4.24. Spectral and kinetic data of pyrene fluorescence in liposomésstdadystate
spectrum of pyrene fluorescence- IBnetics parameters of pyrene fluorescence obtained by global
analysis. Parametetsandt are considered as common for all decay curves at different emission
wavelengthsl exc= 337 nm

Photophysical processes that are induced by photoexcitation of pyrene molecule can be
approximately described using the following kinetic scheme:

K12
M+M = D*

Kz
Kel 1 /<2=12 3t
I(t)

M+ M

where D*, M, M* - pyrene excimer, pyrene monomer in the ground {gxuted) and the excited
states, respectivelis, K27 deactivation rate constant§ GndP; 1 radiative and nomadiative rate
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constants, respectively) forghexcited states of pyrene monomer and excilgr,Ki2 1 rate
constants for the formation and dissociation of excimer.

Set of kinetic parameteis;, K2, K12, andKz1 can be determined by analyzing fluorescence decay
curves measured at different emission wavelengths. Assuming that fluorescence decayftlifetimes
andt, are constant and common for all wavelengths within the emission spectrum range, other
parameters ofetay kineticsga(l i), ax(l i)) can be obtained (Fig.24B).

Moreover, we can reformulate task of the global analysis in such a way that the model parameters
(K1, K2, K12 andK21) would be used as adjustable parameters, and not the parameters describing
kinetics of fluorescence decayy,(ti). Using GA we can directly obtain values of the rate constants:
Ki= 1.200° s1, Ko= 2.0007 s, Koi= 2.300° st, Kio= 5P st

Often, when complex fluorescing systems are studied, e.g. biopolymers, fluorescent semiconductor
nanocrystals, etc., it is difficult to select an appropriate model to describe fluorescence decay law
f(t). Therefore, it is not always pobk to seta priori functional form for £ (t) or a(t). In this

case, one can use mathematical methods to estimate the most probable solufiuligtribution

of the emitting centers on decay lifetimes (or decay rate constants), without any prior assumption
about the functional form. @nof these methods is based on maximum entropy method (MEM)
(Brochon 1994; Steinbach, lonescu et al. 200&here the recovede distribution a(t) is

determined in process of maximization of functioMafLivesey and Brochon 1987; Skilling 1989;
Maskevich, Stsiapura et al. 2010)

Y =S- n{c?- 1), (4.43)
whereS - entropy functionm- additional variable parameter? i reduced chisquare functional.

Parametemadjusts contributions of entropy S and in functional Y value For smallm<<1
entropy gives the main contribution, and the recovered distributiohapproaches the prior
model m(t) (usually uniform lifetime distribution is used as the prior maddiwever, in this

case one can see signifitaliscrepancy between the calculated and experimental data. For large

n>>1there is good correspondence of calculated and experimental data, however, the recovered
solution for a(t) distribution is overstructured and often does not have physical meaning. The

goal is to find the optimal value fanwhich allows you to simultaneously achieve two effects:
to get the most "smooth" (i.e. the most probable) solution&f@) distribution with good
correspondence of the calculated and experimental data.

Fig. 4.25. represents results of MEInalysis of fluorescence decay for thioflavin T complex with
amyloid fibrilsi flamentous insoluble aggregates of proteins, which &ion is related to several
neurodegenerative disorders. Thioflavin T is a fluorescent probe widely used for detection of
amyloid fibrils due to dramatic enhancement of its fluorescence intéasiydecay lifetime) upon
binding to these aggregates. Life¢ distributions for Thioflavin T bound to amyloid fibrils at
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various stages of thefimrmation are showrkifetime distributions have bimodal character and ratio
of amplitudes for the sherand the longdived modes ina(t) is increased by5 times during fibrils

maturation. This ratio is a good indicator of the fibrils "maturity” and can be used to determine the
stage of fibrillogenesis.

a(t) —— 2 hours of maturity
20 hours ofmaturity

02f -
0,1}
b fEre | a1 sl .L-n'— =
0.001  0.01 0.1 1 10

t,ns

Figure4.25. Fluorescence lifetime distribution for thioflavin T bound to amyloid fibrils from
insulin at different stages of fibrillogenesis
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4.2  Principles of optical microscopy
421 I ntroduction

Term Aoptical mi croscopyo refers to the set
observation and study of small objects, which are invisible for the naked eye.

Human eye represents the natural optical system able to perceive light,ugkstioglors in so
called visible range of electromagnetic waves spectruni giDnm) and which is characterized
by specific spatial resolution, i.e. minimal distance that can be resolved between twikpoint
objects that are being observed.

The eye reqgators in the retina used for sensing color are the cone cells; another kind of
photoreceptor cell$ the rod cellsi are used for distinguishing levels of intensity (but not the
color). These cells are located on the retina inside of the egdrdrit ofthe eye (see Figu#e26),
including the iris, the curved cornea, and the lens are respectively the mechanisms for admitting
light and focusing it on the retina.

Retina Eye muscle

~

N

Optic
— nerve

Figure 4.26. Image formation in eye.hét figue has been modified from the source
http://micro.magnet.fsu.edu/primer/anatomy/introduction.html

Increasing the solid angle under which an object is seen we increase image of the object on the
retina. Therefore, mang the object closer to the eye results in increase of the image magnitude on
the retina, which allows to see and resolve smaller details. However, range of the eye
accommodation, i.e. adjustmenttbe crystalline lens element of the eye to alter theacefe

power and bring objects under observation into sharp feetis)ited and normally ~25 cm is the
minimal distance from the eye where vision is still cl€ar. an image to be seen clearly, it must
spread on the retina at a sufficient visual arigtdess the light falls on neadjacent rows of retinal

cells, we are unable to distinguish closklyng details as being separate (resolvét)man eye

can resolve two objects if they are located at angular distance -dalisd angular resolving
powel), which corresponds to minimal separation of two neighboring cone cells in retinam2.5
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Therefore spatial resolution of the naked eye ater@listance, where two closdlying objects
are perceived as separate, is 18D mm.

422 Opt imaaglnhi fi cations and microscopes

In order to increase angle of the image projection on the retina and resolve smaller details one
needs to use optical instruments like magnifying glass or microscope.

Magnifying glass is the simplest optical system fromravea lens having focal length of 1000
mm. Linear magnification that can be achieved using magnifying glass is in the range25f 2.5
One can significantly increase magnification of the object image using microscope.

The first optical microscope was congted in Netherlandby the 1620s. Spectaeheakers
Zacharias Janssen, Cornelis Drebbel, and Hans Lippershey were mentioned among the likely
inventors. The first successful application of optical microscope in scientific research was done by
English sciatist R. Hook(16656.) who discovered cellular structure of animal and plant tissues.
The important contribution came from Antonie von Leeuwenhoek who achieved up to 300 times
magnification using a microscope of his construction (FiguZé) and discovered micro
organisms.

Focus Von Leeuwenhoek

K“°b\ Microsco
, (circa Late 1600s)

Sample
A Translator

Sample
Holder

Figure4.27. Construction of von Leeuwenhoek Microscopghe image was taken from
http://micro.magnet.fsu.edu/primer/anatomy/introduction ptml

A microscope is a combination of two optical elemeintsbjective and ocular (or eyepiece)
mounted at opposite ends of a tube, known asdhkg tube. Schematics of light path in typical
microscope is shown in Fig.28
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Figure4.28 Schematics dight ray path in objective 1and eyepiece 4lenses of typical optical
microscope. @1 and QF: - focal lengths of the objective and eyepiece lenses respectively. Object
AB, real intermediate image:1B1 formed by the objective lens, and virtual imag®Aformed by

the eyepiece lens are shown.

The investigated object AB is usually located at a distance little bit larger than focal leBgth F
and objective Lproduces an intermediate imageBAwhich is real, inverted and with size larger
than of the inial object AB. The intermediate imagaR\ is further magnified by the eyepiece to

produce an image on the retina or camera. For visual inspection the eyepiece lens should be located

from A1B1 position on a distance smaller thasF® When the microscopeyepiece is used for
projection on screen or camera, it is hecessary to positiBn @a a distance from the eyepiece
lens Lz larger than focal length £:to get real (not virtual) image2B..

423 Magni fication of a microscope

One of the mosimportant parameters of microscope is linear magnification which represents the
ratio of the image size and the object size

M=R2B2, ol (4.44)
AB  OR (DR

wherel T distance between rear focal point of the objective lens and front focal point of the eyepiece
lens. Both objectives and eyepieces are classifiettrms of their magnification. Objectives
typically have magnifying powers that range from 130) tb 1001 (106G ), with the most common
powers being 10, 2C¢, 4G, and 100. In order to achieve high magnification values, microscope
objectives should have small focal lengths ofi-5 2am. To manufacture such objectives and
decrease effect of optical aberras@ompound lenses, i.e. combinatiomenises, are usually used
(Fig. 4.29).
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Figure4.29. Objective and its internal structure(the image is taken from
http://micro.magnet.fsu.edu/primer/anatomy/objectives html

Most commonly used eyepieces have magnification values’e1 %0 Totalvisual magnification
of the microscope islerived by multiplying the magnification values of the objective and the
eyepiece.

The range of useful magnificatiofor an objective/eyepiece combination is defined by the
numerical aperture of the microscope optical system. There is a minimgmificationnecessary

for the detail present in an image to be resolved, and this value is usually rather arbitrarily set as
500 times the numerical aperture (58\) and defined by the equation

Useful MagnificationM=5001 000 I NA

where NA is numerial aperture of the objective. Magnifications higher than this value will yield
no further useful information or finer resolution of image detail, and will usually lead to image
quality degradation.

Depending on design and mutual arrangement of the olgeatid the sample stage all optical
microscopes can be divided into two groups: 1jight microscopes and hverted microscopes

(Fig. 4.30. In upright microscopes objectives are located above the stage with a sample, while in
inverted microscopes objiees are below the stage.

159


http://micro.magnet.fsu.edu/primer/anatomy/objectives.html

Eyepieces

Eyepieces

Sample stage

Objectives e
' Objectives

Upright microscope Inverted microscope

Figure4.30 Examples of upright and inverted microscopes

424 Resolution of optical mi croscope

Resolution of any optical system including microscope can be limited eithedvesyationor by
diffraction effectscausing blurring of the image, i.e. the produced image is not anastigmatic. In the
case ofaberrationfree optical system diffraction of light becomes the only factor that limits
resolution, i.e. ability talistinguishtwo objects in a specimen as separate entitiean image.
Diffraction comes from the wave nature of light and its effect is determined by the finite apertures
of the optical elements. Therefore each point in the object plane does not cuireEspgoint in

the image plane but to a risipape diffraction pattern, smlled Airy pattern.

Let us consider imaging of a point light source by optical system and diffraction pattern produced
by the objective aperturdbout 86% of light intensity irthis pattern is concentrated within the
borders of the central maximum known as Airy disc and we may consider intensity distribution in
Airy disc to be a s@alled Point Spread Function (PSF), corresponding to representation of a point
object in the imagepaceFor the case of Fraunhofer diffraction by a circular aperture the angular
size of Airy disk(i: can be determined using the equation

_ 0.6V
r, (4.45)

1
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wherer T aperture radius.

lllustrations of diffraction patternsroduced from two closellying point light sources are shown
in Figure4.31 Ability for separate observation of these objects via optical system can be estimated
usingRayleigh criterion

Two point light sources of equal strength are regarded as jusivedswhen the principal
diffraction maximum of one image coincides with the first minimum of the dfitbe distance is
greater, the two points are well resolved and if it is smaller, they are regarded as not resolved.

b ¢

Figure4.31 lllustrations of diffraction patterns from two closdyyng point sources. Figures were
modified from the image iM. Cagnet, M. Francon and J. C. Thrietlas of Optical Phenomena
(SpringerVer | ag, Berlin, G°ttingen, Hei del ber g, 19

Airy diffraction patterns generated by light from two points passing through a circular aperture.
Points far apart (a) or meeting the Rayleigh criterion (b) can be distinguished. Points closer than
Rayleigh criterion (rare difficult to distinguish.

Since opticamicroscope is used fabservation and study of small objects, its resolving power is
characterized byminimal distancey: between distinguishabl®bjects in an image. For
determination of microscope spatial resolution it is important to take into adeaufatctors. First

of all, since object is located close to the microscope objective, the light going from theantject
focused in the image cannot be considered as a plane wave. Secondly, it is important to take into
account coherence of light used mmage formation.

When two objects under observation are independertsetfing light sources their radiation will

not be coherent. If we observe objects irradiated by an external source of light, the light coming
from the objects can be at least paryiaibherent depending on spatial and temporal coherence of
the external light source.

The shortest distanca petween two selémitting point objects on a specimen that can still be
distinguished by the observer or camera system as separate entitalg@dateral resolution)
can be estimated with the following equation
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n sinu, '

(4.49

Y1
where u: i onehalf angular aperture of light goirtigrough the objective (Figu#e32. Sometimes

under resolving power of microscope the magnitude reciprocglitoused

i (4.47)

=

L

Uy
<| <Light Cone

[ 1

Figure4.32 Angularaperture of the objective lens
The anglau: is related to the numerical aperture NA via the following equation

NA = g sinu; . (4.48
Thus, combining eq. (47 and (448) one can define lateral resolution in the specimen [Rafga

according to Rayleigh criterion:

0.6V

Lateral "~ W (4.49
Usually external light source is used in microscopes for specimen illumination and therefore light
scattered by two point gdcts in the sample can be partially coherent. Treatment of this case and
account for coherent properties of the scattered light on spatial resolution of microscope was first
done by Abbe. Usually for practical reasons a full width at half maximum (FWHheaentral
spot of Airy disk (which is easier to measure) is used to estimate lateral resolution instead of Airy
disc radius:

0.5/
RLateraI = NA * (450)

Therefore, resolving power of microscope both for illuminated andesalting objectsgrows
with decrease of light wavelength used for observation and increase of numerical aperture of
objective.

425 Briighteld and darkfield microscopy

Bright-field illumination method

162



Bright-field microscopy is the simplest method of a range of technicggess for illumination and
visualization of sample®Bright-field illumination method in transmitted light can be used to

study transparent specimen that contains absorbing pigments.-Bzldhdbservation is widely

used for stained or naturally pigmenteighly contrasted specimens (mineral sections, stained
fixed sections of biological tissues, etc.) mounted on a glass microscope slide. In thightase
passing through the specimen and its surroundings is collected to form an image against a bright
baclkgroundand contrast in the image is causedabgorbance (or scattering) some part of the

light transmitted by the specimen.

Bright -field method in reflected lightis used to visualize and study nvansparent reflective
objects (metalsurfaces, slabs of different materials) and widely appliednetallography,
inspection of semiconductor wafers and liquid crystal boards. Specimen illumination in this case
is performed from above through the objective which simultaneously plays tioé blenination
condenser. Due to neequality of reflective and light scattering properties at different points of
the specimen surface one can get structural information from the image produced by the
microscope.

Darkfield microscopy is a special contst technique where only the light diffracted or scattered
from the specimen is used to form the imalgansmitted darkfield illumination can be used to
increase the visibility of transparent (rahsorbing) specimens that lack sufficient contrast for
satsfactory observation and imaging by ordinary brightfield microscopy method.

Usually this technique is used to create contrast in unstained transparent biological objects such as
living cells or microorganisms. Darkfield illumination requires blocking @iuthe central light

which ordinarily passes through and around the specimen, allowing only oblique rays to "strike"
the specimen mounted on the microscope slide, and specimen illumination in this case is performed
using a condenser of special construciiso-called darkfield condenser. Several constructions

of darkfield condensers (for observation in reflected and trareshight) ae shown in Fig4.33
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Figure4.33 Constructions of darkfield condenser for specimens illumination and observation in
reflected (left) and transmitted (right) light

Light coming from the condenser forms a hollow cone and if rays do not change their direction
while passing through a transparent specimen they cannot reach the objective and participate in
image formation. Image is produced only by small fraction of thg$ undergo scattering,
reflection or diffraction in the specimen and therefore are going through the microscope objective.
The specimen can then be seen braghtn black background (Figure 4)3owever it should be

noted that only elements of specingtructure where light is diffracted, reflected, and/or refracted

by optical discontinuities (such as the cell membrane, nucleus, and internal organelles) are
visualized.

Figure4.34 Example of microscopic images of Mysis freanustacean groufa) and liquid
crystaline  DNA (b) with darkfield illumination. (Images were taken fror
https://upload.wikimedia.org/wikipedia/commons/thumb/fbgsis2kils.jpg/440px

Mysis2kils.jpgandhttp://olympus.magnet.fsu.edu/primer/techniqgues/darkfieldgallery).r

426 Pol arised I ight microscopy

Polarized light microscopy is employed to observe specimens containing (or comprised of)
optically anisotropic elements using polarized light illumination. This technique is widely used in
geology to study minerals in rock thin sections and can also be used to studythesuspecimens
including both natural and industrial materials, composites, such as ceramics and polymers, and
crystalline or highly ordered biological molecules such as Ddtdysaccharidesetc.
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Optical properties of anisotropic objects dependent on the object orientation with respect to the
incident light. Image contrast arises from the interaction of peterized light with direfringent
specimen to produce two individual wave components (ordinary and extraordinary light waves)
which propagate through the sample and then recombine after passing through the analyzer.
Observation can be performed both in transmitted and reflected light. Polarized light microscopy
is a contrasenhancing technique that improves the quality of the iroatgned with birefringent
materials when compared to other methods such as darkfield and brightfield illum{frigiore

4.35.

This technique provides all the benefits of brightfield microscopy and offers additional
information, which can be used to ea data about the structure and composition of materials and
properties of anisotropic miciabjects, which are invaluable for identification and diagnostic
purposes.

Figure4.35 Representative images of aortic root sections stained for collagen using picrosirius red
and visualized under bright field (a) or polarized light (b) illumination. Bright field images were
used to define the area of plaque and collagen was quantified theinghages taken under
polarized light. Scale bars 5@@n. (Hiebert, Boivin et al. 2013)

427 Phase contrast microscopy

Depending on optical properties of specimens studied under the optical microscope one can
consider two limiting cases. In first case, specimens exhibit significgrendence of their
transparent or reflective properties across-pane that is imaged. This kind of speciméss-

called amplitude objectscan be easily visualized in transmitted/reflected light and image contrast

is achieved due to variation of absorbaror reflective properties at different points within the
specimen.
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From the other hand, a large spectrum of unstained biological specimens (e.g., live organisms or
cell cultures)are virtually transparent when observed in the optigaroscope under brightfield
illumination and variation in their absorption and reflective properties within the imaging plane is
too little to provideappreciable contrast. Propagation of light through this kind of specimens,
referred to as phase objedasges not lead to change in light wave intensity but results in alteration

of the light phase. Phase of the light diffracted by the specimen is usually retarded by approximately
p/2 as compared to the undeviated direct light passing through or aroupe¢iraen unaffected
Therefore, due to variation of refractive properties (thickness, index of refraction, i.e. optical path
length) of the specimen across the imaging plane one may expect that distribution of phases of the
light wave passed through the simeen will be produced.

In 1934 Dutch physicidtritz Zernike proposed the method describing how this phase distribution
can be optically translated into corresponding changes in light intensity and therefore utilized to
produce image contrast.

In phase contrast microscope configuration, the condenser aperture diaphragm is replaced by an
annular ring that forms illumination in shape of a hollow cone similar to darkflaldination
technique (Fig4.36). These wavefronts enter the objective andnaage of the annular ring is
created in the rear focal plane where a phase ring is positioned. The phase ring adds a constant
phase shift (usuallp/2 or 3/2) to the bright, direct light originating from the annular ring in the
condenser and additionalgttenuates its intensity. Wavefronts of the light diffracted by the
specimen will not pass through the phase ring, meaning that they will not be attenuated or retarded.
Then wavefronts of the undeviated (i.e. zero order diffraction light) and the diffrbghe are
recombined allowing them to interfere constructively or destructively and the image is formed by
the eyepiece lens. Intensity attenuation of the direct (undeviated) light is needeakéo
amplitudes of the diffracted and the undeviated ligimgarable, thus improving the contrast.

Application of phase contrast method dramatically enhances visibility of structural features of live
unstained microorganisms or cell cultures and they are observed as dark objects in bright
background (positive plsa contrast) or light objects on dark backgrd (negative phase contrast).
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Figure4.36 Phase contrast scheme
428 I nterference microscopy

Differential interference contrast (DIC) microscqmypposed by GNomarski has similarities with
phase contrast techniquend is widely employed for visualization and study of transparent
specimens.Image contrast is producedly a bearshearing interference system where the
illumination light is split intawo componentahich are spatially displacddheared) at the sample
plane by a small distance coarpble with Airy disk diameteand recombined before observation.
Polarizer and two Nomarsknodified Wollaston prisms are needed for implementation of this
technique. In DIGnicroscopygradientsof optical path length in lateral direction of sample plane
are primarily responsible fooatrast.

There is also another kind of interference microscogdgrred to as quantitative interference
microscopywhich uses two separate light beams produced by a beamsplitter and having much
greater lateral separation than the ones used in differentédierence microscopy (DIC). One of

the beams is sent through a specimen and the other goes aside and is used as a reference beam.
Both beams travel through the same optical components and then are recombined to interfere.
Magnitude of optical path lentgtdifference for the beams can be measured using a compensator
with high accuracy.

429 Fl uorescence microscopy

Fluorescence microscopys a special kind of optical microscopy which uses emission of certain
compounds fluorophores in order to enhanaeage contrastTermiif | uor ophor eo dei
substance (usually an organic dye molecule) that absorbs light of specific wavelength and
effectively emits fluorescence at longer wavelengths in accordance with Stokes rule. Fluorescence
microscopy uses fluoresnce light emitted by a specimen for image formation and this technique

is very popular to study materials and biological objects of different kind.
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Normally biological objects has very weak fluorescence, therefore they are often stained using
different hghly-fluorescing organic dyes or inorganic nanopatrticles (e.g. colloidal quantum dots
CdSe/zZnS). High fluorescence quantum yield, photostability, and selectivity/specificity of
binding to a biological object that is investigated are the most importdetiarof fluorescent

labels selection. Alexa Fluor dyes are frequently used as cell and tissue labels in fluorescence
microscopy.

Fluorescenceroperties of some organic dyes exhibit strong dependence on polarity, viscosity,
pH, concentration of specifions in their immediate microenvironment, and these fluorophores
can be used to selectively visualize compartments or structural features of biological specimens
such as membranes, organelles in fixed or live delS | a v 2 .kFor 2xarhpBe) fluorescent
probes DAPI14',6-diamidina2-phenylindole) and Hoechst dyes are extensively used ta3En

and RNA molecules (Fig4.37). Antibodies labeled with fluorescein isothiocyanate (FITC) and
tetramethylrhodamine isothiocyanate (TRITC) play important role in selective labeling of
biological objects. Actin fibers in mammalian cells are usually stained Wwahagidin. Popular pH
sensitive dyes are based on fluorescein (carboxyfruorescein, SNARF, BCECF) and pyranine
(DHPDS).

Fluorescent molecular rotors (Auramin O, thioflavin T, DCVJ, etc.) with strong dependence of
their emission intensity on viscosity/rigig of their microenvironment represent another
example of environment sensitive dy®sleur 2001; Haidekker and Theodorakis 200id)ow

viscous media their fluorescence intensity is extremely low, however binding to macromolecules
or increase of solution viscosity result igrsficant growth of fluorescence quantum yield which
makes them useful for detection of specific macromolecules or aggregates such as amyloid fibrils
(Maskevich, Stsiapura et al. 2007; Stsiapura, Maskevich et al. 2008; Amdursky, Erez et al. 2012)

Fluorescent proteins constitute an important class of fluorescent probes suitable for biological in
vivo studiesto monitor cellular processes iniling systems using optical microscoiscovery

of green fluorescent protein (GFP) from thequorea Victorigellyfish in the early 1960% a

natural protein that is able to fluoresce in visible range of spectamd rapid developmermaf
techniques to wdify DNA sequences allowed scientists to genetically modify proteins and embed
a fluorescent reporter in their structure. Applicationflabrescent proteins has a tremendous
potential for tracking of tagged biomolecules in living cells dedelopment of biosensors.
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Figure 4.37 Representative image of endothelial cells under the fluorescence microscope. Nuclei
are stained blue with DAPI, microtubules are marked green by an antibody bound to FITC and
actin filaments are labelled red wiphalloidin bound to TRITC. The image was taken from demo
slide ofImageJ program (public domaimtfp://rsb.info.nih.gov/ij/images/FluorescentCells)pg

Construction of a fluorescencmicroscope is shown in Figu#e38 Usually fluorescence
microscopes have epifluorescence designtheelight source is mounted above (epi) the specimen
and the excitation light passes through the microscope objective lens on its way towards the
specimenAn excitation banepass filter is located after the light source and selects a spectral
range, corresponding to absorption band of the used fluorophores and suitable for specimen
excitation.Excitation light is focused on the specimen by theahje lens and the same objective

is used to capture fluorescence emission and direct it further to dichroic beam splitter, eyepiece
lens and detector. Dichroic beam splitter (able to reflect excitation light and transmit fluorescence
emission) and emisgidfilter are used to ensure that scattered excitation light could not reach the
detector.
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Figure4.38 Constrution of fluorescence microscope

4210 Tot al i nternal refl edmtliROPbNM f | uor escence mi c|

Total internal reflection fluorescence microscopy provides invaluable tool for researcher to
investigate processes on surfaces, interfaces, and in thin films. This technique employs effect of
total internal reflection (TIR) to restrict the excitation and detection of fluorophores to a thin region
of the specimen.

TIR phenomenon can be observedddight propagating from optically more dense medium with

index of refractiom: to a medium with lower refraction index (n1 > ny) (Figure4.39. For the

l ight traveling through the interface between
between the incident and refracted angles. Magnitude of the incident angle is called critical

j =] orwhen the refraction angle reaches its maximal veleep/2.
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Figure4.39 Propagation of light through the interface between two media hdNfagent indexes
of refraction. Condition of total internal reflection

When condition of TIR is satisfied, i.e. at incident angles equal or largey ¢hdight is reflected
entirely back into the first medium, however a highly restricted electromadiedd (evanescent

field) adjacent to the interface is created in the lenvdex medium. Its intensity drastically decays

by exponential law with increase of penetration depth z into low refraction medium and depends
on incident angle, vacuum waveleng#) relative index of refraction = ni/ny:

-j—pzwlsinzj -n?
- 0
I=lee (4.51)

One can assume effective penetration depth t8$8& where intensity of the evanescent field is

lowered down byj times, i.e. z, = Lo . Therefore, when TIR condition is satisfied
4p\/sin2j - n?

the light can penetrate approximately the distance of quarter wavelaggtlif) into the second

medium. When light is reflected on glaass interface i = 0.67) aj = 70 the penetration depth
of the evanescent field &5 & 86 nm.

In a typical experimental setup, fluorophores located in the vicinity of the-lglags surface can
beexcited by the evanescent field, and the excitation of fluorophores is confined to a region that is
about 100 nm in thickness. Because excitation of fluorophores in the bulk of the specimen is
avoided, a much higher sigAaknoise ratio can be achievedngpared to conventional schemes

of ilumination. This enhanced signal level makes it possible to detect-snuigzule fluorescence

by the TIRFM method. It is noteworthy, that optical section thickness provided by TIRFM method
is ~10 times smaller than thene produced by scanning confocalofiescence microscopy
technique.
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4211 Conf ocal mi croscope

Confocal microscopy is the optical imaging technique employing spatial filtering of light coming
from a specimen (e.g. fluoremwce emission or reflected light) to increase opticalluéso and
contrast of the image produc@érasad, Semwogerere et al. 2007¢nables imaging at different
depths along £oordinate within a thick specimen (a process known as ogtcibning) with
following 3D- reconstruction of the specimen structure.

Laser scanning confocal microscogmploys two principal ideas: point by point illumination of
the sample and rejection of outtbie-focus light.

The image of the extended specinegenerated by scanning the laser beam across the specimen
in X- and Y- directions. XY.scanning can be performed either by moving the specimen relative to
the laser beam or by tilting pair of galvanic mirrors which direct the laser beam position \arth reg

to the specimen surface.

The main feature of the confocal microscope is the confocal aperture (pinhole) positioned in the
plane conjugated with the imaging plane within the specimen. As a result, the detector registers
only the light passing through the pinhole. The principle obafocal microscope operation is
shown in Fig4.41 The pinhole rejects the light originated froepfane, and only the light coming

from the focal plane Zof the specimen can be registered by the detector. Thus, dlf-tatus

and offaxis light beensarriving from the samplare effectively blocked by the pinhole.

Size of the confocal pinhole is usually adjusted to match size of the Airy disc. Selection of a smaller
size for the pinhole will result in decrease of the sigoaloise ratiowhile at larger pinhole sizes
out-of-focus light will be registered affecting spatial resolution. Airy unit (AU) is usually used for
guantification of the pinhole diameter (compare with eq.(5))

1AU = ﬁ, (452
NA
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since AU can be consideredash fAopti cal coordinateo uni't f
direction. Pinhole sizes (PH) mm and in AU are related by total magnification factor (M) of the
optical system including objective lens

PH (mm) =1AU &M = 2227\ . (453
NA

By moving thefocused laser beam along a sample surfacegxan), an image of a thin optical
layer, located in the focal plane &ithin the specimen, can be obtained. By changing the position
of the focal plane relative to the sample surface £Zan) one can get $es of images (&tack)

that can be used to reconstruct spatiaif@age of the sample (Figure 4)42

The resolution along Z axis is described by axial point spread function, which depends on the
wavelength of light, refractive indexbetween the objectévlens and the specimen, and numerical
aperture NA. When pinhole size is set to 1AU, axial resolution is determined by

R 0.88/

axial — n- /—nz_ (NA)2 )

Sometimes confocal microscope can be combined with a spectrometer, which allows to analyze
intensity and spectral properties of emitted fluorescence or Raman scatteringghitsphtial
resolution (Figure 4.43

(454

The scanning confocal microscopy technigue has gained populagity relative ease with which
high-quality images can be obtainddm specimens prepared for conventional fluorescence
microscopy.

Detector

—

Pinhole

Objective lens

Laser beam

-

o

Objective lens

Focal plane Z,
Plane Z,

a

Figure4.41 Schematics of scanning confocal microscope (a); image of fjpoge (Neurospora
crassa) by confocal microscope (b)Xell wall was stained with Calcofluor whitéblue),
cytoskeleton in green (GFP) and endomembranes in red6@fMimage was taken from
http://www.selectscience.net/SSUserPhotos.aspx?imglD=22
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Figure4.42 3D image reconstruction of ZnO needles on silicon substrate using confocal
microscope. Scale is 1303230 nm. (the  mage is taken  from
http://www.dragon.lv/exafs/confocal microscopy.htm

Figure 4.43 Image of polySi squares with®b nm sizes on silicon plate in reflected light with
brightfield illumination (left) and spatial distribution of Raman peak intensity at 520(&iline)
for the same sample measured by confocal microscapepectrometer Nanofind&. (imageis
taken fromhttp://solinstrumats.com)

4212 Fl uorescence | ifetime imaging microscopy

Earlier we considered the microscopy methods where imaging relied on differences in absorption
or reflection of light passing through a specimen or scattering from its surface, variation of
refractive orfluorescent properties of specimens. An important characteristic of fluorescing
objects, that also can be used for imaging, is the duration of the fluorescence decay. Typical
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fluorescence lifetime changes in a range from a few picosecond$ 1Qo seeral tens of
nanoseconds (10s).

Fluorescence Lifetime Imaging Microscopy (FLIM) produces an image based on the differences
in the excited state decay rate from a fluorescent sample. Thus, FLIM is a fluorescence imaging
technique where the contrast issed on the lifetime of individual fluorophores rather than their
emission spectra. The fluorescence lifetime is defined as the average lifetime of molecules in the
excited state. As the fluorescence lifetime does not depend on concentration, absorgiten by
sample, sample thickness, phttieaching and/or excitation intensity it is more reliable parameter
than intensity based methods. At the same time, the fluorescence lifetime depends on a wealth of
environmental parameters such as pH, ion or oxygeneotration, molecular binding or the
proximity of energy acceptors making it the technique of choice for functional imaging of many
kinds. For example, FLIM microscopy is widely used in biological researclst@hze stained

cells (Figure 4.4%

Figure 4.44FLIM-images of BPAE cells stained with Alexa 488 phalloidin (left) and Mito Tracker
Red (right). Changes of fluorescence decay tifetare represented with colom@getakenfrom
http://www.beckethickl.com)

4213 Ul tramicroscepylandonumpmercr oscopy

Despite the advantages of traditional optical microscopy, the technique is hampered due to the
resolution limit set by the diffraction of light, which restricts the amount of information thdteca
captured with standard objectives. The condition (5) determines the minimal distance between two
pointlike objects which can still be visible as separate entities using optical microscope with a
certain numerical aperture under illumination with gaia light wavelength. A particle of this or
greater size can be observed without distortion of its real shape. Diffraction effects of light limit
ability to resolve structural features of smaller particles.
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However, as it was shown more than centurykban ordinary optical microscope can be used to
detect presence of particles with even smaller size (e.g., colloidal particles) and study their position
and movement when special method of observation is utilized. This technique is based on effect of
light scattering by small particles (Tindall scattering) and principle of the method introduced by
Zsigmordy in 1902 is shown in Figuek4h

0,1

iy

Figure 4.45. Principle of the ultramicroscope setup

lllumination light is focused using objective; ©n solution inside the cuvette C with colloidal
nanoparticles. The light is scattered by colloids and captured at right angle by the second objective
O. forming a diffractional pattern. Based on this pattern one can deduce about presence, position
and moton of particles, however data about size and shape of the particles obtained with this
method are not very reliable.

Similar illumination mode as in the ultramicroscope is employed.iigit sheet fluorescence
microscopy technique which featureggood opical sectioning capabilities and high speed. In
contrast to epifluorescence microscopy only a thin slice (usually a few hundred nanometers to a
few micrometers) of the sample is illuminated perpendicularly to the direction of observation.

In the past tegears, a number of novel approaches have been employed to overcome the diffraction
limit, including neaifield scanning optical microscop]NEOM), stimulated emission depletion
microscopy $TED), stochastic optical reconstruction microsco@TQORM) and stuctured
illumination microscopy$%IM). These techniques have achieved improved latesgl (esolution

down to tens of nanometers, i.e. about order of magnitude lower than the diffraction limit.

4214 Ref erences

https://www.microscopyu.com/

http://micro.magnet.fsu.edu/index.html

http://solinstruments.com

http://www.beckethickl.com

1. Amdursky, N., Y. Erez, et al. (2012Molecular rotors: what lies behind the high sensitivity of
the thioflavin T fluorescent marker." Accounts of Chemical Research 45(9):-1588.

176


https://www.microscopyu.com/
http://micro.magnet.fsu.edu/index.html
http://solinstruments.com/
http://www.becker-hickl.com/

2. Haidekker, M. A. and E. A. Theodorakid007). "Molecular rotorsfluorescent biosensors for
viscosity and flow." Org Biomol Chem 5(11): 166878.

3. Hiebert, P. R., W. A. Boivin, et al. (2013). "Perforin and granzyme B have separate and distinct
roles during atherosclerotic plaque developnierapolipoprotein E knockout mice.” PloS one
8(10): e78939.

4. Maskevich, A. A., V. |. Stsiapura, et al. (2007). "Spectral Properties of Thioflavin T in Solvents
with Different Dielectric Properties and in a Fiblmicorporated Form." Journal of Proteome
Research 6(4): 1392401.

5. Prasad, V., D. Semwogerere, et al. (2007). "Confocal microscopy of colloids." Journal of
Physics: Condensed Matter 19(11): 113102.

6.Sl av2k, J. (2013). Fluorescence Microscopy

7. Stsiapuray. ., A. A. Maskevich, et al. (2008). "Thioflavin T as a Molecular Rotor: Fluorescent
Properties of Thioflavin T in Solvents with Different Viscosity." The Journal of Physical Chemistry
B 112(49): 15893.5902.

8.Valeur, B. (2001). Molecular Fluoresceneinciples ad Applications New York, WileyVCH
Verlag GmbH.

177



4.3  Scanning probe microscopy
431 I ntroducti on

Gerd Binnig and Heinrich Rohrer were awarded the Nobel Prize in physics in 1986, for inventing
the scanning tunneling microscope (ST{)nnig and Rohrer 1987)n contrast to conventional

optical microscopes with resolution limited by dé#tion effects, resolution of STM is determined

by the size of the probsample interaction volume which can be very small when atomically sharp
tips are utilized as probeshis invention led to the appearance of wide set of different scanning
microscops, defined today as scanning probe microscopy (SPM) that form images of surfaces
using a physical probe (usually an ultimately sharp) that raster scans the specimen, i.e the probe is
mechanically moved in close proximity (~nm) above the sample suacariety of different

probes and detection modes can be used to generate a topological map of the surface, to detect
and image some other physical characteristics of the specimen, or to modify them with atomic
resolution. Conceptually principle of SPM rassmanning is similar to the mechanical stylus
profilometer, but introduction of a feedback loop by G.Binning and H.Rohrer allows to reduce
significantly force of probesample interaction necessary for stable scanning which has resulted

in high lateral redation. To understand how SPM works we should emphasize its main parts:
XYZ-scanner, samplprobe detection system and feedback concept.

432 XY4Adscanner

The requirements for XY8canner are as follows: scan range in three (XYZ) dimensions of the
order of Bw tens of micrometers with resolution down to tenths of angstroms; high speed
(resonance frequency up to 1 kHz), low thermal release. Piezoelectric transducer based on inverse
piezoelectric effect satisfies all these requirements and typically used in Bftidiple of its
operation is shown iRig.4.46 4.48 Inverse piezoelectric effect means the change of the sizes of
material after application of external electric field. So let us assume that we have a cube from
piezoelectric material with two electrodes (topl ddottom) as shown in Fig 4.46If voltage Uis
appliedto these electrodes (Fig 4i)6the cube is elongated in vertical direction. So changing
applied voltage U we can easily change the vertical size of the cube. It is not necessary to have
voltage electrodes placed along direction of elongatimzoglectric material can be polarized in

such a way that application of voltage to side electrodes calugecsimilar displacement (Fig
4.46c¢).
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Figure 4.46 Application of inverse piezoceramic effect for displacement. (a) Applied voltage is
off, initial state. (b) Voltage is applied and piezoelement igaahdn vertical direction. (c)

It is not necessary to have displacement and applied electric field be collinear. When piezoceramics
is appropriately polarized, then application of horizontal elefiid (side pair of electrodes) can
lead to vertical elongation. Dashes lines so initial dimensions before voltage was applied.

To have three dimensional (XYZ) scanner we should use three cubes with orthogonal directions of
elongations glued together irepoelectric tripod, or, which is more convenient, use scanner based
on piezoelectric tube (Fig 4.37External electrode of piezoelectric tube is divided into four
electrically isolated pads and voltage proportional to displacement in X, Y directioag e

to the corresponding pairs of electrodes {X) and (Y, -Y). Voltage applied to one pair of
electrodes (e.g. (XX)) leads to tube bending in that direction, i.e. probe mounted at the bottom of
the tube will be moved in X and slightly in Z direwmis. Motion in Z direction is realized by
application of voltage to the internal electrode. Procedure of rastenisg is as follows (Fig

4.48. First sawlike voltage is applied to X electrodes pair and full range displacement in this
direction is achieed; then one step voltage is applied to Y electrodes pair and scanner returns back
in X-direction. Procedure is repeated until scanner reaches full range X,Y position. In raster
scanning the motion along X axis is rather quick and this direction is nasnéidection of fast
scanning, and respectively Y direction is named as direction of slow scanning. Although X and Y
directions in the isotropic sample are equivalent, due to raster scanning procedure the directions of
slow and fast scanning differ andshould be taking into account while analyzing acquired data.
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Figure 4.47Piezoelectric scanner dne base of piezoelectric tube

Outer electrode is divided on four electrically isolated parts, to which voltages proportional to
displacements in +X;X, +Y, and -Y directions. Voltage proportional to displacement in Z
direction is applied to inner electrode. Sharp scanning tip (or cantilever) is connected to the bottom
part of the tube. Upper part of the tube is fixed. During tagsing application of the voltage to

the opposite side electrodes lead to tube bending in appropriate direction, which is equvalent t
the horizontal displacement X plane. Zvoltage leads tolengation tube in Airection.

tip _U/ sample
N )(
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Figure 4.48Principe dé scanningprobe imaging raster scanning

Piezoelectric scanner moves tip along shown line while feedback system consampte
distance. Two horizontal directions are definedeas am slow scanning axis

433 Samppeobe detection system

The construction aampleprobe detection system will be considered on the example of atomic
force microscope (AFM). In AFM the force acting between probe and sample is used for detection
probesample interaction. The dependence of force between prolsaample on their separation

can be approximated as a gradient of Lendamkes potential and sachatically is shown in Fig

4.49 Initially, when there is no direct contact between the tip and the sample, the decrease of the
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separation gives rise to the appearance of an attractive force. When the tip is approached further to
the surface repulsive forces become dominant and deterasis¢ance of material to the mutual
penetration.

Two sharp parts of this curve denoted as "attractive" and "repulsive” can be used for selection of
a set point in AFM operation. Operation with a set point within a range where attractive forces
dominate ue to van der Waals force) means that the probe is far from the surface and this
operation mode is named as "poontact”. Norcontact mode is very sensitive to the sample and
probe surfaces state which results in practical inability of its applicatiaminent conditions
besides ultra high vacuum environment. This-oontact mode should not be confused with

"Tapping modeE" explained below. Contact mode

Force]

§ contact

Re]

=

(%]

S

i‘,— distance

(tip-to-sample separation)

\non-contact

attractive force

Figure 4.49 Samplei tip interaction. Two parts ofeppendency (repulsive and attractive) can be
used for stabilization ofg-sample position

To have possibility to measure a force between the probe (very sharp tip) and sample surface we
should mount this probe on a small plate named cantil®Vvieen the pobe tip is brought into
proximity of a specimen surfacarising forces due to the interaction with a specimen should lead

to cantilever bending and using measured displacement and cantilever spring constant this force
can be calculategccording tdHookes law. The cantilever side opposite to the tip is reflective and

the bending can be quantified by deflentiof the laser beam (Fig.4aheasured with four quad
photodetector. The construction of the phaletector allows to measure both vertical and
horizontal deflections of the cantilever where the latter deflection appears due to cantilever torsion
with friction force.
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Figure 4.50Beam deflector principle

The elastic parameters of cantilever are characterized via its geomedin@aleters: beam width

w, length | and thickness t. Height of tip h typically is about 10 mkm. Deflection of cantilever is
measured via fouquadrant photodetector which output signal depends on displacement of laser
spot after eflection from bend cantier.

So the entire construction offM should look as follows (Figd.51). A sample is mounted on
XYZ-scanner, a force between probe and sample is measured with displacement detector and
passed to the control electronics which should stabilize its vahiregddY-scanning by sample

displacement in Z direction.
T gfmttrrol_ —> (s o
ectronics Computer
Displacement E
Detector —

Tip

XYZ-Scanner

Figure 4.51Principe of AFM imaging. Sample is mounted on the topiezoelectric tube XYZ
scanner

Displacement of cantilever under-#ample interaction is measured with displacement detector.
Control electronics stabilize igample interaction and realize communication with computer.
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434 Feedback concept

Now let us consider the function of contrde@ronics in detail (Fig 4.52 Signal from the
displacement detector is compared with a referémoe value ("set point"). If their difference is
zero then everything is OK. But if the difference signal (error "U(t)") is not equal to zero then we
apply voltage to Z direction to reduce the difference signal to zero. The required function can be
realized using proportionahtegratdifference (PID) regulator according to its transfer function
Z(t)y=Kp-Ult) +K;/U(t)dt+ KDM

dt (4.55)
where K, K|, Kp T are coefficients of proportional, integral and derivative control. U{put
error signal.

The selection of K K, Kp coefficients should provide the stability of the feedback loop (absence
of self generation) together with maximal performance @péscanning).

Reference force

Dispacement
detector

Error "U(t)"

PID regulator

Topography
signal "Z(t)"
—>

<€ HV amplfier Z|<€—
~———  <{HV amplfier X
< HV amplfier Y

Figure 4.52Fealback loop for SPM measurements

Signal from displacement sensor is compared with reference force. Their difference ("error") is
applied to the input of PHpegulator. Output of PIBegulator is applied to -Blectrode of
piezoscanner to stabilize tgample interaction and stored in the computer as topography signal
"Z(t)". The parameters of PHRegulator should be selected to provide stabilization with maximal
feedback performance.




Figure 4.53a) Standard AFMitp ( Nanosensor s, Point ProbeE PI
optimized for top visibility (Nanosensors, Advanced Tip at the End of the Cantilever). The pointed
cantilever as well as the angle of the tip apex towards the front increase the exposureef the ap
towards the focused laser light and reduce shadowing effects. Scale bar 10 um. Images from
Nanosensorénttp://www.nanosensors.cgm

435 AFM probes and AFM i maging

The sharpness of the probe is a &agtor affecting lateral resolution. In earlier days AFM probes
were prepared manually from a specially bent etched tungsten wire. This process required special
training and reproducibility of probes was quite low. Nowadays all commercial AFM probes are
prepared by silicon etching techniques from semiconductor industry andibges are shown in

Fig 4.53 Curvature radius of the tip can be as low as few nm, but typically for ambient conditions
of measurements it can be evaluated a&@Om. For specialequirements (combined optical
measurements) tip can be cedvin a special way (Fig 4.6Bto prevent cantilever shadowfesft

during light illumination.

To enhance sensitivity of AFM (and reduce noise level) the cantilever can be introduced to the
forced oscillations with amplitude up to hundred nm. Let us consider this process in detail.
Cantilever can be represented as a mass m mounted to the spring with stiffness ksdmnuibe
distance is z, the amplitude of cantilever oscillations( ZFig 4.54).

—_— —_— — ”0"
[zd(t)
k
m
Z| F

Figure 4.54Mechanical model of thdynamic tipsample interaction

The cantilever is represented as mass m on the spring with stiffness-danjgte separation
distance is z. An external oscillating force is applied to the cantitegeaitting in its oscillation
with amplitude 4(t).

When probesample force is F then spring is elongated z = z; + F//k. In dynamic mode
cantilever is introduced to the forced oscillation by additional piezodriver and
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zg = Ay - coswl — z = Acos(wt + ¢). So equation of probe motion can be written as

d*z dz
Moy = F—k(z—2) - my— wherew, = +/k/m andy = wy/Q, Q - quality factor.

A
In the case F=0 (probe is far from the surfacl = ; : and
V(L —w?fwf + (w/Quo)?
" Wy
any = ————,
7T QWE - )

Their graphic depedencies are shown in Fig 4.96probe is approaching the sample interaction

dF
force F can be expanded as a sel’ = F; + 2 R + - -+, which results in the shift of resance

frequencyw, = \/@ (Fig 3.12.9) and according to the equati<A—,f __LdF and
m b 2k dz
QdF
Ap=——,
4 k dz

For typical cantilever with,f 80kHz, k=1 N/m, Q= 100, interation force of F = 0.2pN leads to
of/f =1.5%10°a n d = 1P

Dynamic mode of operation was patented by Didital st r ument s as " Tapping
Mode E is a trademar k ,sofmaryiother AF¥ Imanufactires canma nt s |

use this term and have to introduce other ternisexaicontact”, "nofrcontact"”, etc.
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Figure 4.55 Amplitudefrequency and phadeequency dependences in mechanical model of the

dynamic tipsample interaction. Tigample interaction lead to change of resonance frequency,

which can be detected as change of amplitude of tikedarscillations or theiriase

The sensitivity of static and dynamical modes from thermodynamic parameters was evaluated in
4kksTB

(Al brecht, GragdF,,, = aﬂd{ﬁ]mm _ ! 4kk“’TB,
wol dz A Wol
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whereB-bandpass3 = 47 - fsean - Npizel, fscani frequency of fast scanning,phd i number of
pixels per line, Tl temperature, k- Boltzman constant

For typical cantilever withoE100 kHz, Q=100, k=1 N/mgda=0.1 Hz, Nixe=100, A=10 nm
dF .
dF i = 1.5- 10713 N, [E]""’""’” =15-107N/m

An example of AFM imaging is given ingr#.56as topographic image (a) and cresstion along
the line AB (b). The measurements of high temperature supercondugt@ri@u Oz film with
50 nm thckness were done at ambient conditions in static contact mode.

A B
h=6.6A

1A]

Y Range: 1 pym
0.5

0 05 1
X Range: 1 pm

100 200 300 400 500 600 700
(nm]

(a) (b)

Figure 4.56 (a) AFM image of high temperature superconductar & Cu O4 film. Half-cell
steps (height 6.6A) area shown on topography cross sectionliale®B (b)

436 Magnetrice fmeasur ement s

Method of interleave scanning was developed to measure long range forces (magnetic, electric,
etc). | t was nameod ana eegisteted dy Digith tnstrantents. Rriadipé of the

lift mode is explained in the following example of magnetic faneasurements (MFM) (Fig 4.57

i between magnetic sample and magnetic probe.
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Figure 4.57Principe of MFM imaging " Li ft Mode E". Two paths scan

the surface profile is recorded. At the second scan magnetic tip is elevated over the sample at
constant height and tigample interaction is measured. This two paths ndgthgenerally used in
all cases when longange forces should be separated from staorge ones.

In this case each scanning line is scanned twice. During the first scan the probe is brought into the
contact with a sample and profile of the surface atbegscan line is recorded. During the second

scan along the same line the separation between the probe and the surface is maintained at some
constant value using data from the previously recorded surface profile. During this second scan the
feedback is dfand the probsample interaction force is recorded.

To evaluate magnitude of force appeared between probe and sample during magnetic force
measurements let usela scheme shown in Fig 4.380be and surface are represented as two
magnetic volumes witihagnetization M along connection line; grobesample distance.

-—‘Nf
.M

Figure 4.58 Model of magnetic interaction during magnetic force measurements. Two spheres
with magnetianoment M are at the distance Z.

Magnetic materials typically used for MFM tip pegption are some alloys on the base of cobalt
or iron, so their magnetic moment M=%0m; volume V=16 nm?, z=30 nm.

Interaction force F is calculated from dipole approximatr = ., (M - V) H, which gives
magnetic field distribution asf (r) = Ho (3(M - #)iF — M -+%). If A = (0.0,M.), then

4arrs
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310 (M, V)? dF.
yP— . That givesF'z =0.2pN and pp

observation of magnetic contrast is quite realistic both in static anchanmdy mode.

F, = =4F./z=0.3-10"*N/m. It means that

To understand magnetic contrast during MFM measurements let us consider two extreme domain
configurations in the sample. The direction of magnetization of the probe is perpendicular to the
sample surface. If magnetiomhains are ifplane (Fig 459), then maximal gradient of the sample
magnetic field is along the inter domains boundary and magnetic contrast is observed only at the
domain boundaries.

——a——Vv——Vv—=

o Force

V \V

distance along surface

Figure 4.59MFM imaging of inplane magnetic domains. Magnetic contract is observed only at
thedomain boundaries; its sign depends on direction of neighbor domain magnetization.

For outof-plane magnetic configation of the sample (Fig 4.60at the domain boundaries we
should observe the change of the sign of magnetic contrast. But matyeetic domain gives
approximately the same value of magnetic contrast; opposite domains give different sign.

mmm

v

o Force

?
[

distance along surface

Figure 4.60MFM imaging of outof-plane magnetic domains. Magnetic contract is observed for
total sample surface.

The examples of MFNmaging ae given in Fig 4.61 and Fig 4.62.
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Figure 4.61 MFM images a) HDD WDC 1270 with
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Figure 4.62MFM images of (Au 5nm)/(Codd)/(Au 5nm) trilayer; do=1.6nm (a), do=25nm (b)
In AFM images sample surface is flat. Tapping mode.

437 El ectric force microscopy

Electric force microscopy (EFM, or Kelvin mode) utilizes similar to MFM setup for measurements
of electric domains in specimens. It is also based orpgs interleave ¢thniquei Lift Mode

(Fig 4.63. During the first scan the sample surface profile is recorded, and during the second scan
the distribution of electric field (or potential) along to the surface is obtained. In contrast to MFM
measurements, for EFkheasurements it is very easy to modulateséipple interaction during

the second scan by applying small voltage between the conductive tip and sample. In such
situation theapplied voltage to the tipy is Vi, = Vi + Viesinwt; whereVgc - static voltage.
Cantilever response (AFM feedback in this case is off) should modulagartiple distance in
harmonic way ad = dy + A(w)sin(wt + ¢). If we consider tipsample as capacitor, then force of
interaction is ' = <4 = dCy vV ..)?. And first harmonic of the interaction force

dz 2 d=

Fioo = “CV,e(Viip — Viursace)- SO if we introduces feedback loop which should stabilizeal 0

with application of constant potentiakdbetween tip and sample, thea ¥ surtacender condition
F1 +0. Therealization schemof EFM is shown in Fig 4.64n addition to AFM stabilization loop
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"AFM -part" explained above, the "EFpMart" consisting of comparator, logk detector and PI1D
regulator is added. And it operates during the second pass scan.

cantilever tip

+ +
+
path of
_1cantilever tip I—}
——— o ——— - __lloll
+ + ++ +
sample

Figure 463. Principe of electrostatic force microscope (EFM). EFM measures electric field
gradient distribution above the sample surface, through measuring local electrostatic interaction
between a conductivetipandarsal e using Lift Mode E method.
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Figure 464. Kelvin probe microscopy measuring scheme. Typical part for AFM measurements
"AFM-part” is extended with additional "EFpRrt". External generator G applied additional
voltage between tigample resulting in appearance of oscillating component-satiple force.

After detection with lockn amplifier PIDregulator provides deoltage equals to the local surface
potential.

The example of EFNimaging is given in Fig 4.6During first part of the experiment ferroelectric
film was polarized by applicatiaof different voltages to the tip while it is scanned along horizontal
lines with 1 mkm length. After polarization the same tip was used to detect induced electyéc char
(or potential) distribution.
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Figure 4.65 (a) Topography and FNEFM (b) images of derroelectric film with electrical bits

written onto it. The four bits were written with a metalted AFM tip at +33,+2, and-2volts

from top to bottom. The images were captured with the same tip, moments after polarizing the
central region. Carrying 1V, the tip failed to polarize thi
from Application note "Electric Force Microscopy, Surface Potential Imaging, and Surface Electric
Modification with the Atomic Force Microscope (AFM)", Veeco Instruments Inc, 2004,
http://www.veeco.com

438 Scanni-hgehdaoptical mi croscopy

Scanning neafield optical microscopy (SNOM) represents a variety of scanning probe
microscopy techniques, which combines high spatial resolution with sensitivity and spectroscopic
capabilities inherent to optical methods of detection. In contrast toasydoptical microscopy,
which resolution is limited by diffraction of light, it relies on imaging ircatled neaffield regime

when distances between probe and object are much smaller than wavielehtté light.

Two main approaches (Fig. 4)6® optical neasfield microscopy exist: (i) aperture type SNOM

and (ii) apertureless techniques. In the first case, a subwavelength size aperture on a scanning tip
is used as an optical probe. This is usually an opening in a metal coating of either ariilogtical

tip or of a cantileverExcitation light is focused through the aperture resulting in evanescent
electromagnetic field formation on the other side of the aperture at distances Z<10 nm close to its
surface (neafield range).When a sample is scannatia small distance below the aperture, the
optical resolution of transmitted or reflected light is limited, in general, only by the diameter of the
aperture and lateral resolution of 2@ has been demonstrated ¢, r | g , Po.hl et al

Typical setup of aperturefpg SNOM is shown in Fig. 4.6Bpecially etched optical fiber, which

tip is playing the role of a subwavelength aperture, is used for sample excitation. Usually a tuning
fork attached to the probe fiber is used to control spatial separation between the fiber tip and sample
surface. Lateral oscillations tfe probe tip at a mechanical resonance frequency are induced, and
as the oscillating tip approaches the sample, forces between the tip and sample damp the amplitude
of the tip oscillation. Feedback signal from the tuning fisrksed to maintain constant distance
between the probe and the sample surface by REOM images are generated by scanning the
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fiber tip over the sample in a tadimensional raster pattern and collecting the emitted/scattered
radiation in the optical fafield by a detector.

(@) Sharpened Optical Fiber Metallized
inati (b) robe
lllumination P
Light
Metal Coating lllumination
Light
. . / Propagating Light
Evanescent Light } Optical Near Field Scattering Light

Evanescent

Propagating Light Light

Figure 4.66Principle of NSOM: Can be simply modeled by the electromagnetic interaction of two
very closely positioned narabjects, which represent a probe and sample. Apetypee(a) and
tip enhanced (b) SNOM principles.

tunning
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Controller detector/
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Figure 4.67 Aperture type SNOM. Speclgletched optical fiber is used as a probe. It is glued to
the side of the tuning fork which lateral oscillations can be excited. Bahple interaction is
controlled through the resonant frequency shift of tuning fork owing to lateral oscillationsxdampi
Scattered light is collected with microscope objective, filtered and analyzed.

439 Apertureless techniques

Apertureless (or tqassisted) techniques are based on thefredroptical phenomena as well, but
do not require passing the lightrough an agrture (Fig. 4.66 A nancantenna (a specially
prepared metatoated AFM probe) is excited by laser light tightly focused at its apex. Under
specific conditions, the narantenna can localize and enhance the excitation electromagnetic field
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and/or sampleptical response in very close proximity to its apex. Thus, tip of the-aiatemna
effectively work-emiast ar dsc@mra tiez@doinmdnd i ght .
sample with respect to this naaatenna, the obtained map of optical regegiRaman or Rayleigh
scattering, fluorescence, etc.) from the sample has lateral resolution which is determined by size of
the electromagnetic field localization at the nambenna tip.

One of the most promising types of-tigsisted optical imaging taalques is TipEnhanced Raman
Scattering {(RBERS 09 r wihreamdesnp with sharp metahtip © used to
locally enhance the Raman scatteringnai from a sample (Fig. 4.68). Fig. 4.6%ows
enhancement of Raman spectra for carbon naeawiproximity to the metal tip. Raman spectra
provide structural information about chemical species and TERS can be used for identification of
chemical substances and their disttiobn onto the sample surface.

Collected
light

Probe
Tip

Focused laser
spot ~5x10 umz

SERS-enhanced
area

Sample

Figure 4.68 Apertureless type TERS. Specially inclined etched noble metal tip is approached to
the sample. Spot around tip is illuminated with excitation laser and scattered light is collected with
microscope objective.
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Figure 4.69(a) AFM topography image of tlearbon nanowire used for the TERS experiments in
this study. (b) Tipenhanced Raman spectroscopy on the nanowire. Blue spectrum: tip retracted,
red spectrum: tip approached; enhancement of some lines are shown numerically. (from application

270

240

193



note "TipEnhanced Raman Spectroscopy (TERS) for Chemical Imaging at the Nanoscale"

Witec, http://www.witec.dé.
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44 Magnetometry

Magnetometry is the technique of measuring and mapping patterns of magnetism in different
materials. Magnetometry rasures perturbations in the ambient magnetic field caused by contrasts
in magnetic susceptibility, i.e. the ability of substance to take on an induced magnetism caused by
its immersion in the magnetic field.

The result of magnetometry analysis is the irdegnagnetic moment (or its projection on the
direction of the external magnetic field) of the studied object in the external magnetic field. The
pattern of the distribution of magnetic moments in the object can be obtained using a number of
methods, suchs magnetic force microscopy, neutron diffraction methods with polarized neutrons,
etc. The unit of magnetic moment in the Sl systemdis- 17 In the Gaussian system of units (as
well as CGSM) which is the most common and convenient in magnetometriesstiig unit of
magnetic moment is usually denotedeasu(electromagnetic univf the magnetic moment). The
ratio 1lemu= 103 ¢ . Agives the relation between units of these two systems, that is the value of
unit magnetic momenthe Bohr magneton, corresponding to the "quantum" of the magnetic
moment of the electron beingeg = elk/2me=9 . 2 PUpl B 9 . 2'@nwkK @& the Panck

Dirac constante is the elementary electric chargm, is the mass of the electron). Strenbtiof
magnetic field applied to the studied object is measured in A/m (SI) or Oersteds (Oe in CGSM).

The results of magnetometry are the unique origin afmétion describing properties of modern
materials, including nanostructured, where "direct" observation of the studied objects,
nanostructures, is often problematic because of their small size. Analysis of magnetic properties of
such materials allows "féeg" their structural peculiarities and analyzing indirectly atoms
ordering inside material (crystalline ordering, nanoparticles size and distribution in composite
materials, etc.).

441 Met hods of magnetometry studies

The commonly used methods of magnetognetin be divided into two groups, "force” methods

that measure force acting on magnetized sample in a variable magnetic field, and "induction”
methods that measure the voltage induced by changing magnetic flux (for example, when removing
a sample from a dp or when the magnetized sample vibrates near the coil). The first group of
techniques includes such methods as torque magnetometry and alternating gradient magnetometry
(AGM) which is based on measuring the force induced by the gradient of a mageridtid fiie
sensitivity of AGMmagnetometry is rather high and close t& &#tu. The principle of the AGM
magnetometer acting de#zxd in [1] is shown in Figure 4.70uring the measurement, the sample

is cut into 3 mmx 3 mm, mounted on a nenagnetic prob (or at the end of a fiber) and suspended

in the gap between a pair of the magnet poles and coupled AC field coils. The magnet poles provide
a strong field to magnetize the sample in the measuring directions. The alternating gradient field
coils exert a priodic force on the sample and deflect the sample with the magnitude proportional
to the moment of the sample. The deflection of the probe is measured by a piezoelectric sensor
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attached to the probe. When the AC field is tuned at the mechanical resegaenty of the

probe, the deflection of the probe is amplified (vibration amplitude increases). Therefore, the
hysteresis loop of the sample can be obtained by detecting the corresponding piezoelectric voltage
signal fran the piezoelectric sensor [1].

piezoelectric
sensor

electro-
magnet

gradient coils

Figure 4.70Schematic image of AGM magnetometer

The second group of magnetometry techniques includes vibrating sample magnetometry (VSM)
and SQUID magnetometry. VSM (or Foner magnetometer) is the prevalent instrument to measure
the basic magnetic propiErs of materials as a function of magnetic field, temperature and time.
VSM is so named because the sample physically vibrates, typically at frequencies between 50 to
100 Hz. The idea of the method is based on the flux change in a coil when a magnetpedssa
vibrated near it. The sample, commonly a small disk, is attached to the end of a nonmagnetic rod,
the other end of which is fixed ;omechanical vibrator (Figure 4)7The movement of the sample

in the applied magnetic field alters the magndtig through the pickup coils, which causes an

i nduction voltage in the coils according to
voltage is proportional to the sample's magnetic moment. The small alternating magnetic flux is
amplified, usuallywith a lockin amplifier which is sensitive only to signals at the vibration
frequency. The apparatus is calibrated with a specimen of known magnetic moment. The sensitivity
of this method is usually about-t@mu, but it can reach even8eému.

driving system &
reference signal

sample rod

vibration ; lock-in
amplifier

sample

electro-
magnet

>

=

T
pick-up coils
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Figure 4.71 Schematic image of VSM magnetometer

SQUID (superconducting quantum interference device) magnetometry is based on the Josephson
junction effect, i.e. on the tunneling of superconducting electrons across a very narrow insulating
gap, called a Joshpon junction, betwen two superconductors (Figure 4.72SQUID
magnetometer utilizes the quantum properties of closed superconducting circuits and works
basically as a converter of fltw-voltage with high sensitivity. As the sample passes through the
SQUID pick-up coils, the magnetic flux through the superconducting loop changes due to this
movement. A changing magnetic flux through the ring generates a voltage and a current in the ring,
according to Far ad aheduactiohsaoscillate@ith @ peviod lequa  ¢he o f
quantum flux, i.e. each voltage step corresponds to the passage of a single flux quantum across the
boundary of the ring, so that the change of the magnetic flux can be calculated by counting the
number of oscillations and comted back to moment. Since a superconducting Josephson device
requires lowtemperature operation, it is usually used in conjunction with a superconducting
solenoid. SQUID measurements over a range of fields and temperatures are time consuming. The
sensitivty of SQUID is usually up to I®emu.

Magnetic field

measuring
current

measuring
current

Voltage variation

Figure 4.72Schematic image of the operating principle of SQUID flux sensor

Magnetic force microscopy (MFM), a variation of conventional atomic force microscopy, is
commonly used to detect the magnetic structdrenaterials. Schematic image of operating
principle of magnetic force microscope [1, 2] is presented in FigdB2Mhe measurement process
includes two stages. In the first pass, topographical data is taken in the tapping mode. The tip is
then raised t@ certain scan height in the second pass with a constant separation between the tip
and sample surface. During the second pass, theréomgge magnetic forces are detected which

shift the resonance frequency of the cantilever and produce the magnetic Tinagdorrange

Van der Waals forces vanish and thus the influence of topography can be minimized in the second
pass. Therefore both the topography and the magnetic image can be obtained simultaneously for
the same area. The tip is coated with a thiredayf magnetic material, which experiences a
measurable force when it enters the field gradient where a domain wall meets the sample surface.
The force acting on the tip can be measured optically, by the deflection of the cantilever holding
the tip, or fran the change in amplitude of the cantilever motion when set into resonant oscillation
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[1]. MFM requires minimal surface preparation, and works on both conducting and insulating
materials. The MFM offers the prospect of observing magnetic structures atmebtrhigh
resolution.

Piezoelectric
sensor

Cantilever

Scanning

¢ V< Tip

Sample

Figure 473. Schematic image of operating prinieimf magnetic force microscope

442 Measuring and interpretation of magneti zat

The most common source of information about magnetic properties of the studied object is so
call ed magneti zation curves presenting the de
magnetic fieldH. MagnetizatiorM is the magnetic moment of a unit voluwfethe material. The

procedure for obtaining these dependences assumes the initial magnetization of the object at the
maximal magnetic fieldHmax. Further, the magnetic field decreases gradually to zero, after which

a magnetic field in the opposite diriext is applied to the sample, gradually reachifgax. The

registration of the magnetic momemwtsrresponding to different values$ applied fieldH allows

obtaining the magnetization curve samatically shown in the Figure 4.74
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Figure 4.74Typicd magnetization curvg (1 )

It should be noted that magnetization curves of magnetic materials exhibit often hysteresis due to
the irreversibility of their magnetization reversal. Hysteresis is characterized by a mismatch of the
descending (fromHmax t0 -Hmax) and ascending (fromHmax t0 Hmay branches ofM(H)
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dependaces, as it is shown in Figure 4.7#he registration of the complete magnetization curve

(in two directions oH variation) makes it possible to determine thecatbed coercive fieldHc 1
negative magnetic field leading to zero magnetization. It is important to mention that initial
saturation of magnetization is a necessary condition for determinatida ahd reording the
complete magnetization curve. Saturation of the sample magnetization is achieved in the case of
aligning the magnetic moments of all its structural elements (atoms, ions) in one direction of the
external field. The magnetization thus reaches ttaximal valueMs. Otherwise, ifHmax is
insufficient for saturation of the studied samplecatied minor hysteresis loops are detected, the
field leading to zero magnetization obtained from these curves being not ediahédue. In
addition toHc value, saturation magnetizatidfis and the remanent magnetizatidh can be
determined from the ngaetization curves (see Figure 4.7&he latter parameter is the value of
magnetization characterizing the sample after decreasing the external field down.t6are
magnetization curves possessing hysteresis, the squafen®sgMs of the loops is one more
important parameter.

Magnetization curve$/(H) can be measured) (at different temperatures for investigation of
temperature effects in materials (phassnsitions, thermal fluctuations of magnetic moments,
superparamagnetic effects in nanoobjects, etc.), iantb( different spatial orientations of the

external magnetic field with respect to the sample to study the effects of magnetic anisotropy.

443 Anwpasi s of temperature dependences of magne:!

Changes in the studied object temperature can provide significant modification of magnetization
curves shape. BotHc andM values of the sample can be modified. Measurement of temperature
dependences of rgaetizationM(T) allows determination of temperature corresponding second
order phase transition in material, e.g. from ferromagnetic to the paramagnetic state (Curie
temperature), which is characterized by a decrease in the magnetization down to zero with
temperature iorease. In addition, the objects studied by modern materials science often possess a
small size (nanometers and even-sabometers) and, as a consequence, are characterized by a
much more diverse magnetic effects and states, as compared with correspofidimgterials.

For example, the effect of superparamagnetism (SP) is typical for magnetic nanoobjects with linear
size less than 10m. This effect originates from thermal fluctuations of magnetic moments in the
objects with the energy exceeding enerfiyh@ir magnetic anisotropy. Analysis of nanoobjects
magnetic state can be performed by measuring and analyzing their temperature dependences of
magnetization (or magnetic moment) in field cold and #Zeld cold modes (FC and ZFC,
respectively), i.e. meaired after cooling in zero magnetic field (ZFC) and in small buizeoo
magnetic fieldHrc (FC). Typical FC an@FC curves are shown in Figure 4.75.
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Figure4.75 Temperature dependess] (u) of superparamagnetic nanoobjects measured in ZFC
(1) and FC (2) mode$) as well as typical shape of their magnetization cfire) in SP state (at
u>T) (b)

They demonstrate the shape characteristic for particles in the SP state which psgeeserdin

size. When cooling to low temperature without external field, disordering in the directions of
magnetic moments originating from random orientation of the magnetic axes in a system of non
interacting nanopatrticles keeps fixed (blocked). Teé&ls to a zero value of total magnetization

of the system. When the sample is heated in a small magnetic field (ZFC curve), its magnetization
increases as a result of unblocking the magnetic moments of the particles and aligning them in the
direction of tle applied magnetic field. Peak of ZFC curve occurs due to the particles thermal
energyksT increase withfand i ts reaching the val &eThef mag
temperature corresponding to maximal value of sample magnetization (peak of ¥€0defines
blocking temperaturds. Further increase i providing domination of thermal energy over the
anisotropy energkaleads to a transition of nanoparticles from nonequilibrium "blocked" state into
SP state. It should be noted that magnetic granules with different sizes become SP at different
temperatures. In this case, blocking temperalgrédetermines the temperatwetransition to the

SP state for smaller particles, whereas particles of maximal size transit into SP state at the
temperature corresponding coincidence of FC and ZFC curves (toallesth bifurcation
temperaturdpr). One can see from the Figur& 5tha the magnetic moments of majority particles

are unblocked already at 250 K, but the weak splitting between FC and ZFC curves remains up to
340K. Thus, the difference between these curves in the temperature regigm> at> Ty IS
associated with the glpersion of magnetic granules in size.

Nonzero magnetization of the material cooled in a magnetic field down to low temperatures (FC
curve in Fig. 4.7%is explained by the fact that magnetic moments of the granules are fixedl with
decrease, some of thdyaing aligned in the direction of the applied field. Ab®gemagnetization

cuveM(H) of SP nanoobj ect s dteynpoenos tsrhaatpees ucnhsaartaucrtaet
range of fields accompanied with smooth and slow saturation, as well as;z2exioe (Fig. 4.756).
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u) value allows determination of SP granules size. In the simplest case, SP relaxation (or system
thermal stability) in zero magnetic field can be described by Neel relation:

aDE, 0
t =toexpé£<8—1f§, (4.56

wheret is relaxation timefo is characteristic timegy o=gsV is the energy barrier between two
energy levels of system with minimal energy depending on magnetic anisotropy of stugied syst
s 1 constant of magnetic anisotropy| temperature.

Relaxation of magnetization of single particle through the energy bagrigny field is described
by relaxation timeU Taking into account the magnetization reversal by the cohevatton
mechanism and random direction of granules magnetic moments, one can obtain [3]

DE, (H) = KV Hig (457)

0

N

where) o is the external field eliminating energy barrier. &isbeing the temperature at which
energy barrier is comparable with thermal energy, one can obtain the next relation from (1) for

typical characteristic time ap=10°s
25Ty (H)° [, (H). (458)
Extrapolation ots; (H) in zero field leads to
25k, Ts (0)° KV. (4.59

Basing on the value df constant for nanoparticles in studied materials and estinfatedlue

from M(T) dependences, it is possible to calculate the volume of magnetic particle. It should also
be taken into accountdhK value of nanesized particles is probably several orders of magnitude
higher than for a bulk material due to the significant contribution of surface anisotropy [1, 3]. For
example, for iron nanoparticlés~ 10° J/n?, whereak =4 . 8*L)/arGor bulk U-Fe [1, 3]. The
volume of particles estimated by this method gives informatidh@size of SP granules, because
exactly these granules participate in the peak of the ZFC curve formation.

One more way to determine the size of SP nanoobjects basing on the results of magnetometry is to
approximate their magnetization curves in SP state, i.e. fofl @i, with Langevin functions
L =coth(a :l/a This function describes magnetipst of paramagnetic material [4] and is

applicable to the description of particles in a SP state, since there is no magnetic interaction between
them. For SP particles

: O
=~
w

_|

M (H,T) = M gcoth 4.40)

D (Pj\ (0
Wy
3|
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where ,=wm v presents magnetic moment of nanoobject withvolume, Ms is saturation
magnetizatior, is the external magnetic field.

Assuming spherical shape of nanoparticles anehtwgnal distribution of their sizes

“?(In D-In IZ_))2

1
f(D)= expe
(B) V2oin s pg 2(Ins)?

(4.61)

where D is mean value,s is dispersion in values, then the resulting magnetization can be
presented as
Vactiv éMSVH

o C "B -

whereV,;, = 25k; T/ K is the size of maximal particle in SP state. This relation describe the share
of M(H) presented in Figure 4.85

444 Magnetic anisotropy and angul ar dependence.

SP state characterizes nanoobjects only in a narrow size range (aleoat samometers or less),
which, moreover, do not exhibit magnetic interaction. Nanoobjects of a larger size, as well as
continuous media characterized by magnetic ordering, exhibit thermally stable configurations of
magnetic moments. Such materials gelhedemonstrate diverse magnetic parameters in different
directions, i.e. they have a preferential direction for their magnetic properties realization (one or
several), such as axis of easy magnetization. The dependence of materials magnetic properties on
chosen direction indicates the presence of magnetic anisotropy. The most common type of
magnetic anisotropy is uniaxial anisotropy, when only one-sasynetization axis is characteristic

for material (magnetic system). The origin of magnetic anisotropatédrials is in their crystalline
anisotropy, shape anisotropy, magnetostriction, surface effects, exchange interaction, etc.
Occurrence of magnetic anisotropy in material influences on the shape of its magnetization curves
that varies significantly in &ferent spatial orientations. The anisotropy axis dictates preferential
direction for magnetic moments in the sample in the absence of external magnetic field. For small
rotations of magnetization vector (magnetic moment) away from an easy directiomstiteopy

of the system acts like a magnetic field trying to hold it parallel to the axis. This field is called the
anisotropy field and denoted Hs. The anisotropy field is parallel to the easy direction and of a
magnitude such that for small angulavdeat i ons fr om t he easy axi s
same torqud. =1 df sk s i n Kls a® the anisotropy itself [1]. The physical meaning of the
anisotropy field providing the way for its calculation from magnetometry data implies the
magnitude of the field necessary to magneti ze
to its easy axis [1]. Anisotropy constaKtis the main parameter characterizing magnitude of
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magnetic anisotropy. It corresponds to energy barrier to be overcome by magnetic moment for
orientation along the direction corresponding to the energy minimum.

Typical set of magnetization curves for a system with uniaxial magnetic anisotropy obtained at
different angledJto the axis of its easy magnetization is shown in &ig6. The shape of these
curves is given by Eq. (8)

h@inq+%®in 2(g- a)=0 (463

whereh = H/Ha is the external magnetic field normalized by anisotropy field valiethe angle
between magnetic moment orientation and the externahfield

This equation was obtained by Stoner and Wohlfarth [5] for a system with uniaxial magnetic
anisotropy originating from shape anisotropy (for elongated ellipsoid, see4F®g). Its
magnetization reversal in the external magnetic field is supposed tolgccaherent rotation of
magnetic moments. Coherent rotation implies keeping parallel orientation of the magnetic
moments of all components of the system (atoms, ions) permanently during the magnetization
reversal. The energy minimum conditio&/dd =0 degermines the equilibrium position of the
magnetic moment in the external field, whé&res the density of magnetic energy described by
relation between two components, magnetic anisotropy energy and the energy of magnetic body in
the external fieldK #in(@i )i MslHL. c 0 s d .
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Figure 4.76. Normalized magnetization curvgs/Ms(h) of the system with uniaxial magnetic
anisotropy obtained at different angles with respect to its easy magnetization axis accompanied
with schematic illustration of uniaxial systemdem external field

The legitimacy of the equation (8) is extended both for different types of uniaxial magnetic
anisotropy (crystalline, stress anisotropy, etc.) [1], as well as for various magnetoanisotropic
systems. It is shown that magnetic momentstianas typical fragment of any magnetization
reversal process occurring by various mechanisms. Additionally, coherent rotation is the simplest

mechani sm for model representation. It 1 s app
field with repect to easy magnetization axis of the system, in contrast to incoherent rotation
mechani sms that c>asrbridat Bted nrge aalni z elde afl o rmold e | re
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completely realized for real objects, the coherent rotation mechanism éosleaws a good
agreement with the experimental magnetometry data within the approximation of the
magnetization curves of real anisotropic systems.

Application of the StoneWohlfarth model for approximation of magnetization curves of
magnetoanisotropic stems allows not only verification of magnetization reversal mechanism, but

also determination the magnetic anisotropy field and corresponding anisotropy constant
s=QqQdMs) / 2. One more parameter that can be deter
characterizing orientation of easy magnetization axis of the system with respect to the direction of

the applied magnetic fieltH. Mentioned parameters allow us to chagaze magnitude and

direction of the magnetic anisotropy of studied system.

The orientati on=s0 caaw@rOeds,poindei.ngaxteos bf easy and
the most important for determining the parameters characterizing magneticagyisdtne field

1 oOf an ideal system with uniaxial anisotropy equals to the coercivelfigldf [ (1 ) curve
measureddd=0 A and t o t hel(s)atcwrravtei ane%bsiuer leddh eaftl alt t er
from the definition of the anisotropy field asfield necessary for magnetizing the system in the
direction of its hard axis. It offers the simplest way fas estimation from the shape of the
magnetization curve measured strictly along the hard axis of the system.

It should be noted that real systewiten demonstrate several types of magnetic anisotropy
simultaneously. For instance, the shape of object (as a film or elongated nanostructure) induces
shape anisotropy that reduces or intensifies the "internal” anisotropy of the object due to its crystal
structure, internal tension and deformation, magnetostriction effects, etc. Shape anisotropy arises
in theobject with a specific ratio of its sizes in different direction, i.e. at least one of its three sizes
is finite (cylinder, film, sphere, etc.), due the presence of free magnetic poles at the object
surfaces, when magnetized in the external field. As a consequence, demagnetizihygpfielited
oppositely to the magnetization vectds (magnetic moment) appears. Thus, the resulting field
that inluence on the magnetic moment of such an object (namely, spins inside the object) in an
external fieldH is the difference between the absolute vabhfethe external and demagnetizing
fieldsH 1 Hq. In other words, object is magnetized at lower exieiain external magnetic field

than the value of this field assumes in the direction where demagnetization is present, i.e. in which
the size of object is finite. The "degree of-infinity" of an object is determined by its
demagnetizing factomd in different directions. For example, a thin film has a zero demagnetizing
factor (and, correspondingly, shows a zero demagnetizing field) in the film plane, wKerdas

(andHq = 4’ lMs) along its normal.

Magnetization reversal of the system demonstrating several types of magnetic anisotropy is
governed by "effective” magnetic anisotropy that is determined by the competition between them.
Therefore, anisotropy field defined as the saturation field of magtien curve in hard axis
corresponds to the effective parameqtex, the field of "effective” magnetic anisotropy. The
magnitude of effective magnetic anisotropy conskatthat determines magnetization reversal
process depends both on the magniamtemutual orientation of different components of magnetic
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anisotropy detected in the studied sample [1]. The simplest way to determine the pdfavhater

system with uniaxial magnetic anisotropy from the results of magnetometry is based on estimating

the area between the magnetization curves measured in hard and easy axes, regardless of the fact,
whether the system is reversed under the action of single magnetic anisotropy or the resultant of
several components. According to this method, the areabobgflel ) cur ves m@asur ec
andc9@A in the first quadrant is calculated. S

to
Mg Mg

K, = fHAM - pHdM (4.64)
0_in 0_out

where the first integral ecesponds to the hard axis (in), and the second integral describes the easy
axis (out). Schematically, interpretatiohthe method is shown in Fig. 4.77

600

4008

M (emu/cm?®)

200

T T T T

H (kOe)

Figure 4.77Magnetization curvef (| ) of the system with uniaxial magnetic anisotropy obtained
along its hard axis (in) and easy axis (out), as well as the square bounded by these curves (hatching)
estimated fop calculation

One more important method for determination of magnetizationgaverechanisms in magnetic
systems, as well as for estimation of parameters characterizing their magnetic anisotropy, is to
measure the angular dependences of the coercive fieldy Jhalues can be obtained from
corresponding magnetization curves measatedifferentU angles to easy magnetization axis of

the system (Fig4.76). Typical examples of «(U) dependences corresponding to different
magnetization reverkenechanisms are shown in Fig. 4.78

According to the StoneWohlfarth theory described abewhich is based on the assumption of
norrinteracting magnetically isolated grains, coercivity is defined by equatieris [5

{ H.(a)/H.(0) =(cos®a +sina) ¥ f 0104850

H.(a)/H.(0) =cosa Qina for<a@®bU. (4.65)
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These relations set the shapgq @{U) curve corresponding to coherent rotation hagism and
presented in Figure 4.78

Figure 4.78 Theoretical angular dependenges(U) corresponding to magnetization reversal
according to StoneWohlfahrt (coherent rotation) and Kondorski (domain walls motion) models

The dependence pfy on the orientation of external magnetic figldor ideal multidomain system
is described in the frame of Kondorski model [8, 9] by the relation

H.(a) =H.(0)/cosa, (4.66)

where) 4(0) is the coercive field measured along its easy magnetizatisnlt should be noted

that in the real systems the Kondor ski me c han
As arule, it is replaced by the mechanism of coherent rotation of magnetic moments described by
Stoner and Wohlfarth [5] atthe angle c| ose to hard-~m@aAgnetThatcoar
field is then reduced to zero along the axis of hard magnetization. Such a "modification" of the
Kondorski mechanism by an additional contribution of coherent rotation can be described by the
relaion [10]

(N, + N )cosa

H.(a)/H:(0) =
o(@)/Hc(0) N,sin’a +(N_+N,)cosa ’

(4.67)

where parametery = (N_+ N, )/ N, determines the relation between intrinsic magnetic

anisotropy of system and demagnetizing effects originating from magnetostatic &heggN;

are demagnetizing factors of the system (here, for the film) in two orthogonal directions, and
Nn =1 dMs is formal parameter similar to demagnetizing factor that characterizes other type of
anisotropy than magnetostatic (shape). EstimatioWNyfalue fom approximation of «(U)
dependence of the system that demonstrates magnetization reversal mainly by domain walls motion
allows determining its anisotropy field froNy =1 dMs relation.

206

















































































































































































































































































































































































































































































































































































