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Introduction

Dear male students...
Dear female students...

This book represents support of pillars for developing the physics curriculum
that works to achieve scientific and practical aims, and keep stride with the
scientific development in information and communication technology. This book
also achieves a link to the facts and concepts that student studieswith therealities
of his daily community life.

This curriculum aims at many objectives:

1. Providing the student with the methodology of scientific thinking and moving
it from education based on memorization to self-learning mixed with fun and
excitement.

2. Attempting to train the student in exploratory by developing the skills of
observation, analysis, conclusion, and explanation.

3. Providing the students with skills Life and applied scientific capabilities.

4. Clarify the relation between science and technology in the field of science and
its impact on development and link it to practical life.

5. Development of the concept of modern trends in preserving the ecological
balance practically and globally.

This book includes ten chapters: (chapter one - Capacitors, chapter two -
Electromagnetic Induction, chapter three - Alternating Current, chapter four
- Electromagnetic Waves, chapter five - Physical Optics, chapter six - Modern
Physics, chapter seven - Solid State Electronics, chapter eight - Atomic Spectra
and Lasers, chapter nine - Relativity Theory, and chapter ten - Nuclear Physics),
each chapter contains new concepts such as (do you know, remember, question
and think) as well as a group of a large number of training and various activities
for the student to get acquainted with the extent to which the objectives of that
chapter have been achieved.

We extend our thanks and appreciation to Dr. Hanan Hassan Majeed Al-Allaf
and the educational specialist Buthaina Mahdi Muhammad for their scientific
review of the book. We also extend our thanks to each of the educational specialist
Jalal Jawad Saeed and the educational specialist Intisar Abdul Razzaq Al-Obaidi
and Mr. Abbas Naji Al-Baghdadi for their scientific contribution to complete this
book in this form, as well as members of the Physics Curricula Division.

We ask God Almighty for the benefit to prevail through this book for all students.
We ask Glory be to God, that this be the basis of our work, which pours in the love
of our country and belonging to it, and God is the Grantor of success.

Authors




Environmental advice

* A clean environment means a better life.

* When the environment is a priority ... the environment survives.

» The water is a main source of life, it must be protected and kept safe
from pollution.

» Environmental Protectioniseveryone' sresponsibility, solet usall work
to protect it.

» The environment belongs to you and the future generations, so you and
the people around you need to protect it from pollution.

» Let’'swork for a safe clean environment and a more beautiful country.

* For better beauty quality of the environment plant more and don’t cut.

» Maintain your environment’s safety and health for a better life.

» A human’s environment is a reflection of his or her conscience.

* Let uswork together hand to hand to free Iraq from pollution.

» The environment is your life so contribute to making it clean and pure.

* The environment is our big home so let us work towards keeping it
clean and healthy.
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Behavioural targets

After studying this chapter, the student should be able to:
* Know the concept of the capacitor.
* Mention the types of capacitors.
* Explain the dielectric.
* Compere between polar and non-polar dielectrics.
* Learn the method of series combination.
* Learn the method of parallels combination.
* Compare between series and parallel connection method.
* Demonstrate an experiment how to charge the capacitor.
* Demonstrate an experiment how to discharge the capacitor.

* Mention some practical applications of the capacitor.

Scientific Terms

Capacitance dadl
Capacitor Jaiidl)
Capacitors in Series Combination sl e Slaiiall by
Capacitorsin Parallel Combination SOV s e Slauid) Loy
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n Capacitor

The spherical-shaped single insulated conductor can store a limited amount of electric

charge. Adding more charges (Q) will inevitably lead to increase potential of conductor (V) in
a specific distance (r) from the center of the charge, as in the following equation (which you

previously studied): 1 Q

Asyou studied earlier, amount of proportionality constant(k) in Coulombs' law is:

—_— 1 — 9 2 2
k = Tz =9 x 10°N.m?/C

Therefore: €, is permittivity of vacuum: €o=8.85x 10" C*/N.m’

The relation would be:

. Q
V =k

Therefore, the electric potential difference increases between

=
-

the conductor and any other medium (such as air), then

increase the electric field to extent that it discharges through the

surrounding air, see figure (1). Therefore, the single conductor
israrely used in storing electrical charges. :
Figure (1)
One might wonder, isit possibleto build adeviceto store large amounts of electrical charges
and store electrical energy?
To achievethis, asystem of two conductors (of any shape) is used. These two conductorsare
separated by an insulator (either vacuum or air or an electric insulator).This device can store;

Positive charge Negative charge
Positive charges on one conductor and negative charges on
the other conductor. This system is called capacitor. see figure

(2): Figure (2)

Thecapacitor isadevice used to storeelectrical chargesand electric

energy. It consists of a pair (or more) of conductive parallel plates
separated by an insulator. Capacitors have various shapes such as;
two parallel-plates capacitor, two cocentric cylinders capacitor and
the two cocentric sphere capacitor. Capacitors are made in different

shapes and size according to their applications. See figure (3). In this

chapter; we will study the parallel-plate capacitor. o ,

-~ 3 i

Figure (3)
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m The parallel - plate capacitor

The two conductors seperated by dielectric are usually plane and parallel in the form of

parallel plates. Thisis the ssmplest and the most commonly used form of capacitors. In most
practical applications, the plates are not charged initially. To charge them, one of the platesis
connected to the positive terminal of the battery, so it shows a positive charge (+ Q). The other
plateisconnected to the negativeterminal of the battery, so it shows negative charge (- Q) equal
in magitude. Both charges lie on the opposite surfaces (inner surfaces) of the plates, because
of attraction force among these charges, i.e both plates have equal and different charges. The
net charge on the plates is zero. Figure (4) shows a capacitor consisting of two conductive
plates, identical plane, isolated and parallel. The areaof eachis(A). These plates are separated
by distance (d) and equally but oppositely charged called parallel- plate capacitor.

Figure (4) shows lines of electric field between the plates of two parallel-plane plates
capacitor.

It is considered as a uniform electric field if the distance (d) between the plates is very small
compared to the dimensions of the plate and irregularity of electric field lines at the edges is
ignored. A capacitor in electric circuitsis symbolized by 4} or 9}, this symbols applies
to all capacitors.

P +@Q Positive charge plate

\/ " @ Nagative charge plate

Figure (4) Uniform Electric Field

m Capacitance

Since both plates of the capacitor are made by isolated conductor material, the charged
capacitor has an equal potential on all points of each plate. An electric potential difference
is generated between the higher potential (positive potential) plate and the lower potential
(negative




potential) plate. The potential difference between the

charged plates is symbolized (AV). See figure (5). Digital

voltmeter 5
device

It has been practically verified that the electrical
potential difference (AV) between the charged plates

isdirectly proportional to the amount of charge (Q) on

o =
each of the plates. This meansthat increasein charge | E
(Q) would increase electric potential difference (AV) _é: 15

5 K3
between the plates. Therefore, the capacitance of the | = & g 5
capacitor is defined as "ratio of charge (Q) stored ﬁn ey o
. . . o Patential difference e
in any of the plates to the potential difference (AV) AV ..I
between the plates". Figure (5)
Q

AV - Constant

The fixed amount (constant) is called capacitance of the capacitor. Symbolized (C), so:
_Q

C=av
Capacitance of the capacitor isameasure of the charge that needsto be placed on each plates

to generate a particular electric potential difference. A capacitor with the larger capacitance
means that it stores larger charge.

Capacitance of the capacitor is measured in the international system of units by:

(-coulemb) it s called Farad (F).

1 Farad = 1F =1 Coulomb/volt

The Farad isavery large unit for the most practical applications, the most stuitable units are
the parts of Farad:

IpnF=10°F , 1nF=10°F , 1pF=10"F



Dielectric

As you previously studied, there are materials like wax paper, plastics and glass although

being insulating at normal conditions (temperature and pressure), they decrease the amount of
the electric field that is placed in. Therefore, they are called dielectric materials.

Dielectric material are classified into two types:

First type: Polar dielectrics: Such as pure water, whose
molecul es have permanent bipolar electric moments. The distance
between centers of their negative and positive charges is constant
(thismoleculeis called dipole molecul es have permanent bipolar).
See figure (6) which illustrates the random directions of the poler
dielectric particles in the absence of external electric field. When
thisdielectricisinserted between the plates of acharged capacitor,
the electric field between plates will affect the dipoles and align
them along the field. See figure (7).

Consequently, an electric field is generated inside the dielectric.
This field has opposite direction to the external field and it has
less amount.

As aresult, the amount of net electric field between the plates of
the capacitor decreases.

Second type: Non-polar dielectrics: (like glass and
polyethylene), the distance between the centers of their positive
and negative charges is not constant. See figure (8-a) when this
type of dielectric is inserted between the plates of a charged
capacitor, the electric field between the plates of the capacitor will
minimally displace centers of the negative and positive chargesin
the molecule. This means it will temporarily gain dipole electic

moment by electric induction method.

As aresult, the molecule turns into electric dipole that alignin
the opposite direction of effective electric field, see figure (8-b).
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A positive charge appears on the surface of the dielectric facing Positive charged plate
the negative plate of the capacitor, while anegative charge appears

on the surface of the dielectric facing the positive plate (but the = e o e
dielectric remains electrically neutral), See figure (8-c). ao;_;c);r_m_e,;;i;
At this point, the dielectric becomes polarized, the two surface +++++++++

charges on the dielectric would generate an electric field inside

thedielectric (E,) .This electric field has opposite direction to that | agative charged plate

of the effective field between the two plates (E), see figure (9). Figure (8-c)

Therefore, it weakens the effective electric field.
In both types of dielectrics, vector of resultant electric field (E, ) is expressed in the following

relation:

E«=E+Eq
and its amount will be E.=E-E,
The amount of electric field between the e,
plates of the capacitor decreases by k and Ethltam = * JField inside
becomes E, = E/. field the dielectric
Since the electric field is (E=AV/d), i.e. Q == .-Q
the potential difference between the plates ;*;ﬁa;g“f Charge of plate
of the capacitor is directly proportional to
the amount of electric field. So, it reduces
potential difference between the plates by (k) e
too: Figare )
av=4Y

Therefore, (AV) is the potential difference between the plates in case of vacuum or air while

(AV,) isthe potential difference between them when the dielectricisiniit.

Capacitance of the capacitor is symbolized by (C,), so it becomes|C,_=kC

Dielectric constant (k) of dielectric material is defined as:
The ratio between capacitance of the capacitor after inserting the dielectric is (C, ), and

its capacitance in vacuum or air is (C), so;

_G
k=-¢
C =kC



Activity

Explain the effect of inserting a dielectric between the plates of a charged capacitor; which is

disconnected from the battery in electric potential difference between them (Faradays experiment),

what effect would it make in capacitance of capacitor? Parallel plate capacitor
Tools of activity:

Parallel-plate capacitor (air as dielectric) not charged, a battery
with proper voltage, a voltmeter, wires and a dielectric plate
(dielectric constant k).

Activity steps: Battery Switch

e Oneterminal of the battery is connected to one plate, and then Figure (10- &)
the other terminal is connected to the second plate.One plate
will be positively charged (+Q) and the other is negatively
charged (-Q), see figure (10 - a).

» Disconnect battery from the plates.

» Connect the positive terminal of the voltmeter to the positive

Air between the plate

plate and the negative terminal of voltmeter to the negative plate.
Observe the deviate of a pointer of the voltmeter, at specific
reading see figure (10 — b). What does that mean? An electric
potential difference (AV) is generated between the plates of the
charged capacitor when air is the dielectric.

» Thedielectric plateisinserted between the plates of the charged

Voltmeter
Figure (10 - b)

Dielectric plate

capacitor; there is a decrease in the reading of the voltmeter
(AV) see figure (10 - ).
Conclusion:

Inserting a dielectric with constant (k) between the plates of the

charged capacitor would decrease electric potential difference by Voltmeter

the rate of dielectric constant (k), then, AV, = % : Figure (10-¢)

Due to decrease in electric potential difference between the plates, the capacitance of the
capacitor increases according to the equation:
C= Q When the amount of chargeis constant Q, i.e.:

AV
Capacitance of the capacitor increases by the factor (k) when the dielectric exists:

C =kC
* Notice that writing on each capaciter spicify the maximum value of the electric potintial

difference which can used for it, do you see that is necessary?

12



Answer:

Yes, it's necessary because in case the potential difference on the plates kept increasing, this
will greatly increase the electric field between plates, which will lead to an electric breakdown
of the dielectric, as aresult of the electric spark passing through it. This will discharge the
capacitor (i.e. damage of the capacitor).

The following chart illustrates amounts of dielectric constant and dielectric strength for
different types of materials which are used as insulators between the capacitor plates. The
dielectric strength is defined as:

Maximum amount of electric field that a material can hold before electrical breakdown.

Dielectric strength is defined as a measurement of a material’s ability to withstand

electric field applied on it.

A table showing the dielectric constant and dielectric strength of materialsin practice.

Vacuum 100000 |
Air (1 atm) 1.00059 3 x10°
Rubber 6.7 12 X 10°
Nylon 34 14 X 10°
Paper 3.7 16 X 10°
Polystyrene plastic 2.56 24 X 10°
Pyrex glass 5.6 14 X 10°
Silicon oil 2.5 15 X 10°
Teflon 2.1 60 X 10°
Pure water 20°C & |
Strontium 300 8 X 10°
Mica 3---6 (150-220) X 10°

13



n Factors affecting capacitance of parallel plate capacitor

One might wonder, what are the factors affects to capacitance of a capacitor? The factors,

which affect capacitance of a parallel plate capacitor (C), are:

1. Surface area (A) of parallel plates, it isdirectly proportional withit (C oc A)

2. Distance (d) between the plates, it isinversely proportional with it (C o %).

3. Type of dielectric medium between the plates: if vacuum or air was the diel ectric between the
plates, the capacitance of the capacitor is expressed as follows: oA

C==4

(e,) represents constant of proportionality called permittivity of vacuum. In case there is a

dielectric material between the plates instead of vacuum or air whose dielectric constant (k)
which is the relative permittivity of material and it is called the dielectric constant. It is only
a number without units, then, the capacitance of the parallel —plate capacitor (with dielectric

between the plates instead of air or vacuum) is expressed by the following:

C.=k ECaA Thenitwill be: C, = KC

Now we will explain practically how amount of capacitance of parallel-plate capacitor will

change when the following factors change:

' Surface area (A) of the facing plates

Figure (11-a) shows a charged capacitor (Q)

of acertain amount which is disconnected from

the voltage source and connected to a voltmeter

to measure the potential difference between Facing area

the plates. Since the facing surface area of the

Voltmeter
reading

AV

capacitoris(A), thereading of thevoltmeter will
be at a certain degree, the potential difference

between the plates will be (AV) .

Reducing the facing surface area of the plates

to the half Figure (11-a)

14



i.e. (% A) by removing one of the plates aside (keeping
the amount of charge constant). A double increase in the
reading of the voltmeter is observed (i.e. 2AV). See figure
(11-b):

According to the relation (C = Q ), Capacitance of

AV
capacitor decreases when there is increase in potential

difference between the plates as the charge (Q) is kept

constant. We can conclude that capacitance of capacitor |y, .. .. rea ding increased by 2 A V

Figure (11-b)

decreases when the facing area of the plates decreases and

vice versa: (CxA)

i.e. Capacitance (C ) of parallel-plate capacitor is directly proportional with facing area
(A) of the plates.

' Distance between parallel plates (d)

Figure (12-a) illustrates plates of a charged capacitor AW Voltmeter reading
with acertain amount of charge, disconnected from
voltage source, and connected to ends of a voltmeter.
Theinitial distance between them is (d). Note that the
reading of the voltmeter points to a certain amount of

potential difference (AV) between the charged plates
Q). (a)

When the plates are brought closer to each Figure (12-3)

other ( %d) (while keeping the charge constant) the
reading of the voltmeter drops to the half (% AV).
1

See figure (12-b). Q Voltmeter reading decreased by > AV
According to the relation, C=—xy; decrease in

potential difference between plates of capacitor means
increase capacitance of capacitor (when the chargeis
constant).

vz Distance

We can conclude that capacitance of capacitor

increases when there is a decrease in distance (d)

between the plates and vice versa. (b}
Figure (12-b)
1
(cag)

15



W/you know?

Somefactoriesuseseveral waystoincreasecapacitance
of parallel-plate capacitor by controlling the three
factors(surface areaof thetwo plates, distance between
platesand dielectric). The platesare made very thin and
wide, and an insulator (with huge dielectric constant)

is placed between them as thin ribbons wrapped in a Figure (13)

cylinderical shape. See figure (13).

A (10 pF) parallel-plate capacitor is charged by a (12V) potential difference battery,
then disconnected from the battery, then a material which dielectric constant (6) is
inserted fills the space between them, see figure (14):

Calculate the amount of :
1. Stored charge in each of the plates?
2. Capacitance of capacitor with inserting the dielectric?

3. Potential difference between the plates after inserting the dielectric?

Charged capacitor = Charged capacitor i
Air between the plates {9 dielectric between the plates (9]
I ¥+ | ¥
— "':':*E_—':"'
Voltmeter Voltmeter |

Figure (14)

16



The solution:

1. To calculate the amount of stored charge in each of the plates of the capacitor, we
use the following relation: Q = Cx AV
Q=10x 10"x 12 =120x 10% coulom

2. To calculate capacitance of capacitor with the dielectric: C_=kC

S0: Cc= 6% 10x 10%F = 60 X 10™*F

3. To calculate potential difference between plates of capacitor after inserting the

. . 12
dielectric: Ay, = C% _ % — oy

or calculated from: AV = % = % =2V

It is worth noting that potential difference between plates of the capacitor after
inserting the dielectric decreases by (k) when the capacitor is disconnected from

battery, see figure (14-a, b).

Since the capacitor is disconnected from battery, then the dielectric is inserted, the
stored charge will be constant: ~ Q, = Q= 120x 10" couloml|

Think?
Your friend says that the charged capacitor store a specific value of charge, and you
say that the charged capacitor has a net charge is zero.

Your teacher says both are correct....explain how?

17



Parallel-plate capacitor, distance between plates (0.5cm), both plates are square
and each side is (10 cm), There is a vacuum between them (vacuum permittivity is
€0 = 8.85%x 10%*C?/N.m?). What is the amount of:

1. Capacitance of the capacitor.

2. Stored charge in each of the plates after applying (10Volt) potential difference.

The solution:

1. We have the relation: ¢ = €<aA

Since both plates are squared, the areawill be: A =(0.1)’ =1x 10°m?

Distance between plates: d=05am=5%x10°m
Then we substitute that in the following relation: C = 8.85x 10 x é§ 18:2

I.e. amount of capacitance of capacitor is; C=1.77x 10" F= 17.% 1§ E 17.7}

2. To calculate amount of stored charge in each of the plates, the following
relation applies: Q=CAV
Q=17.7x 10°x 10= 17% 18 coulon

m Combination of capacitors (Parallel and Series)

One might wonder what is the purpose of connecting capacitors in parallel is and series

combination?

There are two ways to connect capacitors, one is used to increase equivalent capacitance of
the group, for this purpose, capacitors are connected in parallel combination with each other,
therefore, the facing surface area of the parallel plates (the equivalent parallel group) increases.
The second method decrease equivalent capacitance is the ability to place a larger potential
difference on the sides of the group such high potential difference may not be undergone by any
capacitor if connected individually, for this the capacitors are connected in series combination.

18



' Parallel combination of capacitors

AV

AV C

€0 equivalent capagi ¢ eq €quivalent capacitpnce
C _ + -
1 First capacitor *Q Q Q| | Q
| |
2 Second capacitor
Battery
+ - -
AV + Av + 4y -
]}

o)

I I
Batte; ‘ atte: .. e 1s
ryn Electric circuit diagram

Figure (15) Surface area increase for the equivalent parallel-plate capacitor (with constant distance
between the plates and type of dielectric) so the equivalent capacitance is increased.

Figure (15) illustrates a practical way to connect two capacitors (C,, C)) inparallel combination

and connect their ends to a battery, therefore, both create equal potential difference:

AV 1= AV, = AV patey= AV
Since (Q=CAV ) then:
Ql = ClAVansz = CZAV

Qtotal = Ceq X AV

(Q ) representsthe total charge of the group.
(Ceq) represents the equivalent capacitance, which includes the parallel group.

Then we can derive the equivalent capacitance (Ceq) for the group of capacitors connected in
parallel combination:

Sincethetotal charge of the two capacitorsin parallel combination (Q . ) equalsthe algebraic

total
summation of the charges on any of their plates, so:

Qua =Qu + Q,
C,AV=C,AV+C,AV
C,AV=(C, +C)AV

By dividing both sides of the equation by (AV) we get:
Cy=C.tC,

19



Thisresult can be generalized on any number of capacitors (like n of capacitors) connected
in parallel combination, therefore, the equivalent capacitance of the group is:

We conclude from this relation: the equivaent capacitance, of a group of capacitors in
parallel combination, increase. The reason for thisis:

Connecting capacitors in parallel combination means increasing surface area of opposite
plates of the equivalent capacitor, which will increase capacitance of equivalent capacitor to be
larger than the largest capacitance of any capacitor in the group, assuming that both distance
and type of dielectric are constant.

Four capacitors with the following capacitance (4uF, 8uF, 12uF, 6uF) respectively connected
in parallel combination and connected to terminals of a (12V) potential difference battery,
calculate:

1. Equivalent capacitance of the group.
2. Stored charge in any of the plates of each capacitor.
3. Total stored charge in the group.

A diagram for connecting the capacitors is drawn as in figure (16):

1. Equivalent capacitance of the group is calculated according to the following relation:
C,=C, +C+CHC,
C,=4+8+12+6=30uF C.=4uk

2. Since al capacitors are connected in parallel combination, I I

the potential difference between the plates of each isequal,

C,= 8ﬂF
and it also equals the potential difference between terminal |
of the battery (12V). I

AV, ,=AV,=AV,=AV_ =AV,=AV C.=12¢F

The stored charge in the first capacitor will be: | }7

Q,=C, X AV=4 X 12 =48u coulomb

. . . C,=6uF
The stored charge in the second capacitor will be: | | i |
Q,=C, X AV=8 X 12 =96p coulomb I
The stored charge in the third capacitor will be:
Battery
Q,=C, X AV =12 X 12 = 144y coulomb =]
The stored charge in the Fourth capacitor will be: AV =12V
Q,=C, X AV =6 X 12 =72p coulomb Figure (16)

20



3. Thetotal stored chargeis calculated as follows:

Qe = Ceq X AV

Qi =30 X 12 =360u coulomb
Or calculated by sum of the stored charges in each capacitor: (Algebraic summation)

Qua =+ Q+ Q, + Q,
Total stored charge in the group.

Qg =48 +96 + 144 + 72 = 360u coulomb

' Series combination of capacitors:

Battery

=1

equivalent capacifance C] eq
F F e
+F

AV

Battery

equivalent capacitance C

.i.'_l‘.'||.'-
{ ¢
Battery
Electric circuit diagram

1L

Figure (17) the distance increase between the plates of equivalent capacitor in the series combinantion

(with constant area of the plate and the dielectric type) so the equivalent capacitance is decreases .

Figure (17) illustrates a practical way to connect two capacitors (C,, C) in series

combination and connect the ends of the capacitors to a battery. The total charge (Q

eguals the amount of stored charge in any of the plates of the capacitors, i.e:

The explanation for this is: the potential of the two middle plates are equal, they
are two plates connected together by a wire, therefore, they can be considered as one
conductor and its surface will be an equipotential surface.

They will have equal charges yet different in type of charge (by means of induction),
see figure (17 —a).

Qua = Q= Q,

Assume that; substituted the two capacitors by one capacitor work like a group.

21




The capacitance of this capacitor is called the equivalent capacitance (Ceq) for the group of
capacitors connected in series combination:
Since: C = Q then:

AV

Ci= 4%,
C.= A(\Q/Z
e

(Q,.): representsthetotal charge of thegroup (Q), (Ceq): represents the equivalent capacitance
of the group. Then we can derive (Ceq) for the group of capacitorsin series combination. Since
the groups of capacitors are connected to a battery, the total potential difference of the group
equals sum of potential differences between plates of each capacitor, i.e:

Atha = AVl + AVZ
Q_Q.0Q
Ceq Cl CZ
Q _ [i i]
C. QIC. T

. : o1 1 1

Dividing by Q, we get the following relation: C.-C - C
eq 1 2
C.C,

or Ceq = m this relation is applied when two capacitors are connected in series

combination not more.
This result can be applied to any number (n number of capacitors) connected in series
combination. Theinverse of equivalent capacitance of the group equal stotal inverse capacitance
of combining capacitors: 1 _ 1 n 1 n 1 i 1

Coq C. C, C; C,

We conclude that: amount of equivalent capacitance decreases for a group of capacitorsin
series combination. It is smaller than the smallest capacitance of any capacitor in the group.
This can be explained by the fact that connecting capacitors in series combination means
Increasing distance between plates of the equivalent capacitor, assuming constant area and type
of dielectric.

Think?

What is the way to connect a group of capacitors?

a. To obtain huge equivalent capacitance to store a huge €electric charge and low potential
difference, this can not be done by using only one capacitor.

b. In order to impose huge potential difference on the ends of the group that one capacitor
cannot hold.
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Example (4)

Three parallel-plate capacitors with capacitances are (6uF, 9uF, 18uF) respectively
connected in series combination, the group of capacitors are charged with, (300p coulomb),
see figure (18). iﬁri_c’i?m‘iﬂ
Calculate:

1. Equivalent capacitance of the group.

2. Stored chargein any of the plates of each capacitor. 4+ le—— av,,, —*

3.Total potential difference between the ends of the group. Figure (18)
4. Potential difference between plates of each capacitor

The solution:

1. Since the group of capacitors is connected in series combination, then the equivalent
capacitance is calculated from the following relation:

C. C. C.TC
1 _ 1.1, 1_6_1
Co 6790%18718°3

Ceqz 3uF  Amount of equivalent capacitance.
2. Since the capacitors are connected in series combination, the amount of charge stored in
any of the plates of each capacitor is equal and it equals the total charge of the group.

Qtotd - Ql = Qz = Q3 =Q= 300}1 coulomb
3. Total potential difference between the ends of the group is cal cul ated:

AV — Qtotd

total Ceq

_ 300 _
AV,,= S3° =100V

4. Potential difference between plates of each capacitor:

AV = % = % =50V

Q 300 _, 100
AV=¢C,m e =03V

~Q 300 .50
AVE ¢, =18 = (3

23



From information on figure (19-a), calculate:
1. Equivalent capacitance of the group.
2. Total stored charge in the group.
3. Stored charge in any of the plates of each capacitor.

The solution:

1. Equivalent capacitance (C’) of the capacitors
(C,,C,) connected in series combination with each
other areis calculated as follows:

1_1 .1
T o
1_1.,1_5_1
C-20730- 60 12

The amount of equivalent capacitance in series
combination (C’'=12uF), then the total equivalent
capacitance (C,) for the parallel combination (C,
C,) is calculated as in figure (19-b).

Thisisthe total capacitance for the group: (Ceq), see
figure (19-c).

C.=C +C,

C,=12+18=30uF
2. To calculate the total charge of the group, the

following relation applies:

QtotaI: Ceq X AVtotal

Q= 30 X 12=360u coulomb
3. In figure (19-b), the potential difference of the

parallel combination group (C’, C)) is calculated:

AV = AV’ =AV, = 12V then we calculate the

charge of each:

Q = C X AV=12 X 12= 144p coulomb = Q,
=Q,

Q,=C, X AV=18 X 12=216p coulomb
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C=20uF
T AV=LR2Y

C=18uFL
C,=30uF

T

Figure.(19-a)

C=18uF

TTTAV=IY =
C=12uF

Figure (19-b)

C_=30uF
— AV=12V e

Figure (19-c)

Think?

If you are asked to connect nine
identical capacitors with the same
capacitance (10uF) together to
obtaine an equivalent capacitance
(10uF). Explain how to connect
this group of capacitors, and draw
a digram showing that.



n Stored energy in electric field of the capacitor

When a specific amount of electric charges is moved from one position to another with a

potential difference between them work must be done on these charges. Thiswork isstoredin

the form of electric potential energy (PE, . ) in the electric field between the two positions.

electric
Assuming there is uncharged parallel —plate capacitor, the amount of charge of both platesis
zero (Q = 0 coulomb), this means the potential difference (AV) between the plates is zero for

the uncharged capacitor.

After charging the capacitor, a potential difference (AV) is created between the plates, and
with continuous charging, the potential difference between the platesincreases. Stored energy
in the electric field of the capacitor can be calculated by drawing a chart which illustrates
amount of charge (Q) stored in any of the plates and the potential difference (AV), see figure
(20) by calculating area of triangle (the shaded area under the curve) which equals:

PEeIectr'c = % A V X Q

[The base (represents AV), height (represents amount i
of charge Q)].by substituting electric capacitance of | @
capacitor (C :%) in the relation mentioned earlier, %’
the stored energy in the electric field between the |
plates of the capacitor (PE,_, ) can be written in the
following formula Potential difference (AV) )

Figure (20)

Either. PEsecsc = 5 C.(AV)
2
or. I:)Eelectr'c = % X %
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Example (6)

What is the amount of stored energy in the electric field of a (2uF) capacitor, if charged
by a (5000 V) potential difference, What is the amount of the power we get when discharged
by (10us) time?

The solution:

The following relation is applied as.  PEajecuz = %C.(AV)2

PEsere = 5 (2 X 10°) X (5000) = 253

PEeIectri: — 25 —
time(t) — 10x 10° ~

Powe (P) = 2.5x 10 Watt

N ou know?

* Stored energy in the electric field between plates of capacitor in the previous example
is huge; it is equivalent to stored energy in a (1 kg) object falling from (2.5 m height).
(PE=mgh=1Xx 10 X 2.5=251)

*Capacitor like these are used in high power laser generating devices.

Two parallel-plate capacitors (C = 3uF, C= 6uF)

. . . : C-3uF |1
connected in series combination. Their ends are 11 11
AV =24V
mall [ T

11

Before inserting dielectric

C,=6uF

connected to terminals of (24 volt) battery; air was the

insulator between the plates of each, see figure (21).

If aninsulating material constant dielectric (2) isplaced

Figure (21)
between the plates of each (the group is still connected
to the battery), see figure (22).
What is the potential difference between the plates | C -6uF . .CkZ—IZpF
of each capacitor and the stored energy in the electric AV_24V
field between plates of each capacitor in two cases: =

11
After inserting dielectric

1. Before inserting the dielectric. Figure (22)

2. After inserting the dielectric.
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The solution:

1. Before inserting the dielectric, we calculate the equivalent capacitance of the group, see

figure (21).
1_1,1
Ceq_Cl CZ
1 _i+l_§_l
Coq 3 66 2

The equivalent capacitance of the group will be: Cy= 2uF
Then the total stored charge in the group is calculated:
QtotaI: Ceq X A\/total
Q= 2 X 24 = 48u coulomb

Since the connection isin series combination, the stored charge in any of the plates equals
each other;

Q= Q, = Q,= Q=48 coulomb o
Potential difference between plates of first capacitor: AV; = T, - %8 =16V

Potential difference between plates of second capacitor: AV, = CQ =% = 8V

To calculate the stored energy in the electric field between plates of each capacitor, we

apply the following relation:

PE(l)dectric = %Cl X (AV l) 2

PE e = 5 X 3 10° X (16)° = 384x 10 J
_1 2

PE(Z)dectric - 7(:2 X (AVZ)

PE acrc = 3 X 6X 10°X (8)° = 192 10° J

2. After inserting the dielectric, the equivalent capacitance of the group, see figure (22):

Since : C.=kC

C,=2X3=6uF, C,=2X 6=12uF
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Then we calculate the equivalent capacitance of the two capacitors in series combination:

1 _ 1 " 1
Cw. Cu Ce
1_.1,1_3_1
Ce. 6 127 12 4

Amount of equivalent capacitance of the group : Cv., = 4uF

Considering that the dielectric material is inserted and the group of capacitors is still
connected to the battery, the total potential difference for the group remains constant (24V).
Then the total charge of the group is calculated using the following relation:

Qo)™ Creq X AV

k (total)

Q =4 X 24 =96 p coulomb

k (total)

In case the connection is in series combination, the amounts of stored chargesin any of the
plates of each capacitor are equal:

Qk (total): Qlk = Q2k =96 L coulomb
So:

Potential difference between plates of first capacitor:

AvkleCk—‘l"k“”:%:lﬁv

Potential difference between plates of second capacitor:

Asz - Qé:(’[al - % - 8V

Then the electric energy stored in the electric field between the plates of each capacitor is
calculated by the following relation:

PE gectic = %Clk X (AVy)?

PEyacer = 5 X 6 10°x (16)° = 768x 10 J
_1 2

PE(Z)eIectr'c - 7C2k X (AVZ)

PE s = 3 X 12 X 10°x (8 = 384x 10 J
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v/you know?

There is a huge depot for capacitors (called capacitors bank) near
Chicago city, see figure (23). It is used to store huge amount of electric
energy used in particle accelerator device at Vermy laboratory.

The device requires huge and sudden amount of e ectric energy.
This energy is provided by discharging the capacitors in that depot

in ashort time.

Thisissimilar to collecting water in reservoirs on roofs of buildings Figure (23)

to be drained and used in a very short time by firefighters.

m Some types of capacitors

There are several types of capacitors used in industry. They

have various types, sizes, and manufacturing materials to be

Conductor
material

suitable for all practical applications.
Somehavevarying capacitancesomehaveconstant capacitance. | |
Values of capacitancesrange between (1pF up to morethan 1F),

examples: Conductor
a. Wax paper capacitors: this type is used in many electrical e Dielectric
and electronic devices. They are small size, with large plates materia
- ey ' 9ep Figure (24)

area notice figure (24).
b. Rotary —plate with variable capacitance of capacitor: it consists of two groups of plates
as half disks, one group is fixed (unmovable), while the other rotate around a fixed axis.
The two groups are connected between the terminals of battery while charging; therefore,
this capacitor is equivaent to agroup of capacitorsin parallel combination.
The capacitance of this capacitor changes during rotation due to change in surface area of
the plates. Air is the dielectric between the plates see figure (25). This type of capacitor is
used in radio and wireless devices.

Figure (25)
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c. Electrolyte capacitor:

Thiscapacitor consistsof two plates, one of themisauminum
and the other iselectrolytic paste, and then adielectric material
Is generated as a result of the chemical reaction between

aluminum and the electolyte, and the plates are wrapped in a

cylindrical shape, see figure (26). Electrolyte
This capacitor has the advantage of tolerating high potential ; capacitor

difference; a mark is placed on the sides of the capacitor to él .

indicate polarity, in order to be connected properly in the T

electriccircuit. Below atable showsvaluesof some capacitors Capacitor T -

used in a practical applications and maximum potential

difference between its plates the capacitor before electric crash Figure (26)
breakdown of dielectric:

Type of capacitor Range of capacitance  Range of potential difference

* Note: this table for refrence only (not required).

Direct current circuits consist of resistor and capacitor (RC-circuit)

You have aready studied electrical circuits of the direct current, which are provided by
voltage (like battery) and aresistor. In these circuits, the current is constant at a period of time
(doesn’'t change over time).

Let usAssume adirect current circuit containing a capacitor aswell as battery and aresistor,
this circuit is called Resistor-Capacitor circuit (RC-circuit),the current in this circuit changes
over time. The simplest practical form is charge and discharge circuits of the capacitor. In order
to understand how capacitors are charged and discharged, we need to do the following activity:
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Activity

First - How to charge the capacitor

Tools of activity:
a battery with proper voltage, Galvanometer (G), capacitor (C) with parallel plate (A&B),

double switch (k), constant resistor (R), identical lamps (L L), conecting wires.
Activity steps:

The circuit is connected as in figure (27), where by the switch CE}
(k) inposition (1), what doesthismean? Thisimpliesconnecting

&
Lamp
LI Switch

e
@ nﬁ g
1

! |_'L amp Capacitor

R Iy 1
Resistance ' Battery

the plates of the capacitor to the terminals of the battery, to be

charged, so the pointer of the galvanometer (G) instantly moves

to one side zero reading (to the right for example) and back

quickly to zero reading, notice in the same time the lamp Figure (27)
glowsfor awhile (L) then it goes off asif the battery is not connected to the circuit.

One might wonder why the pointer of the Galvanometer (G) moves back to zero?

The answer is, when the capacitor is charged completely, the potential of each plateis equal
with battery terminals, so, the capacitor is fully charged, which means:

Potential difference between plates of capacitor, equals potential difference between
terminals of the battery. In this case, therefore, there is no potential difference between the
sides of the resistor in the circuit, this makes the current in the circuit zero.

Therefore, existence of charged capacitor in the direct current circuit is considered as open switch.
Since both plates of capacitor areisolated from each other,

electrons accumulate on plate (B) which is connected to  Think?

the negative termina of the battery, so it is charged with ~ The capacitor which placed
negative charge (—Q), while plate (A) which is connected in a direct current circuit
to the positive terminal of the battery, is positively charged act as an open switch (open
(+Q) similarly by means of induction. Figure (28) illustrates  Circuit)?

the relation between capacitor charge current and time spent

to chargeit.
| Charge current
It has been practically proven that charge current (1) starts A
Avbattrey

with huge amount at the moment of closing the charge | "=~ ®
circuit, and it equals: | = AVF;""“""V Then it decreses to zero
as soon as possible when complete its charging, figure (28). -
I: Charge Current, R: resistance, (AV, . ) = Potential Time ¢
difference of battery. Figure (28)
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Second- How to Discharge the capacitor

Steps of the activity:

We use the electric circuit connected in the previous

.
activity, see figure (29), but the switch (K) is in position é Ll; amp switch
(2). What does that mean? o— "k
This means connecting the plates of the capacitor by (:::LLamp Capachr ;
awire, in this way, the capacitor will be discharged, i.e —-L—"] L= &«

Resistance Battery
neutralized charge of plates. So, the Galvanometer (G)

instantly moves from zero (to the |eft) then back to zero i ()
quickly and the lamp glows (L) at the same time, then

goes off.

We conclude that: An instantaneous current flows in the electric circuit, it is called discharge
current, this discharge current fading (equals zero) when there is no potential difference

between the plates of the capacitor (AV, = 0V).

Figure (30) illustrates the relation between Discharge current
capacitor discharge current and time spent to = av

dischargeit. B 1'
It has been practically proven that discharge
current starts with a huge |:% amount the \
moment the circuit is closed (once the plates of the Time (T)
capacitor are connected to each other by awire), it Figure (30)

drops quickly to zero after completing discharge.

Remember:

Plates of a capacitor remain charged for some time unless connected to each other
by awire. Thiswill discharge the capacitor instantly. This processis called Discharge
(opposite to capacitor charge).
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Example (8)

An electric circuit in series combination consiste of a lamp resistance (r= 10 ), a resistor
(R =20 Q) and a potential difference of battery (AV = 6V). A parallel-plate capacitor (S5uF)
Is connected to the circuit.

What is the amount of charge stored in each of the plates and the electric stored energy in
the electric field, if the capacitor is connected:

1. In parallel combination with the lamp, see figure (31-a).
2. In series combination with the lamp, resistor and the battery in the same circuit. (after
disconnecting the capacitor from the first circuit and completely discharged from all its

charge), see figure (31-b).

Ce=SyF Capacitor
Capacitor .
; R=200 T : R=200
ik A
Lamp Resistor Lamp  Resistor
AW =8Y Battery AV =BY  Battery
H ¥ | F
Figure (31-a) B Figure (31-b)

The solution:

The first circuit: figure (31-a) calculate the amount of current in the circuit:

I_AV _ 6 _ b
“r+R T 10+ 20" 30
| =0.2A

Then calculate the potential difference between the terminals of the lamp:
AV =1 Xr=0.2%x 10= 2V
Since the capacitor is connected to the lamp in parallel combination, so:
The potential difference of the terminals of the lamp equal to the potential difference between
plates of the capacitor.
The potential difference between the plates of the capacitor is (AV = 2V). The stored
charge on any of the plates of the capacitor is calculated from the following relation:
Q=C x AV
Q=5x 10° x 2=10 x 10°=10u coulomb
Then the stored energy in the electric field of the capacitor is calculated as follows:
PE= 3 C x (AV)
PE = % X 5 % 10° x (2)>=10 x 10°J
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The second circuit figure (31-b): Since capacitor is connected in series combination in a
direct current circuit, it disconnects the current in the circuit (I = 0) after it is fully charged
(capacitor works as an open switch in the direct current circuit).

So, the potential difference between the two plates of the capacitor equals the potential
difference between the terminals of the battery, hence, thiscircuit is considered open-circuit,
the potential difference of the capacitor: (AV = 6V) and hence, the stored charge in each of

the platesis:

Q=C X AV

Q=5 X 10°® X 6 =30u coulomb
To calculate the stored energy in the electric field between the plates of the capacitor, the
following relation applies:

PE= 3 C X (AV)?

PE = % X 5X 10° X (6)>°=90 x 10°J

m Some practical applications of the capacitor

1. The capacitor placed in the flash lamp system in

the camera, figure (32) (After charging it with a
battery in the system), it supplies the lamp with
enough energy to glow suddenly with a bright
light while the capacitor is being discharge.

2. The capacitor placed in microphones, see figure

(33), where one of its plates is solid fixed and the

other is flexible and free movement, and the two )
o Figure (32)
plates are at constant potential difference.
Sound waves cause vibration of the flexible moving plate it back and forth, so the amount
of capacitance of the capacitor changes according to the change of distance between its two
plates, and with same sound waves frequency, which means transformation of mechanical

vibrations into electrical vibrations.

Fixed plate

Movable plate Battery Electric circuit Figure (33)
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3. Thecapacitor placed inthedevicefor stimulating and regul ating the movment of heart muscles

(the defibrillator), see figure (34-a), is one of the important applications use in medicine. This

device is used to transfer different and specific amounts of electric energy to the patient who

suffers disturbances in the movement of his heart muscles, when his heart not able to pump

blood, so the doctor uses a strong electric shock, figure (34-b) which stimulate the heart and

reorganizes its work. the charged capacitor in the defibrillator device discharges its stored

energy, which range between (10J - 360J) in the pntients' body for avey short period of time.

Figure (34-9)

i
Figure (34-b)

4. Capacitor used in computer keyboard a capacitor is placed under each letter in the

keyboard, see figure (35). Each key is connected to a movable plate, which represents one

plate of the capacitor, while the other plate is connected to the base of the key. When the

key is pressed, the sepration distance between the plates of the capacitor decreases, which

in turn, increase the capacitance. This makes the external electronic circuits recognize the

pressed keys.

Remember:

The benefit of using capacitor in practical
applications lies in the fact that these capacitors
can hold huge amounts of electric energy, and
the possibility to of discharging this huge energy
instantly, like the capacitor used camera flash lamp

system in the camera and the capacitor placed in the
device for stimulating and regulating the movment of

heart muscles (the defibrillator).
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v/you know?

Modern applications of capacitors is touch screens in mobile
smart phones (iPhone and iPad), computers, ballot machines
which are common nowadays. See figure (36) illustrates the use
of capacitors in touch screen of iPhone. When the finger touches
the screen, capacitance of the capacitor in that spot changes and

identifies the order.

Figure (36)
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O8> Choose the correct statement for each of the following:

. Parallel-plate capacitor charged and disconnected from battery, air fills the space between
itstwo plates, then adielectric with constant is (k =2) inserted between plates. The amount
of electric field (E,) between the plates with the dielectric compared with the amount of
(E) in the case of air will be:
E E
a "y b. 2E c.E d. =

. (Farad) unit is used to measure capacitance of capacitor, it is not equal to one of the
following units:

a. Coulomb?J b. Colulomb/V  c. Coulombx V2 d. <

" V2

. Parallel-plate capacitor its capacitance (C), brought its two plate closer together until the
distance between them became (1/3) what it was, so the amount of its new capacitance
equals:

a 3C b. §C c.3C d. 9C

Ol

4. (20uF) capacitor, in order to store (2.5 J) energy in its electric field, it needs to be connected

to adirect potential difference that equals:
a. 150V b. 350V b. 500V d. 250kV

. The capacitance of parallel-plate capacitor (S0uF), air is the dielectric between plates, if
a dielectric is inserted between plates to increase the capacitance by (60uF); dielectric
constant of that material is:

a. 0.45 b. 0.55 c. 1.1 d.2.2

. While you are in the laboratory, you needed (10uF) capacitor, you have a set of identical

capacitors, with a capacitance (15uF) then the number of capacitors are used and

combination method is:

a. (4 capacitors), all connected in series combination.

b. (6 capacitors), all connected to parallel combination.

c. (3 capacitors), 2 connected in series combination, the group is connected to the third in
parallel combination.

d. (3 capacitors), two connected in parallel combination, the group is connected to the
third in series combination.
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7. Parallel-plate capacitor, its two plates are connected between terminals of a battery with
constant potential difference, if the plates are separated from each other alittle while the

battery is still connected to them, the electric field between the two plates:

a. Increases, stored charge in either of its plates increase.

b. Decreases, stored energy in either of its plates decrease.

c. Remains constant, the stored charge in any of the plates remain constant.
d. Remains constant, stored charge in either its plates increases.

8. To obtain maximum equivalent capacitance of group of capacitors in figure (37), we choose

one of the circuits below:

2uF 4uF s —_— o ey

| |
|
|
I

g |
| |

a b C d

Figure (37)

9. Two capacitors (C,, C,) connected in series combination, the group is connected to the
terminals of the battery, capacitance of the first was larger than the second, when comparing
potential difference between the plates of capacitor one (AV,) with that of capacitor two
(AV,), we find that:

a. (AV)) greater than (AV,). b.(AV)) less than (AV.).
c. (AV)) equals (AV.). d. All above, it depends on charge of each.

10. Three capacitors, (C,.C,. C,) connected in parallel combination, this group is connected
to abattery, if the capacitancesare (C > C,> C,), compare charges (Q,.Q,. Q,) stored in any
of the plates of each capacitor, we find that:

a (Q>Q,>Q) b. (Q>Q> Q) . (Q>Q>Q) d. (Q=Q,= Q)

38



&

When doubling the electric potential difference between the two plates of the
capacitor with a constant capacitance, what happens to the amount of each of the
following:

a. Stored charge (Q) in each of the plates.

b. Stored energy in the electric field between the plates.
A charged capacitor, potential difference between the two plates is very high
(disconnected from voltage source), such capacitor is dangerous for along time if
plates are touched by hand directly. What is your explanation for that?
Parallel-plate capacitor (air is the insulator between plates) explain how the amount
of itscapacitance changeswhen thefollowing factors change (mention mathematical
relation in your answer):

a. Surface area of the two plates.

b. Distance between the two plates.

c. Type of dielectric between the two plates.
Draw a diagram of an electric circuit (with marking its parts) and illustrate the
following:

a. The charging process of the capacitor.

b. The process of discharging the capacitor from its charge .

You have three identical capacitors, each with a capacitance (C) and a continuous
voltage source with constant potential difference between the terminals.

Draw a diagram of an electric circuit, illustrate proper way to connect the three
capacitors in the circuit to obtain maximum amount of elecetrical energy that can be

stored in the group. Then prove that the arrangement you chose is the best.

Are the capacitors (variable) capacitance of rotating plates
in figure (38), connected in series combination or in parallel

combination? Explain this?

Figure (38)

The capacitor (C)) is connected to a battery terminals. Explain what happens? to the
potential difference between the plates of (C,) and the stored charge in it, if another
capacitor (C,) not charged is connected to (C,) (while the battery is still connected to
the circuit), the connection method was:

1. In parallel combination with (C))

2. In series combination with (C))
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In figure (39); three identical capacitors each have capacitance (C). Arrange the four
figures in descending from the largest amount of the equivalent capacitance of the

group to the smallest amount:

C
I
I

a_0O__0O

C C
= H
(@) (b) () (d)

Figure (39)

a. Mention three practical applications of the capacitors and explain practical benefit
of using this capacitor in each application.

b. A parallel plate capacitor is charged and disconnected from battery. When pure
water isinserted instead of air between plates of capacitor, the amount of potential
difference between plates is decrease. Explain how?

c. What are the two practical benefits of inserting dielectric that fills the space between
the two parallel plate capacitor instead of air.

d. What is the factor which changes capacitance of capacitor placed in a keyboard of
computer which is being used?

e. What is the source of applied electrical energy of medical instrument (defibrillator)
which is used to produce electric shock for purpose of stimulating and restoring
regularity of the work of patient’s heart.

f. What is the physical explaination of the followings?

1. Increase of equivalent capacitance of group when they are connected in parallel?
2. Decrease of equivalent capacitance of group when they are connected in series?

State the reason of the followings:
a. A charged capacitor insert in (DC) circuit behaves like an open switch?
b. The amount of electric field between the plates of the capacitor decreases when its
disconected and insert a dielectric material between the plates.
c. The maximum amount of electric potential difference can be determined, is

specified and written on the capacitor.
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A capacitor with two parallel platesthe air isinsulator between plates is charged by
a battery then disconnected from it, when a dielectric plate which dielectric constant
(k = 2) is placed between plates of the capacitor.

What happens for the following quantities of the capacitor (mention the reason):

a. Stored chargein any of its plates.

b. Its capacitance.

c. Potential difference between plates of the capacitor.

d. The electric filed between its plate.

e. Stored energy in electric field between its plates.

A parallel plates capacitor, the air is an insulator between the plates and the
capacitor is connected to the battery. When a dielectric material which dielectric
constant (k = 6) isinserted in capacitor, the battery is still connected.

What happens for the followings quantities of the capacitor mention the reason:

a. Potential difference between its plates

b. Its capacitance.

c. Stored charge in any of the plates.

d. Electric field between its plates.

e. Stored energy in the electric field between its plates.
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Problems of chapter one

From the information shown in the electrical L m
circuit figure (40): = (G ezl
Battery
the moment of closing the switch.

R =104}

Resistor

. --|-:r:-,.|-
a. Maximum amount of the charging current at ! [

S
b. Potential difference between plates of T

2

capacitor after a priod of closing the switch switch

(after complete charging process). Figure (40)

c. Stored charge in any plates of the capacitor.

d. Stored energy in the electric field between its two plates
A parallel plate capacitor with a capacitance of (4uF) is connected to the terminals
of (20V) battery.

a. Find the amount of stored charge in any plates of the capacitor.

b. If the capacitor isdisconnected from the battery and adiel ectricisinserted between
its plates, the potential difference reducesto (10V), what isthe dielectric constant
of the dielectric and find the capacitance of capacitor after inserting dielectric
between its plates.

Two capacitance (C = 9 pF, C,= 18 pF) of parallel plates capacitor are connected in
series combination and then connected to the battery which potential difference is
(12V).

a. Calculate the potential difference between plates of each capacitor and electric
energy stored init.

b. A dielectric which dielectric constant (4) is insert between plates of first capacitor
(C) (the battery is still connected to the circuit). What is the amount of potential
difference between plates of each capacitor and the stored energy in the electric

field between its plates after inserting dielectric?

Two parallel plate capacitors (C= 16 uF, C,= 24uF) are connected in parallel
combination and their group connected to (48V) battery. When a dielectric material
with dielectric constant (k) is placed between plates of first capacitor (C,) and the
group is still connected to the battery, total amount of charge of the group 1s (3456uC).
Calculate:

a. Dielectric constant (k).

b. Stored charge in any plates of each capacitor before and after inserting dielectric.
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Two parallel plate capacitors (C= 4uF, C,= 8uF) are connected in parallel
combination. If the total stored charge of the group is (600uC) when they are charged
by a continuous voltage source then they are disconnected.
a. Calculate the amount of stored charge and stored energy in the electric field
between its plates for each capacitors.
b. If a dielectric material which dielectric constant (2) is placed between plates
of second capacitor (C,), find the stored charge in each of the plates, potential
difference and the stored energy in the electric field between its plates after

inserting the dielectric.

You have three capacitors in which their capacitances (C = 6uF, C,= 9 pF,
C,= 18uF) and an (6V) battery is connected to them. Draw circuit diagram
and explain how to connect these three capacitors in order to get:
a. Maximum amount of equivalent capacitance, then find stored charge in the each
of the plates and stored charge in the group.
b. The smallest amount of equivalent capacitance, then find stored charge in the

each of the plates and stored charge in the group.

Four capacitors are connected to each other as shown in the figure (41).

Calculate: C=6pF ©C =3uf

a. Equivalent capacitance of the group. — — }—F_ i
=4 AF

b. Stored chargeinany of the platesof each capacitor. |

I
c. Stored energy in the electric field between plates i

of capacitor (C,)). = o
| |

Figure (41)




m Two capacitors (C, = 3uF, C,= 6uF) connected in series combination with each
other, then their group is connected between two terminals of the battery, potential

difference is (90V), see figure (42-a). If the capacitors are disconnected from each

other and from the battery without losing energy, then they are reconnected with

each other

First: as in figure (42-b) after connecting the identical charge plates of the two

capacitors with each other.

Second: as in figure (42-c) after connecting the different charge plates of the two
capacitors with each other. Find the amount of stored charge in any plates
of each capacitor in figures (42-b, 42-C) .

L E M N [T -I I-I- fmF - +
et il b= ¥ 1= | |
sl | |
C =8P C. = 3F = L 3 i
- - . | | | |
AV = SOV auF - + uF +| I_
Figure (42-9) Figure (42-b) Figure (42-c)

) Inthe figure (43);

a. Calculate equivalent capacitance of the group.

b. If an electric potintial diffrence (20V) is applied between the points (a) and (b),
what is the amount of the total stored charge of the group.

c. Calculate the amount of stored charge in each capacitors.

C, wbpF .[ C, =18uF
| |

\. '-:=Ili“F._- /

L =3uF 7 C,=fuF

Figure (43)
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Behavioural targets

After studying this chapter, the student should be ableto:

* Define the concept of magnetism.

 Show the effect of both electric and magnetic fields on charged particles moving

through it.

* Explain the phenomenon of electromagnetic induction.

* Mention Faraday's discovery.
» Learn about motional electromotive force.

* Define magnetic flux.

» Know Lenz's law and what is the practical benefit of its application.
 Understand the operation of the electric generator.
» Compare between the operation of an alternating current generator and a direct

current generator.

* Explain an experiment about how to generate an induced electromotive force on

the ends of a coil.

* Recognize the phenomenon of mutual induction.

Scientific Terms

Electromagnetic Induction
Electromotive Force
Induced Currents
Magnetic Flux
Motional emf

Eddy Currents

Faraday’ s Law

Lenz’ s Law

Electric Generator
Electric Motor

Induced Electromotive Force
Induced Electric Fieldes
Self - Inductance
Mutual Induction
Inductors

Metal Detectors
Magnetic Field

Moving Charges
Magnetic Force

Lorentz Force
Induction Stove
Faraday’ s Discovery
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m I ntroduction to magnetism

You have previously studied that magnetism is one of the

most important topics in physics. Electromagnet is used in
lifting heavy iron pieces and many other electrical devices ke
such as (generator, motor, sound generator, audio-visual §
recorder, electric guitar, computer, magnetic resonance and

high-speed express trains), see figure (1).

You have also studied that magnetic field are generated a &=

round moving electric charges and also around permanent Figure (1)

magnets.

Effect of electric and magnetic fields on charged
particles moving through it

If a charged particle moves in a uniform electric field and
moves in a uniform magnetic field, do you think that both
fields have the same effect on that particle?

What happens if this particle moves in both fields at the
same time?

* If a positively charged particle (+q) moves in a

perpendicular direction to the lines of a uniform electric

field (E) , this particle will be affected by electric

force (Fe) parallel to lines of electric field, see figure

Figure (2) Illustrates the effect of

) . electric force on positively charged
following relation: particle.

ﬁE: C]E

* If the same particle moves with a velocity (V)

(2), which illustrates electric force which given by the

perpendicularly on the lines of a uniform magnetic field, e
with a flux density (B ). It will be affected by a magnetic
force (Fe) is perpendicular on that flux, the particle will

deviate from its original path, it will follow a circular path

because the magnetic force affects perpendicularly on the

velocity vector (v ). see figure (3) The vector formula for |

1]

magnetic force is given by the following relation: Figure (3) Illustrates the effect

= _ = = of magnetic force on a positively
Fe =a(v X B) charged particle.
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To identify direction of magnetic force (Fs),
right —hand rule is applied, see figure (4):
(Right-hand fingers rotate in the direction of

velocity (v ) towards the magnetic field (B ), so, {J.’
the thumb points to force direction ( Fe)). [ 7 LE}
Magnetic force (Fs) always affects in a Figure (4)

perpendicular direction on the plane, which contains
both (B, v ).

The effect of the magnetic force on the moving

negative charge is opposite to magnetic force

which affects the positive charge. see figure (5).

To calculate the magnetic force (Fs), this relation

is applied:

a. Positive charge b. Negative charge

F = B sin 0
g 4V B Figure (5)

(0) is the angle between the velocity vector (;) and the magnetic flux density vector (§ ).

From the relation above, magnetic flux density (§ ) units in the international system of units (SI) are:

(%), called Tesla symbolize by (T). If the velocity vector (v ) is parallel to (B ) vector,
the angle will be ( 0 = 0°) Therefore (sin 0" = 0), Then no magnetic force is created, (F, = 0).
if ( 6 = 90°) then the maximum magnetic force will be: F,=q v B.

+ Assuming there is region affected by both a uniform electric field ( E ) and a magnetic field
with a uniform flux density ( B ), at the same time, and suppose both fields are perpendicular
with each other, the electric field effects in this page while the magnetic field affects
perpendicularly in to the page (far from the reader represented by X), see figure (6).

When a positively charged particle
) ) ) - Magnetic field inside page
(+q) i1s thrown with velocity (v ) in B
n i
the plane of the page perpendicularly .
. . Source of charged * " + m ' . Fa
on both electric and magnetic fields. | particles | | | | [__Elecmc field
'"_ - E downward
This particle will be affected by two . '

- : = e i i 1 vy oy s 0 D
forces, one is electric force (Fe) that i | . ¥ aparticls )
affecting in the electrical field (E), ,Ir l | o =
expressed as follows: - Fe

(T:E = qE) Figure (6)
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The other is magnetic force ( Fe ), that affecting in the magnetic field ( B ), expressed as follows:
Fe=q(v X B)
Since the magnetic force (Fe) is perpendicular on both (B,v ), it moves either in the
direction of the electric force ( Fe) or the opposite direction, see figure (6).

The resultant of both forces is called (Lorentz force) Lorentz force is expressed as follows:

F‘Lorentzz TfE u I_fB
Lorentz force is used in practical applications, like Cathode —ray tube that controls the path
electronic band on the monitor, see figure (7), which illustrates path of electronic band. This

band is affected by both uniform electric and magnetic fields through the cathode plotter.

Path of the

Positively charged plate
vey gedp electronic band

Screen

Cathode s Anodé -

E
i I

Uniform magnetic ﬁeld ‘t"-—*)l l
Negatively charged plate

Figure (7) For reference only (Not required)

Remember

If a positively charged particle moves perpendicularly on:

« Uniform electric flux, the particle will be affected by electric force (Fe= q E) with a
parallel plane to the electric flux.

« Uniform magnetic flux, the partical will be affected by a magnetic force Fe=q (v X B)
with a perpendicular plane to the magnetic flux.

» Uniform both magnetic and electric flux at the same time and perpendicular on each other, the
particle will be affected by resultant of both forces (Fe, Fe) which called Lorentz force.

The direction of the magnetic force (Fe) will be opposite to the electrical force (Fe) or in

the same direction and same line of the action, therefore;

FLorentz: FE+ FB
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Electromagnetic induction

As you have previously studied, Orsted 1819 discovered that (the electric current

generates a magnetic field). Therefore, Orsted was the first to discover the relation between

electricity and magnetism. This discovery made scientists search and survey access to the

opposite concept, i.e. Is it possible for the magnetic field to generate an electric current in

an electric circuit? This question remained unknown for a long time until 1831, Faraday

in England and Henry in US, after many experiments, (Individually) discovered that:

it is possible to generate electric current
in a closed conductor ring (or a coil from a
conductor wire) by an alternating magnetic

field facing this ring or coil. There are many

— N
f,-f’turrenwt passing through ™.
aconductor is generated:

I E|ectr|c current I

Orsted principle

s

f'- Magnetic field |

ways in which, the magnetic field is used to

generate electric current, see figure (8) which

illustrates Orsted and Faraday concept, they

A change of magnetic field faci

¥S._ conductor ,gener
Faraday principle

the

complement each other.

Figure (9-a) shows one of those ways, it shows magnetic
rod and a coil form a conductor wire connected to a digital
ammeter.

When the magnetic rod is at rest relative to the coil, the

reading of the ammeter is zero. Why?

The answer is: the magnetic flux (®: ), which penetrates
the coil, does not change through time. Moreover, there
is no relative motion between the magnet and the coil.
Therefore, no current pass through the circuit. See figure
(9-a) However, when we hold the magnetic rod by hand
and direct its north pole to one sides of the coil, push it

towards the coil and a parallel to coil axis, what happens?

Looking closely at figure (9-b), we find the answer,
the ammeter indicates deflection of current in the circuit
in a certain direction. The reason for this is increase in
magnetic flux (®s), which penetrates the coil when the

magnet approaches to the coil.
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M agnet Coil
Figure (9-a)
Current
Current direction g i, direction
upward ](riownward
M—— ! s
ﬁ}?ﬁ". = (] —
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If the magnetic rod is moved away with a same velocity and its north pole facing the coil

and which is parallel to its axis, Will the ammeter point to current flow? Will this current have

the same direction when the north pole of the rod comes closer to the coil?

See figure (9-c) and answer this query?

The flowing current in the circuit in both cases is called
induced current symbolized by (I. ), it is generated due to
change in the magnetic flux (A®s) which penetrates the
coil to the unit time.

It has been practically proven that induced current
increases when: %‘ﬁ

* Velocity of relative motion between the magnet pole

Ammeter m 5
=B
I i E =
& 55
Current i = %
direction . O
r

downward _f l

oy

and the coil.

e Number of turns for the coil.

* The amount of magnetic flux penetrates the coil.

Figure ( 9-¢)

* Magnetic permeabilty of core coil material (inserting a core of wrought iron inside the coil

instead of air will increase density of magnetic flux).

Think?

If the magnetic rod is fixed (with its south pole facing one side of the coil), then the coil is push

towards the rod which is parallel to its axis. Will the induced current in the coil be reversed? or,

it will flow in same direction when the magnetic rod is moved towards the coil? What is your

answer?

m Faraday's discovery

There are so many experiments that can be conducted in laboratory to explain Faraday’s

experiment on electromagnetic induction, like using two coils of two wires wrapped around

a closed ring of wrought-iron. One of the coils is connected in series combination to a battery

and a switch the circuit on the left side as figure (10-a), which is called the primary coil

circuit, while the other coil is connected to a device that detects small currents.

It has zero point in the middle (circuit on the right
side) this one is called the secondary coil circuit.
: : Battery
Faraday observed deflection of the pointer, + -

connected to the secondary coil, to one of the sides | ——

at the switch connected to the primary coil is turned |Primary coil circuit "=
A closed wrought iron ring

Thegaugeindicatesthe current
flow

# Secondary coi
circuit

off, then it goes back to zero, see figure (10-a).
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You might ask, what happened? The deflection
of the gauge pointer is the proof of electric current
flow in the secondary coil circuit, this current
is called "induced current", although there is no
battery or voltage source in this circuit. As for the
pointer goes back to zero after closing the switch,
it was because the current flow in the primary coil
circuit was constant. Hence, there was no change in
the magnetic flux, which penetrated the secondary
coil per unit time (%), see figure (10-b).

Faraday also noticed that another deflection in the
pointer of the gauge again, at the moment when the

switch is opened, but this time the deflection was

The gauge not indicatesthe current
flow

Battery

switch isclosed ;

Secondary cail
circuit
A closed wrought iron ring

Primary coil circuit

Figure (10-b)

The gauge indicates the current
flow in the opposite direction

0
I.---"'-.':I
B_ia_\tter)r/n Ommt.- I_'-,;!D,

- —— Secondary cail
Primary coil circuit L
circuit
A closed wrought iron ring

-

opposite to zero, see figure (10-c), then it went back to Figure (10-c)
zero.
Faraday’s observation was: this effect (current
flow in the secondary circuit) accrued only during
the two stages of growth and decay of current in the

primary coil circuit.

Since both growth and decay of current in the primary coil circuit would cause increase and

decrease in the magnetic flux, that penetrates the core of iron that wrapped in the two coils.

Therefore, Faraday pay attention to the necessity of the availability of the basic factor to
generate induced current in a closed circuit, the change in the magnetic flux that penetrates

the coil to the unit time. According to this, Faraday concluded:

An induced current is generated in a closed circuit (like a wire coil or conductive ring) only

AD,
At )

After successful observations, Faraday finally gave a physical explanation why previous

when there is change in the magnetic flux which penetrates that circuit per unit time (

attempts failed to generate electric current by using magnetic field, all of the previous attempts
relied on constant (fixed) magnetic fields only.

To illustrate the concept of the phenomenon of electromagnetic induction after Faraday’s
dramatic discovery, many experiments were conducted to generate induced current in a closed

electrical circuit dose not contain battery or voltage source.
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Explaining electromagnetic induction phenomenon:

Tools of activity:

Two hollow wire coils of different diameters (one can be inserted
in the other), Galvanometer with zero reading in the middle,
magnetic rod, wires, battery and electric switch.

Activity steps:

First:

* One end of the coils is connected to the galvanometer.

* Put north end of the magnetic rod faces the coil during in
activity for the coil. Do you notice deflection in the pointer
reading of the galvanometer?

We will find that galvanometer pointer will remain fixed at zero
scale. There is no flow of current in the coil circuit. See figure
(11-a).

* The magnetic rod is pushed towards the coil, then moved away,

what do you notice?

We find that the galvanometer pointer deflects to one side of
zero scale (when the rod is close) and the pointer moves to the
opposite direction (when is moved away). This indicates induced
current flow in the coil, in both cases. See figure (11-b).

Second:

* Connect the two ends of other coil (primary coil) are connected

to a battery terminals by wires to create electromagnet.

* The primary coil connected to the battery is moved in front

of the secondary coil which connected to the galvanometer,
brought it closer and then moved away from it which is parallel

to its axis. What do you notice?

We note that the pointer of galvanometer is deflected on one side
about zero scale and in opposite direction again. This indicates an
induced current flow in the secondary coil circuit and then it goes
back to zero when there is no relative motion between the two

coils. See figure (11-c).
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Figure (11-b)

Galvanometer
pointer
oscillating

on both side
of zero scale

Figure (11-c)




Third:

* Connect an electrical switch to the primary coil circuit and

Galvanometer pointer
oscillating on both side
of zero scale

make it open.

* Insert the primary coil is in the secondary coil; the ratio of
both is maintained. Will the galvanometer pointer deflected?
* Close and open the switch in the primary coil circuit. What
do you notice? We find the galvanometer pointer deflects by

moving on both sides of the zero reading in opposite directions

only once the switch is turned on and off in the primary coil Figure (11-d)

circuit respectively. It indicates flow of induced current in the

secondary coil circuit in those two ways. See figure. (11- d).

From the above three activities, we conclude the following:

* An electromotive force is induced (€, ) and an induced current (I, ) flows in a closed
circuit (conductive ring or a coil) only when there is change in the magnetic flux that
penetrates that circuit per unit time, (although there is no battery in that circuit).

* The polarity of the induced emf (€_)) and direction of the induced current (I ) in the
electric circuit, have a certain direction when there is increase in the magnetic flux that

penetrates it, and they have opposite direction when the flux decreases.

Motional electromotive force (€ . )

Inducing emf by moving a conductor rod inside a uniform magnetic field is called motional
electromotive force. It is considered as a special case of electromagnetic induction:

As a result of, the movement of the conductor rod inside the magnetic field, the positive
charges of the rod are affected by a magnetic force (F,, = qv B sin 0).
When the rod is moved perpendicularly against the magnetic flux, this force is expressed as
follows:

(Fy,=qvB)

It affects parallel to the axis of the rod; therefore, this force detaches the positive charges

from the negative charges. Positive charges gather on one end and the negative charges

gather on the other end.
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Figure (12-a) shows how positive charges gather at

the upper end and the negative charges at the lower end,

according to the right-hand rule, when the density of the _ ;
{ rod lengthf i

magnetic flux (B) is in a perpendicular direction to the Ny

page, and the rod is moved at certain velocity (v ) towards

the right and in a plane of the paper. IR e

The charges keep gathering along the ends of the rod and

=

il
L]

they move inside the magnetic field. An electric potential

difference is generated between ends of the rod, it is called Figure (12-a)

motional electromotive force (€

motional) .

Consequently, an electric field is created (E ) witch is directed T
< B
downward, see figure (12-b). The generated electric force will

affect these charges (F=qE).

It is noted here that direction of the force of the electric field (F £)

1‘

1s downward and parallel to the axis of the rod, it is opposite to the

direction of the force that affects the magnetic field (F ) 1n that ¥ ¥

charge which affects upward. Both forces are at same plane and

same line of action. See figure (12-c). When these forces are equal, Figure (12-b)

equilibrium (balance) happens: F = F .
F
Which becomes: qE = qv B Then, we have the following relation: I ++ ?
E=vB -
v K » :

Since electric potential gradient equals the amount of the electric - .
field, i.e: LAY g ' I v
(0) represents length of the rod inside the magnetic field, so: ' i

% ~ B s
Thus, the potential difference between ends of the rod is: AV = B¢ Figure (12-c)

Electric potential difference between the two ends of the rod depends on density of
magnetic flux (B), velocity (v) in which the rod moves inside the magnetic field.
Motional electromotive force which is created on the both ends of conductor the length
({) moving at velocity (v) perpendicular to the direction of the density of the magnetic
flux (B), and expressed as follows: E motional = VB
Think?
If the direction of the moving rod is reversed or the magnetic field is reversed, will the

polarity of the motional electromotive force ( € motional) TEVErse?
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Vyou know?

In 1996 space scientists did experiments to make use of Earth’s magnetic field to generate
motional electromotive force (&€ moiona) ON the ends of a long metal wire while the wire is
moving along the magnetic field of earth. One of the ends of the wire is connected to the

spaceship Columbia and pulled up to space.

m I nduced current

Now you are entitled to wonder, what is the practical procedure taken to flow an induced

current in the moving rod inside a magnetic field?

To answer this question: this rod is placed in 'S
a closed electric circuit, this process is made ’_g Current direction conductor track
b

by sliding the rod at certain velocity (v) to the

right along a conducting track U-shaped and

. . . . . x b x L x "
connected to a lamp in series combination, this
track is placed on a table, see figure (13). In this x X X | X b
order, the rod, the track and the lamp becomes a 5
Current direction
closed electric circuit. Sliding the rod to the right
Figure (13)

If a uniform magnetic field with a magnetic flux density (B) is exerts in a perpendicular
direction to the plane of that circuit (for example: its direction is inside the paper, as shown
in figure (13). These positive charges in the rod will be affected by a magnetic force pushing
it towards one end of the rod, while the negative charges are pushed to the other end. In this
case, it will be (F,, = qvB).

Since this circuit is closed, charges will keep moving and don’t gather at the ends of the
rod, therefore, a current flows in the circuit, it is called Induced current. Current flow in the
circuit indicates the glow of lamp, which is connected to the track in series combination. If
the right-hand rule is applied to a positive charge, the direction of the induced current in the

circuit is counter clockwise. If the total resistance (R) in the circuit, then the induced current

in this circuit is expressed as follows: o — B0
=R | 7 =R

As a result of the flow of induced current in the rod in perpendicular direction to the
magnetic flux, a magnetic force appears (Fg,) affecting on its rod, given by the following

relation (Fe. = 1¢B) which was previously studied.
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Applying right-hand rule, we find that the force (F s,) affects perpendicularly on the rod and
towards the left, i.e opposite to the direction of velocity (v) of the rod, therefore, this force
obstruct the movement of the rod, it causes deceleration of the rod. See figure (14). in order
to keep this rod's velocity constant under these conditions, an external force ( Fpu) pull must

be imposed toward the right, as follows:

Think?
Fou=F.=10B = <VTBQ>BQ =V %RZQZ Is there an induced current flow
in the circuit figure (15)?
If yes, determine the direction
, of induced current in it.
e S % mfulg.;:netic!‘:forcgl 'F"! = ! =0 B

. S

Feai
Hru:ﬂ

Fratl pulling _ Velocity
* force 1 direction

— . |

L

I
direction of rod displacement
Figure (14)

11 direction of magnetic flux density

Figure (15)

m Electromagnetic induction & principle of conservation of energy

Pulling the conductor rod at a certain displacement inside a magnetic field means that work
has been done in moving the rod, what about the stored energy in that rod as a result of
that work? Does the energy in that rod dissipated or conserved while moving the rod in the

magnetic field? The answer to this, you have to remember information about power which

work
time

movement at the velocity (v ), the power gained in the circuit is given by the following

is defined as time rate of work done (P= ), and since the pulling force caused the

relation: V2B2(?

P= Fpun.)/: R

We find here that the electric circuit dissipates the power in the form of thermal power in the
total resistance (R) in the circuit (items of the circuit and connecting wires), the dissipated

power (P ) in the resistance by induced current flows (I ) is expressed as follows:

2p 22
Pdissipated: IZR = %

dissipated

S/



Notice that the two aforementioned relation are equal. What dose that means?
Answer: The time rate of work done in moving the conductor rod through a magnetic
field equals exactly the dissipated power in the total resistance of this circuit in the as a

heat or any kind of power in load. This is an application of conservation law of energy.

Suppose a (1.6) m conductor rod slid on a conductor track with (5m/s) speed
perpendicular to a uniform magnetic field with magnetic flux density (0.8T), and the
resistance of the lamp (128Q) is connected to the track in series combination. See

figure (16).

(Neglect the electric resistance of the track and g Current direction  conductor track
I

rod) then calculate:

1. Motional emf.

2. Induced current in the circuit. * X | —T-i' £ X
3. Electric power provided to the lamp. Current direction

Sliding therod to theright
Figure (16)

The solution:

1. The following relation is applied to calculate the motional emf:
= vB(
=5m/s X 0.8TX 1.6m = 6.4V

€

motional

€

motional

2. The following relation is applied to calculate the current:

— Emotiona — 64V —
Lo = R™ = Toay = 0-05A

3. The following relation is applied to calculate dissipated power in circuit resistance:

=?R = (0.05A)* X 128 Q = 0.32W

dissipated
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m Magnetic flux

The basic element in generating the induced emf (e ). is change in magnetic flux (®,)
which penetrates a conductor ring or wire coil, this can be done by several ways: (other than

presence of relative movement between the magnetic rod and the conductor ring or wire coil):
First:

Change in angle measurement (0) between area vector
(A ) and magnetic flux density vector (B ). The simplest
example is rotation of the generator core coil inside a

uniform magnetic field, see figure (17).

(Area vector (A ) represented by the column on area (A)).

Let’s assume a magnetic field with a uniform flux density Figure (17)

B) th netr. n r ring an rf: r =
(B) that penetrates a conducto g and surface area Magnetic flux donsity B

vector (A ), both forming an acute angle () with (B)

vector. See figure (18).
In this case, the magnetic flux (®,) which penetrates that

area, by the following rule:

®. = B.A ,with value ®; = BAcos# Figure (18)
The magnetic flux density component (B cos0) which Magnetic flux density B
is perpendicular to the ring plane that specifies amount of
magnetic flux which penetrates the ring. _gE - >
But if the magnetic flux density (B) is perpendicular —t— >
to the ring plane, see figure (19), the magnetic flux ﬂ:___g >
that penetrates the area of the ring will be at maximum -
amount. In this case, the angle (0) between area vector Figure (19)
(A) and uniform magnetic flux density vector (B)
equals zero ( 9 = 0°). — 4|§ :
| = >
®; = BAcosf! = BAcoY' ———
@, = BA ' >
If the magnetic flux density (B) is parallel to the ring Magnetc flux density B >

plane, see figure (20). In this case, no magnetic flux ,
Figure (20)

penetrates the ring.
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i.e: the angle (0) between area vector ( A ) and uniform magnetic flux density (B ) is (6 = 90°),

SO: ®; = BAcosd = BAcos90 = (

®; = zew
Second:
Changing area of the ring facing the uniform

magnetic flux ((DB) . This is done by pressing the |

ring or pulling it from opposite sides, thus area (A) ; thering thering

reduces, see figure (21-a). Figure (21-a)

Area can be increased by shifting the rod, see figure (21-b) to the right, and thus changing the
area from (A =X_L) to (A=XL), and hence find that (AA=A-A ), so the change in magnetic
flux is expressed as follows: = AD, =B.AA

0.& © , &

. | SN PN

.

1« B — = " i . ¥ |-i- & 5 = B —

Ly | o |

B IH. @ U] W [l W b '] |j. - - W 'l
|

Figure (21-b)

Third:

Moving the conductive ring in a plane perpendicular to a uniform magnetic flux:

(Pushing the ring to be inserted into a uniform

I = &« &« & & & w |l
I ||:|E 1
:----.-.-:

magnetic field or pulling it out of the field).
See figure (22). There will be a change in the
magnetic flux which penetrates the ring of unit .

time when the ring enters the magnetic field or

during its exit form the field.
Figure (22)

The magnetic flux unit (®,) in the international system of units is Weber and it is symbolized

by (Wb).

Time rate of change in magnetic flux (AquB) 1s measured in the international system of units

by (Weber/second). Then the induced emf (€, ). is measured by Volt.
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A conductive circular ring with a diameter (0.4m) is inserted in a uniform magnetic field

with flux density (B = 0.5T) and parallel to ring area vector (A ).

a. Calculate the magnetic flux that penetrates the ring, see figure (23-a).

b. What is the amount of magnetic flux, assuming that the ring rotates counter-clockwise
direction till area vector (A ) created an angle (0=45°) with the magnetic flux density

direction (B), see figure (23-b).

The solution: =

First, the area of the ring is calculated

VVYVYY

ATeavector A

T (T e e )

[ ) )
(J(Jﬂ(JIIIJ [ ) (%
o KT ¢

v \ 28 A A

A=nr2=3.14 X (0.2)>=12.56 X 10> m?

a. To calculate the magnetic flux when (0 = 0°), the following Magnetic flux density B

relation applies){ @, = BA Figure (23-a)
D, = 0.5X 12.56 X 10°=6.28 X 10> Weber T >
e
b. After rotating the ring 45° angle, this relation applies: P B0 .

CDB = BA cosO = BA cos45°

vVVY

=
.

)
o
2
=

D, =0.5X 12.56 X 102 cos45° Magneﬁciﬁ:x donsity B
D, =6.28 X102 X0.707 = 4.44 X 10> Weber Figure (23-b)

m Faraday'slaw

From all aforementioned observations; it is known that induced emf (€, ) is generated and
an induced current flows in a closed conductive ring if there is change in the magnetic flux
that penetrates the ring in unit time (for whatever reason).

Faraday’s law in electromagnetic induction is an experiment law and state that:

"Amount of induced emf (€ _)) in a conductive ring is directly proportional to the time
rate of change in the magnetic flux that penetrates the ring". The mathematical formula of

Faraday’s Law is: ADy
Eind = - At
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* The negative sign in Faraday’s law is set according to Lenz’s law (will be studied later) to
indicate polarity of the induced emf. This polarity determines the direction of the induced
current in the ring or coil. Since the magnitude of the change in magnetic flux is expressed
by: AD_ = A (BA cos0).

Any change that takes place in one of the three factors (magnetic flux density (B), area (A),
angle (0)) with time or all of them, will cause induced emf (€, ), if we have wire coil instead

of a ring with a number of winds (N), Faraday’s law is expressed as follows:

_ ADs
Eind_'N At

It is clear from Faraday’s Law that, an induced electromotion force (€. ) is generated in

a greater amount whenever the time rate of change in magnetic flux AACEB that penetrates

O

At

the ring or coil is large. The polarity of the induced emf depends on the magnetic flux

whether increasing or decreasing.

Figure (24) shows a coil of (50) identical turns, area of one wind (one turns) is (20cm?). If the
density of the magnetic flux which penetrates the coil is changed from (0T to 0.8T) in (0.4s),
calculate:

1. Average of induced emf (€, ) in the coil.

2. Amount of flowing current in the circuit if the coil was connected to a galvanometer, and

the total resistance in the circuit is (80€2).

The solution:

1. The following rule is applied to calculate the amount of emf:

_ nADs
Eind = 'N At
_ vA.AB
Eind = 'N At
(20x 10*)(0.8T- 0.0T)
(Sind) = '50X 04 = '02V

(negative sign indicates that the emf opposite the cause that

Figure (24)

generated it. Which is the time rate of change in the magnetic
flux according to Lenz’s law).

2. To calculate the current, we apply the following relation:

_ €na _ 0.2 _
= R — 80—2.5>< 10° A
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Remember

To have a flowing electric current in a closed circuit, there must be a source for electromotive
force ( like a battery or a generator in that circuit).

* To have an induced current in a closed circuit, like a closed conductor ring or a coil (does

not have a battery or a generator), there must be an induced electromotive force, which is

generated by change of magnetic flux which penetrates that ring in unit time.

210 Lenz'slaw

After studying Faraday’s law, we have clearly understood how we can practically generate
an induced current in a closed circuit. The question is: does the direction of the induced current
in the electric circuit really matters? And what is the effect of the magnetic field generated by
the induced current (induced magnetic field) on the main factor which generates this current?

The scientist Lenz’ answered these two questions through his famous law (Lenz’s Law),
which states that:

"The induced current in a closed electric circuit has an opposite direction (in its magnetic
field) to the change in magnetic flux that causes it".

Lenz’s law is the proper way to determines the direction of the induced current in a closed
conductive ring. To understand Lenz’s law more practically,

we need to answer the question: How can an induced current generate in an induced magnetic
field that is opposite by its effect to the cause? The answer is, a magnetic rod is moved near

the front of a closed conductive ring and parallel to its perpendicular axis on both sides and
passes from its center. If the north pole of the rod is facing the ring.
a. When the north pole approaches from the face of the ring, it causes increase in the

magnetic flux penetrates the ring (AA(E > 0).The direction of the effective magnetic flux

(B) downward and it increases by (AT? > 0). See figure (25).

Therefore, the direction of the induced current is counter

clockwise (according to right-hand rule).It generates an induced U

magnetic field with density (Em ) its direction upward, so it
density inggg d,

opposite the affecting magnetic flux itself, in order to resist the [N 7

increase in the magnetic flux that generated the induced current.

Simply, a north pole (N) is created at the front of the ring facing

direction of
induced current

the north pole of the rod, so that it repulses the appraching north

pole (N) (according to Lenz law). Figure (25)
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b. When the North Pole is moved away from the face of the ring

there will be decrease in the magnetic flux that penetrate the AIS
L 3
ring. Direction of the affecting magnetic flux density (B) is 1 bl External
(I)B S, magnetic flux
downward and decreasing by (“x¢ < 0). See figure (26) | \ .densityE
The direction of the induced current is clockwise (according to , {(T?"'fat“*:jjj .
right- hand rule). It generates an induced magnetic field with density ; HTZ""{
_ ] _ "
(B, downward, so it will be in the direction of the affecting Bingucea fi“d“‘ied current
mrection
magnetic flux itself (B ), in order to resist decrease in magnetic flux
Figure (26)

which generated the induced current. This means, a south pole (S)
is created at the face of the ring to attract the north pole (N) which
moves away from it.(according to Lenz law) You might wonder,
what is the practical advantage of Lenz Law?

Lenz’s law is useful for determining the direction of the induced current in a closed electric circuit.

It is also an application of conservation law of energy. Because in both cases (approaching
the magnet or moving it away from the ring) it takes a mechanical work , this work is
transformed into another kind of energy in load (when the ring is connected to a load), this is

an application conservation law of energy.

Remember

You need to distinguish between external magnetic flux density (B) whose flux change
generates an induced current in a closed circuit according to Faraday’s law of electromagnetic
induction.

And between the induced magnetic flux density (B ..,) (generated by the induced current),

which opposite the change in external magnetic flux (the causative factor of the induced

1

2. Determine the direction of the magnetic force that the ring will -.__

current), According to Lenz’s law.

Think?

Assume a magnetic rod falls freely downward vertically in
to a wide copper close and fixed ring horizontally (Neglect air
resistance), see figure (27).

1. Does this rod fall in acceleration equal to that of the earth [widecopper ri

3 Direction of motion

gravity? Is it larger than or smaller?

affect as the rod approaches the ring. Figure (27)
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m Eddy currents

In many electrical devices [motors, electrical measurements,
like the scale shown in figure (28), metal detectors, brakes
of some trains or cars] there are fixed metal plates installed
against a variable magnetic flux with time. These plates
are sometimes removable against a uniform magnetic field,
therefore, these plates will be exposed to a variable magnetic
flux with time and according to Faraday’s electromagnetic
induction law, whereby, an induced electromotive force is
created (€ ) and an induced current flows in these plates.
These currents are closed and circular. They are at the center
of each plate perpendicularly aligned to the causing magnetic
flux (@;). See figure (29). These currents are called Eddy
Currents. (they are similar to eddy currents in water or air).

These eddy currents have the disadvantage of wasting the
energy in the form of heat in the devices or at the core of the
iron of the coils according to joule’s law. In order to reduce
the amount of dissipated energy in the form of heat, as in
transformers (for example), the core is made in form of plates
of wrought iron, arranged parallel to the changing magnetic
flux (®,) that penetrates them, these plates are isolated from
each other and tightly compressed, see figure (30) Therefore,
the electrical resistance increases largely inside the plates, the

amount of eddy currents decreases.
One might ask, why are eddy currents created in

The core is made in form of plates of wrought
iron, arranged parallel isolated and compressed.

Figure (30)

the plat
fields generated by them? How can these currents P

be invested in modern technology?

To explain this, see figure (31), which illustrates a copper
plate horizontally pulled by the poles of an electromagnet
with a uniform flux density (B ) heading downward.

As a result of the relative movement between the

. . The directi f edd The direction of edd
conductors? What is the effect of the Magnetic | aene whor it moes &, currents when it move

out of the plats

pull force

metal plate and magnetic flux, eddy current are
created on the surface of the plate according to

faraday’s law of electromagnetic induction.

65

Figure (31)



When the right side of the plate moves out of the magnetic field, the magnetic flux within
decreases, so, the direction of the eddy currents is a clockwise direction, to generate an induced
magnetic flux (its density B ..4) opposite to the cause of the these currents according to Lenz’s
law. The direction of the induced magnetic flux is downward (in order to support the decreasing
affected magnetic field). As for the left side of the plate, the direction of the eddy currents is
counter clockwise for the same reason. Consequently, a magnetic force (F 5) arises to the left
and opposite the pulling force, it is an obstructive force to the direction of movement. (i.e.
opposite the pulling force of the rod (F lell)).

To illustrate how eddy currents are reduced in conductors, the following activity is done:

Aty @

How to reduce effect of eddy currentsin conductors:

Tools of activity:

Two identical pendulums each in the form of plate made of aconductive material with weak
magnetization (not ferromagnetic for example aluminum), connected to the end of light rod
made of the same material. One of the plates is sliced and the slices are isolated like the teeth

of a comb, the other plate (is not sliced), strong magnet (high flux density), a holder.

Activity steps:

* Diplace the two plates with equal displacement to one side of their stabilization site.

» Both plates are left simultaneously to swing freely between the poles of the magnet, What
do you expect? Do the pendulums swing with the same amplitude? or do they differ? why
is that?

The answer is revealed by looking at the pendulums: the (unsliced) plate pendulum stops
when the gap comes between the magnetic poles, while the sliced plate goes between the
magnetic poles and crosses to the other side and keeps swinging back and forth but with slow

deceleration, see figure (32).

Figure (32)
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The conclusion from this activity:
Huge eddy currents are generated in the unsliced plate when goes into the magnetic field
between the poles, in a specific direction, due to an increase in magnetic flux that penetrates to

the unit of time ( AAqu ) (according to Faraday’s law).

Yet, they have an opposite direction when they go out of the : o4

. . ADg £E prvot h
field, due to decrease in the magnetic flux (—A;).In both

cases, a magnetic force is generated (fB) which hinders & T

the movement of the plate (according to Lenz’s Law). In f::;' B
conclusion, the swinging amplitude of the plate and finally -
stops, see figure (33). While the eddy currents in the sliced D — C" i
plate are very small, therefore, they have little effect on the ‘?IT"- .-"‘F':

plate. Figure (33)

Think?
What about the vibration energy in the unsliced plate inside a magnetic field, when it stops vibrating?

Eddy currents are utilized in modern trains’ brakes. Wire coils (acting as an electric magnets) are applied

facing the railway rods, see figure (34) In the uniform movement, no electric current flows in these coils,

to stop from moving the train, the electrical circuit :
Coils of electromagnate

) magnetic field
e R direction
o H s

of these coils 1s closed, electric current flows in these

=]

coils; this current generates a strong magnetic field that

pass through the railway rods. Because of the relative

motion directio

movement between the magnetic field and the railway

rods, eddy currents are generated in them. 3
| railway rods

According to Lenz law, these currents generate a eddy currents
magnetic field that hinders that movement, so the train Figure (34)
stops.

Eddy currents are also utilized in metal detectors (currently used in checkpoints and airports).

The concept of metal detectors depend on electromagnetic induction, which is sometimes

called pulse induction.

Transmitter device Receiver device
8

~“Current pulse
transmitter

Current pulse
receiver

A metal detector has two wire

coils, one is a transmitter, and the

eddy currents

other is a receiver, see figure (35).

Analternating potential difference

. 3 receiver coil
transmitter coil

edd-y currents

is forced on the transmitter coil,

Figure (35) For refrence only (not required)
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an alternating current flows in the coil, which, in turn generates an alternating magnetic flux,
this time-variable flux induces a current the receiver coil. This current is measured initially
in the case where there is no material between the two coils except air. When a conductor
material comes in between the emitter and receiver coils (not required to be a plate), eddy
currents will generated in that metal object.

Induced eddy currents in that object will hinder change in the magnetic flux in the emitter coil,
this causes decrease in the initial current measured in the receiver when there is air between
them, hence, metal objects can be detected in bags, purses and clothes. Metal detectors are

also used to control traffic lights on some roads.

m Electric generators

In some electric power production stations, see figure (36)
Electric generators convert mechanical energy into electric
energy by effect of a magnetic field. Electric generators are of
two types:

1. Alternating Current generator (AC) (single or three phase).

i e

2. Direct Current generator (DC). Figure (36)

1. Single—Phase (AC) generator:

Along the core coil terminals, two metal rings (sliding rings)
are connected and attached to the outer circuit by means of two
carbon-brushes.

figure (37-a) show a wire coil of an alternating single-phase

electric generator rotating inside a uniform magnetic field.

When the coil rotating at a uniform
angle velocity (@) inside a magnetic e e e =
field with a uniform flux density (B), : : !
area of one wind (A), figure (37-b)
(as learned earlier). The magnetic flux

which penetrates the wind of the coil

at any instant of time is expressed as

follows:

magnetic flux curve

®; = BAcos

Figure (37-b)
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Angular velocity (®) is measured by (rad/s) unit, frequency (f) is measured by Hertz

(Hz) unit. Since time rate of change in angular displacement represents angular velocity:

(w =%€), when angular velocity is uniform, then (6 = t), the magnetic flux which

penetrates the single wind is expressed as follows:
®; = BAcos (wt)

It is a cosine function cos (wt) that changes with time.

The time rate of change in magnetic flux, which penetrates the single wind, it is expressed

as follows:
: e | A COS (it )
AA(I;B = -BA wsin(wt) SINCC, % = -wsin (wt)

According to Faraday’s law for electromagnetic induction, the induced electromotive force

(€., in the coil is:

€= -N AA‘I:B = -N{-BAwsin (at)}

Then, the induced electromotive force on both ends of a coil is:

€ina = N B A wsin(wt) since: @ = 27 f
The above stated equation shows that the induced |4g |opme=—-——--= 2
electromotive force changes sinusoidally with time, /\ /\ ;

0
it is a sinus function, see figure (38). Instantaneous \/ \/
p— t: _______ - o ——

voltage ( € ), is expressed as follows: ' o =
€ = EmaSiN (wt) Figure (38)

It increases gradually from zero at (t = 0), until it reaches maximum amount of (€ ) after
quarter of a round (revolution), so (wt = % ), then (sin (wt) = sin% =1).
Then, Einstantinus= € (max et Emmy =NBA®

The maximum amount of the induced electromotive force (€ )is called climax of induced voltage.
Then it decreases gradually until it reaches zero again at the moment when (ot = ). Then the

induced electromotive force (€, ) gradually increases towards the negative direction till it reaches
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maximum amount at the moment when (wt = 37/2), then it declines gradually to zero when

the coil completes one round (revolution), i.e at the moment when (ot = 2m). figure (38):
Polarity of the electromotive force is inversed twice in the single round (revolution), when the
ends of the coil are connected to an external circuit, of the total resistance (R).

The current in this circuit is expressed as follows:

- € _ NBAasin(ot)
=R R

The maximum amount of induced current is as follows:
| =NBA o/ R

(max)

The output current of this generator is an alternating sinusidual current, expressed as follows:

| =1 naSiN (wt)
(I): Instantaneous current.

(I): Represents maximum current amount.

Three—Phase (AC) generator :

Second coil First coil
It consists of three coils around the core, connected in “star-

connection”, see figure (39), separated by equal angles each
of which is (120°), their other terminals are connected to a

wire called neutral wire or (zero line), the output current is

transmitted via three lines.

Third coil

A generator like this supplies an alternating current with a Figure (39)

larger amount than that of single-phase alternator.

2. Direct Current generator (DC- generator):

In order to make the flowing current in the external

circuit of the coil in one direction (to make its direction

constant), it required to raise the two metal rings (the | .y pon brushes
two slippery rings) and put in the two ends of the coil
a single metal ring consisting of two halves isolated
from each other by electric isolation, called the
commutator. See figure (40). They are in contact with

the carbon brushes in order to connecting the coil with

the external circuit, the number of commutator pieces Figure (40)

is twice of the generator coils.
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The output current from this generator is a pulsed |

current, see figure (41).

o) of this current is as follows: max

The average amount (I

avera;

| averae = 0.636 lrnx

average

Figure (41)

To make the output current of the single coil direct current generator closer to the battery
current (the amount is approximatly constant), the number of coils around the core is increased,

with equal angles between them.

Example (4)

Figure (42) shows a wire coil of (500) circular winds of (4

cm) diameter placed between two magnet poles with uniform

vVvyy

magnetic flux. When the magnetic flux make a (30°) angle

with the coil plane and the density of the magnetic flux

vVVYyY

decreased throught one wind by (0.27T/s), calculate the induced

electromotive force at both sides of the coil.

The solution:

In the following relation of the magnetic flux: ®s = B A cosf)
The angle 6 is formed between area vector ( A ) and magnetic flux density vector (B ) and
the angle stated in the question lies between the coil plane and the magnetic flux density (B ) .

Therefore: 8 =90° - 30 = 60

€ina = -N AA(%B =-N A cosf X (AB/ At)

The coil area is calculated: A = 7772 = 3.14X (4)( 10 ): 1256& 10 A

€na = -N A cosf x (AB/ At)
=-500x 12.56x 10m’x cos60 x ¢ 0.2T/s)

€na = +628% 10° =+ 0.0628 \
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m (DC) Electric motors

Electric motors usually convert electric energy into a mechanical energy, instead of the

current generated by a closed conductive ring rotating in a magnetic field, this ring is supplied
with an electric current through a voltage source (a battery for example).

Figure (43) magnetic forces which affect the ring rotates it by the effect of a torque called
a coupled torque inside a magnetic field.

The (DC) motor consists of the same parts of the (DC) generator, but, it works the opposite
to the work of the generator, as it converts electric energy into mechanical energy using the
magnetic field.

Back electromotive force (¢ ) :

Do not surprised if you knew that the electric motor operate as the electric generator when
its core rotates (when operating), when the core coil rotates inside a magnetic field, change
happens in the magnetic flux which penetrates the coil. According to Faraday’s law of
electromagnetic induction, an induced electromotive force is genarated on both sides of core
coil of the motor, it is called back electromotive force (g, ).

It is called back because it is opposite to the which generated it according to Lenz law, as

follows:

€ back — 'N AAqu

The electric circuit on the

left, figure (43-a), shows

electric current flow in a motor

coil due to applied continuous

I !-l-

—
voltage (V_ ..,) between two |+l r tl . B hack
ends of the motor core coil, | o] B '[‘
which in turn generate coupled DC Electric motor

tourge which rotate the coil. Figure (43-a) Figure (43-b)

As for the circuit on the right, figure (43-b), it shows generation of back induced electromotive
force (g, ) on both sides of the core coil while rotating inside a magnetic field according to
Faraday’s law of electromagnetic induction.

Amount of back induced electromotive force (€, ) depends on:
Velocity of core rotation, (i.e. the average time for change in magnetic flux of one winding),

number of winds of the coil, the winding area and the magnetic flux density.
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You might ask, what determines the amount of flowing current in the motor circuit?

Answer : Difference in applied voltage (V.. ) and back induced electromotive force (e

applied back)

in the motor circuit determine the amount of flowing current in that circuit, as follows:

_ V applicd = € back

I=—"R

m | nductance

You have learned so far that, in order to generate an induced electromotive force in a coil,
there must be a change in the magnetic flux, which penetrates that coil. In addition, you have
understood that, relative movement between the magnetic rod and the coil make this change,
now you may ask: Can the change in magnetic flux (resulting from flowing current in the
coil) generate electromotive force in that coil?

To explain this, see the electric circuit in figure (44) Two identical lamps are
connected in parallel combination to a battery. The alternating resistance R has an

equal amount to that of the coil resistance L, and connected in series combination to

one of the lamps, while the coil is
connected to the other lamp in series g,v-,::hﬂ' 0 8
o : . L i S 3
combination (the coil core is wrought - L 3| Coil Rire3
Battery s g
iron to increase magnetic flux density | _L_
— Lamp Light
to have clear effect). The question is

Figure (44)

“would you expect the two lamps glow at the same amount when the switch of the circuit
was closed?. Did the two lamps reach an equal glow at the same time?” To explain this: after
closing the switch, for a while both lamps glow equally when the current becomes constant,
but, they don’t reach that moment at the same time, there is a considerable delay in time for
the lamp which is connected in series combination with the coil compared to the other lamp
connected in series combination to the resistance, you might ask why?

The answer is: There is delay in glow of the lamp connected to the coil is because inductance

effect of the coil (or self-inductance of the coil), such a coil is called inductor.
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m Sdlf inductance

If an electric circuit (consisting of a coil, battery and a switch is connected in series),

like the one in figure (45). We find that, when the switch is closed, there is increasing in
current from zero to a constant amount, see figure (46). Change in flowing current in the coil

would cause change in the magnetic flux within it. In turn, change in magnetic flux generates
an induced electromotive force in the coil, which

opposite that change. This change is called self

electromotive force (€) that resists the change which
caused it according to Lenz's law, (change in flowing
current of the coil itself).

This Phenomenon is called self-inductance, and it

1s defined as:
A process that generates an induced electromotive *— '
force in a coil, due to change in flowing current to the Figure (45)

time unit in the coil itself.
Calculating amount of self-induced electromotive force (€ ):

Suppose a direct electric current (I) flows in a coil, this would cause a magnetic flux of (®y)

through each wind of the coil, and this flux is directly proportional to the current, i.e.: N®; |

So: N(DB =L| The current fades

| Constant current rapidly in the
moment switch is
:§ opend

L = is proportionality constant, &
5
it  represents  self-inductance &
S
coefficient of the coil, if the | |/
[~ .
current changed in time (%It), the | i - Time
. . ~ Period of growth 3 Fading time period
generated magnetic flux changes in
. AD, Figure (46) shows that current fade time (from constant reading to
time ( At ). zero) is smaller than the time needed to current growth (from zero

to a constant reading)

AD Al
At ) =L x (&)

Since the induced electromotive force (€, ;) in the coil is directly proportional to time rate

Therefore: N X (

. . A . .. .
of change in magnetic flux (%), according to Faraday’s law of electromagnetic induction

_ o ADg

eind - 'N At .
So: = Al
6|nd - L At
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coefficient of self-inductance for a coil " Ratio of induced electromotive forceto thetime

rate of change of flowing current in the coil itself" is expressed by the following:

L - 6|nd

( )

self-inductance L, is measured in the system international unit by (Volt. Second/Ampere),
it is called Henry, according to the scientist Henry, who discovered self-inductance (H), it is
often measured by (microHenry or miliHenry).

Henry is the unit for self-inductance coefficient of a coil. If the current changes by

Ampe
seccmde)

Self-inductance coefficient (L) of a coil depends on:

one volt of induced electromotive force (g, ,), is generated on its both sides.

Number of turns, size of the coil, geometric shape of the coil, and the magnetic permeability
of the medium inside the coil.(self-inductance coefficient of a coil increases when a core of
wrought iron is inserted inside the coil).

To illustrate self-inductance more clearly, look at the following figures:

figure (47-a) show a flow of a constant current

amount in the coil, this current generates a constant r‘ir!'.l -,n ¥
magnetic flux in the coil, so it does not generate 7 ER I =
induced electromotive force (g, ,) of both sides of
the coil. i.e. g,y = -L Alt 0 Constant
Net voltage is expressed as: V. =1 . current

figure (47-b): shows flow of an increasing Figure (47-a)

current in the coil (%{ )>0. This increasing current

generates an increasing magnetic flux in the coil

too, as a result, an induced electromotive force

(e, ,) 1s generated on both sides of the coil with an —
. . . Increasing
opposing polarity to the voltage on both sides of ] T
J o |
the coil, so it hinders increase in current. = J— +

So the growth of current from zero to a constant _
Figure (47-b)
amount will be huge, net voltage in that circuit is

expressed as: Vna = V aplied = € ind

If: (V
be:

applic d) represents voltage applied on the coil, and the resistance is (R), so the rule will

Vapplied' Eid = I inst-R
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Figure (47-c): shows a decreasing flowing
current (% )<0 in the coil, this decreasing current
generates a decreasing magnetic flux too, so an
induced electromotive force (€. ) is created on

both sides of the coil. It has the same polarity of

the voltage applied on the coil, then, net voltage in

the circuit is expressed as follows: Figure (47-c)

Vapplied+ End— I inst-R

So the fading current time from constant amount to zero is small compared to growth time;

this is due to air gap between sides of the switch, which makes the circuit resistance so big.

vyyou know?

Resistor that made of wire are winded as a non-inductive wrapped. they are usually
wrapped in layers, the direction of winding the first half of the wire (one of the layers) is
opposite to the direction of winding the second half of the wire (the next layer), and as a
result, the inductive effects generated in the first half of the wire cancel out the inductive
effect of the second half. it is equal in magnitude and opposite in direction, the reson for this

1s the current flows in the two halves of the wire in opposit direction.

Potential energy in inductance

In the first chapter of this book, you learned that (PE) electric stored energy in the electric
field between plates of a capacitor is directly proportional with square stored charged in any
of the plates of the capacitor, as follows:

1.9
PE—2><C

q: amount of stored charge in any of the plates of the capacitor, C: capacitance of capacitor.
The stored energy in the magnetic field of the inductor is a magnetic energy, this energy is

directly proportional with square constant current (I).

The stored energy in the magnetic field of the inductor is given as:

1,2
PE=5LI
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L: self-inductance coefficient of the inductor.
I: current flowing in the inductor.
It is worth noting that the inductor 1s considered as a coil neglecting resistance, this means

there is no waste in energy.

AebiyE N

Generating self-induced electromotive force at both ends of the cail:

Tools of activity:

(9 V) battery, switch, wire coil with wrought iron at the core and (80 V) neon lamp.

Activity steps:

* The coil, switch, and battery are connected Switeh

in series combination. i
e The neon lamp is connected in parallel | Batery LN;?nnfcu)

combination with the coil. see figure (48). T

* The coil and battery circuit is closed by

the switch, no glow in the lamp. Figure (48)

* The coil and battery circuit is opened by the switch; the neon lamp will glow brightly for

a while, although the battery is disconnected from the circuit.
Conclusion:

First: the neon lamp doesn’t glow when the switch is closed, because the voltage applied on
its ends is not sufficient to glow it. The growth of current from zero to a constant amount is
slow because of generate an induced electromotive force in the coil hinders the cause of that

force according to Lenz’s law.

Second: the neon lamp glows when the switch is opened because of generate a huge voltage
on its ends was sufficient to glow. This is because the quick fading of the current through the
coil generates a huge self-induced electromotive force on the coil. The coil actsasa source

of energy which providesthe lamp by an enough voltage to glow.
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A coil with (2.5 mH) coefficient of self-induction with (500) turn and (4 A) direct current
flows, calculate:

1. Amount of magnetic flux, which penetrates one turn of the coil.

2. Stored energy in the magnetic field of the coil.

3. Amount of induced electromotive force in the coil if the direction of the current is reversed

during (0.25s).

The solution:

1. We have the relation: N®g = LI
500x &g = 2.5x 10 x «
(I)B =2X 105Wb

2. We calculate the energy stored in the magnetic field of the coil:

PE=lL |2
2
PE=3x2.5x 10°X (4f = 0.02J
: _ . Al
3. when the current is reversed (Al = - 8A) €na = -L At

_ (-8) _
eind - '2.5)( 103 X 025 - 0.08V

m Mutual induction

Earlier, you have learned that two conductors adjacent straight wires may effect each other
when a direct current flows in one of them, the flowing current in one of the wires creates a
magnetic field that affects the flowing current in the other conductor wire.

In this chapter, is there a similar effect between two closed and adjacent rings (or two coils)
when the flowing current in one of them changes?

The answer is: Change in the flowing current in one of these coils can induce a current in

the other coil.
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To explain this, assume there are two adjacent wire coils. See figure (49), the flowing current
in the primary coil (1) generates a magnetic field (B ), and magnetic flux (®@ey) penetrated

the secondary coil (2).

if the flowing current in coil (1) changes in
Wrought iron core

time, the magnetic flux (®e») would change Power supply \

accordingly and penetrated the coil (2) in time.
According to Faraday’s Law of electromagnetic

gk
induction, an induced electromotive force is -L‘i"i i

generated (€,,,,) in coil (2) , with the number Coil (1) i
of turns (N.). Galvanometer
’ _ ADg
Einde = -N2 At Figure (49)

It has been practically proven that the magnetic flux which penetrated each turn of the secondary coil
is directly proportional with the flowing current in coil (I,), which means: ®gpl4

Hence, the magnetic flux which penetrated each turns of the secondary coil with the number
of turns (N,) is directly proportional to the flowing current in primary coil (I,) which means:
(N.@gp) a1

Proportionality constant is called mutual inductance coefficient (M) between the adjacent

coils, so: N, ®gp = MI,

When the current in the primary coil changes in time ( AAItl ), the magnetic flux, which

penetrated the secondary coil, also changes in time (%f@) Since:

— ADg)
Einae) = -N> At
The induced electromotive force in the secondary coil is expressed as:
Einae = -M ATltl

If both coils were in the air, see figure (49), the mutual inductance coefficient (M) between
coils depends on: Constants of coils (L, and L,), i.e (size of each coil, geometric shape of each
coil, number of turns of each coil, magnetic permeability of the matter inside each coil. It also
depends on situation of each coil, and the separator between the coils and in case, there is a
core of iron and closed between the coils. The mutual inductance coefficient (M) between the
coils depends only on: Constants of the two coils, (L, and L,), due to full magnetic coupling
between the coils, as in the electric transformer. The mutual inductance coefficient between

the coils in this case is expressed as:

M =\/L1XL2
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Mutual inductance phenomenon is used in transcranial magnetic stimulation (TMS)

device A time-alternating current is applied on the
primary coil which is placed on the patient’s brain,
the generated alternating magnetic field penetrates the

patient’s brain, figure (50) which generates an induced

electromotive force in it. This, in turn, generates an
induced current, which disturbs the electric circuits in
the brain, and, using this; mental and psychological

diseases are cured.

Example (6)

Figure (50)

Two adjacent coils, wound around a closed ring made of wrought iron, ends of the primary coil

are connected to a battery with 100 V potential difference and a switch in series combination.

If the self-inductance of the primary coil is (0.5H). and (20 Q) resistance, then calculate:

1.Time rate of change of current of the primary coil at the moment of closing circuit.

2. Mutual inductance coefficient between the coils if a (40V) induced electromotive force on

the ends of the secondary coil is created once the switch is off in the primary coil circuit.

3. Constant flowing current in the circuit of the primary coil after closing circuit.

4. Coefficient of self-induction of the secondary coil.

The solution:

1. In the primary coil we have the following relation:

Whereby (L = 0) once the circuit is closed.

t

2. To calculate mutual inductance coefficient between the

coils, we have this relation:
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100= 0.52k 4+ o

= 0.5%¢
Al, _ 100 _
At - 0.5 - 200A/s
6ind(2):'MAT|tl



Since the current in the primary coil circuit is increasing (%{) > 0, once the switch is off,
so (g, , ) will be negative:
-40=-M x 200

_ =40 _
IS 55 = 0-2H

_Vap _ 100 _
|C0nSt_ R - 20 _5A

3. To calculate the constant current:

4. Since the magnetic correlation between the coils is totally when the two coils are around

a ring of wrought iron, then:

M =L, L,

0.2=./0.5%L,

0.04 =0.5xL,
0.04

L,=——=0.08H
0.5

m Induced electric fields

In this chapter, we learned how an induced current flows in a closed conductor ring. Yet, the
question is what causes this current? What are the forces that stimulate electric charges to
move in that ring?

To answer this question, charges move because of electric fields and magnetic fields. The
magnetic forces are responsible for generating motional electromotive force in the conductor,
which moves inside a constant magnetic field. However, these forces do not give any
explanation about induced currents in a closed conductor ring, fixed in position against an
alternating magnetic field.

Figure (51) shows a closed conductor ring in rest state

inside an increasing magnetic flux, induced current

Induced

. , .
flows according to faraday’s law of electromagnetic | _ . e %

induction. As for the direction of that current is X
determined according to Lenz’s Law. It will be counter-

clockwise, movement of the electric charges inside the

ring is due to the electric field, which always affects Conductor ring

tmy

in tangential directions, this electric filed is called Areaincréasing

induced electric field. Figure (51)
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The induced electric field is generated due to change in magnetic flux in unit time, which
penetrates the ring.

We have already learned that the induced electric field is the basic factor in creating the
induced current in the static conductor ring compared to alternating magnetic flux. Since
all electric fields, we studied generated by the static electric charges. These fields are called
(electrostatic fields). The electric fields which are generated by changes in magnetic flux are

called (Nonelectrostatic fields).

Vyou know?

Practical applications of induced electric fields:

a. Hybrid cars, which have both motors (gasoline motor and
electric motor). Induced currents in their circuits are utilized
in recharging the battery. figure (52).

b. In some planes, induced currents in their electric circuits

keeps the engines running, even when electrical systems

malfunction. figure (53).
Figure (53)

m Some practical application of electromagnetic induction

1. Credit card:
When the magnetic credit card slides in wire coil, it
induces an electric current then this current is magnified
and converted into volt pulses, which contains

information. figure (54).

Figure (54)
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2. Electric guitar:
Strings of electric guitar (made of ferromagnetic materials) magnetize when shake by
wire coils each containing a magnetic rod, these coils are placed in various places under
the strings of the electric guitar, when these strings shake, an alternating current with equal

frequency to that of the strings is induced. Then this current is passed to an amplifier, see
figure (55).

String shoulder "'.

i CTEL

bl Permanent magnets

d

ELEP- To amplifier

Figure (55) For reference only (not required)
3. Induction stove:

Electromagnetic induction is utilized to manufacture this type of stoves. A wire coil is
placed under the upper surface of the stove. An alternating current flows, and it induces an
alternating magnetic field outward, when the alternating current passes through the base of
the pot (if it was metal). Eddy currents are generated at the base of the pot, see figure (56-a),
hence the base of the pot is heated, then water boils. If the pot was made of glass, no eddy
currents generate at its base because the glass is dialectric and doesn't heat the water inside

it, if the surface of the induction stove is touched, no heat is felt, figure (56-b).

A pot of ferromagnetic
material

Glass pot

Figure (56-a) Figure (56-b)
g g
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6)

928 > Choose the correct statement for each of the following:

1. Which one of the following figure (57) shows the correct direction of induced current in

the conductor ring?

s I\' N IH{] 5 IT N IT
N A s it It

i i i
b C
Figure (57)

2. In the figure (58) a ring is made of copper placed in the plane of the paper and connected
with resistor (R) an exert magnetic field which is perpendicular to the plane and the

direction out of the page. In which case induced current in the resistor (R) will be directed

L] L] L.

from left to right. g :
a. When the magnetic flux that penetrate the ring is increases. -
b. When the magnetic flux that penetrate the ring is decreases.
c. When the magnetic flux that penetrate the ring is constant. i

d. In all case which is mentioned above. T
Figure (58)

3.When a magnetic rod falls through a wide ring of aluminum placed in horizontally by a

holder under the rod, notice figure (59). the direction of induced current in the ring is:

a. Always in the direction of clockwise. =
b. Always in the direction of counter-clockwise. Ira
c. In the direction of clockwise, then it becomes zero for -
e
a moment, then in the direction of counter-clockwise. - "”‘#

d. In the direction of counter-clockwise, then it becomes

zero for a moment, then in the direction of clockwise.

Figure (59)
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4. When a magnetic rod falls through unclosed aluminum ring, which is placed horizontally

under the rod magnet, notice figure (60).

a. The rod is affected by the repulsive force when approaching to
the ring, then it is affected.
by attractive force when it is moved away from the ring.

b. The rod is affected by the attractive force when approaching to

the ring, then it is affected.
by repulsive force when it is moved away from the ring.

c. The rod is not affected by any force when it is approached to

the ring or it’s moved away from it.
o] |

. Sy T -l-T-"

d. The rod is affected by the repulsive force when it is approached

to the ring and affected by the repulsive force moved away from

the ring. Figure (60)
5. In figure (61) ahollow core coil is connected

in series to a lamp, resistor, battery and . I

switch. When the switch in the circuit is | [ & _:_L}__ _-..:-'.';:!: ; "“T

closed the glow of the lamp is constant. ..é R ot Ironrod
If we enter an iron core into the gap of the |

coil, the glow of the lamp: 1| | m__

a. Increase. patery

b. Decrease. Figure (61

c. Remain constant.

d. Increase then decrease.

6. When a circular coil rotates around a perpendicular axis which is parallel to the coil face
within a magnetic field of uniform horizontal flux density (B ) see figure (62), the maximum
amount of induced electromotive force (€ _ ) is generated. when triple the number of turns

of coil, reduce the dimeter of the coil to half what was it, and double rotational frequency.

The maximum amount of induce electro motive force will be:

The axis
a 3¢,
b. % € : g
o Lle,. — 1B .
d3¢ i | -

Figure (62)
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7. The phenomenon of self-induction rerify in a given coil when:
a. Pulls a rod magnet away from the face of the coil.
b.This coil is placed near another coil in which a variable electric current flows per unit
time.
c. An electric current flows in this coil of variable amount per unit time.

d. This coil rotates in the uniform magnetic field.

8. The amount of induced electromotive force between two ends of a conducting rod moving
in a uniform magnetic field in static state does not depend on:
a. length of the rod.
b. diameter of the rod.
c. the situation of the rod with respect to the magnetic flux.
d. magnetic flux density.
9. When the angular velocity of rotating the core coil of the electric motor decreases as a
result of an increase in connected load with its coil, causes a decreses in the amount of:
a. Back-electromotive force.
b. The voltage between two ends of the core coil.
c. The current passing through the engine.
d. The lost voltage (IR) between ends of the core coil.
10. It is possible to induce the electric current in a closed conductor ring in one of the following
cases except one. In which case the current is not induced:
a. A closed conductor ring rotates around its axis that is parallel to its plane and perpendicular
to the uniform magnetic flux (B).
b. Area vector of the closed conductor ring is parallel to the ( B ) that changes with the unit
time.
c. Area vector of the closed conductor ring is perpendicular to the (B ) that changes with
the unit time.
d. The closed conductor ring which area vector parallel to the (B ) is pressed from both

opposite sides.

11. The unit of magnetic flux density (B ) is:
a. weber .
b. weber/s .
c. weber/m? .

d. weber.s.
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12. In the figure (63) when the conductor ring rotates around a
perpendicular axis parallel to the it’s face and the magnetic flux is N
) ] ) ) E:_L_ The axis
perpendicular to the its axis and reverses twice through each: i i
a. one revolution b. quartar revolution e |
c. half revolution d. Two revolution é’ : B
Figure (63)

13. Coefficient of self-induction of the coil does not depends on:
a. Number of turns of the coil. b. Geometry of the coil.
c. The time rate of changing of the current flows in the coil.

d. Magnetic permeability of the medium in the core.

Jz Give the reasons of the followings:

1. The neon lamp that is connected in parallel to the coil is brightened strongly for a short
time at the moment when the switch is on inspite of that the battery is disconnected from
the circuit and does not glow when the switch is off.

2. Water boils inside the metal container which is placed on the induction coil but water does
not boil in the glass container which is placed on the same oven.

3. If a change in the electric current flows in one of adjacent coils the induced current is

generated in the other coil.

Q5 Explain by an experiment how do you know existence of magnetic or electric field

in definite area.

Q4 When a coil which area of one turn of coil is (A) rotates with angular velocity of (®)
inside a uniform constant magnetic flux density (B ). The magnetic flux that penetrate

one turn is given by a cosine function [ ®s = BAcos (wt) | induced electromotive force
is supplied as [ e = NBAwsin (wt) |. Explain it by mathematically.

What the meant of the non-electrostatic field?

Define some areas which are eddy currents are used in them and explain each.

S k=1 5

If a conductor rod (ab) in the figure (64) moves in paper plane

horizontally to the left inside uniform magnetic field which |+
directed perpendicular to the page (directed to the viewer), the
electric field is generated inside the rod directed to (b). while |

if the rod is moved to right and inside the same magnetic field,

the electric field is reversed to (a). Explain why? Figure (64)
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Indicate the direction of| Electromagnet

induced current face the

ring opposite the wire coil, o

in the ﬁgures (65) EZlChere moment of close the switch moment of open the switch
id [+ 18

Figure (65)

Consider that the coil and the magnet shown
in figure (66) each move at the same relative
velocity to the earth.

Dosethedigital millimeter (or Galvanometer)

connected to the coil indicate to current flow

in the circuit? Explain that.
Figure (66)

0JLF » What is the physical quantity which are measured by followings:
a. Weber b. Weber/m? c. Weber/s  d. Tesla e. Henry

0J8F » How eddy currents works to stop the vibration of metal plate which vibrates

perpendicularly to the uniform constant magnetic field?

012 » A copper plate is placed between the poles of uniform electromagnet which has large
flux density and perpendicular to the magnetic flux. When the plate is pulled out
horizontally from the field by definite velocity this process need to exert a definite
force. And the amount of definite force increase by increasing that speed.

What is the correct explanation of the for both condition?

OJEEE > A copper wire and copper ring are located as in the figures (67, 68).

In which figure an induced current forms in the ring when the current starts to flow

from the wire? Explain.

ADB
B =
Figure (67) Figure (68)

0J2 » You have a wire with constant length and you want to make simple generator which

provides greatest amount of electromotive force. Is it necessary to make coil with one
loop or two loops or three loops by the wire, when you rotate the coil which you have

get with definite amount angular velocity inside the uniform magnetic field? Explain.
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@ In most coils, laminated soft iron core is used N
i
1

instead of one piece of iron. Explain why? 4 :j

Figure (69)

Problems of chapter 2

A coil which radius is (30) cm has (40) turns. The

coil is placed between poles of electromagnet as you see
in the figure (70). If the magnetic flux density which pass
through the coil changes from (0T) to (0.5T) in (4s). What

o
1s the magnitude of induced electromotive force in the =

. I: INEE ] -
= i . [- |
a. Area vector for one turn of the coil is parallel to the d

coil, if:
magnetic flux density. Figure (70)

b. The magnetic flux density vector makes an angle (6=30°) with the coil plane.

A coil for motorcycle generator, it’s diameter (4cm) and the number of turns (50)

turns rotates inside a constant magnetic field. The flux density is ( % T),
and the maximum amount of voltage between edges of the coil is (16V). Power dissipated in

generator is (12W), what is the amount of:
a. angular velocity of the coil.
b. maximum amount of current.

A rectangular shaped coil has number of turns (50) and it’s dimensions (4cm, 10cm),

rotate with constant with constant angular velocity (15nrad/sec) inside a
constant magnetic field which flux density is (0.8Wb/m?) Calculate:

a. The maximum amount of induced electromotive force.

b. Instantaneous induced electromotive force in the coil after (1/90s) from (zero).
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22= % In figurev(71) conductive circular ring with an
area of (626cm?) its resistance (9Q) is placed in wa
the plane of the paper. A uniform magnetic field .
is applied with magnetic flux density (0.15T)
perpendicular to the plane of the ring. When the

ring is pulled from two sides with equal tension

forces to reach an area of (26cm?) during a

period of time (0.2s) Calculate the induced

current in the ring.

A (0.1m) conductor rod as you see in the figure | e - ‘.ﬂ "
. . B e I
(72) moves with a velocity of (2.5m/s), the e -
i N . E LA
total resistance of the circuit (rod and track) is _ T
(0.03Q) and the magnetic flux density is (0.6T). ,
Calculate the amount of: i i o —
o W oy - b - W
1. induced electromotive force in endes of the rod. Figure (72)

2. induced current in the ring.
3. Pulling force of the rod.

4. Dissipated power by the total resistance of the circuit.

m If the magnetic energy which is stored in a coil is (360J) when the amount of the
current in it is (20A). Calculate:
1. The amount of coefficient of self-inductance.

2. Average induced electromotive force in the coil if the current reverses in (0.15s).

Two adjacent coils that have a perfect correlation, the self-inductance coefficient of
primary coil (0.4H), resistance (16€2) and self-inductance coefficient of the secondary
coil (0.9H). The voltage applied in the primary coil (200V), calculate the amount
of instantaneous current, the time rate of the current change in the primary coil at
the moment of increase the current (80%) of it's constant amount, and the induced

electromotive force on both ends of the secondary coil at that moment.
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3-2 Alternating current circuts

3-3AC circuitstheload isa pureresistor

3-4 Power in AC circuitswith pureresistor

3-5 Effective amount of alternating current
(1)

3-6 AC circuits theload isa pureinductor.

3-7 AC Circuits. the load is a capcitor with
pure capacitance

3-8 AC circuits with series combination of
pure resistor, pure inductor and pure
capacitor (R-L-C).

3-9 Power factor

3-10 Electromagnetic oscillation

3-11 Resonancein AC circuits

3-12 Quality factor

3-13 AC circuits with parallel combination

of pure resistor, pure inductor and

pure capacitor (R-L-C)
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Behavioural targets

After studying this chapter, the student should be ableto:

* Recognize alternating current circuits.

» Recognize the amount of effective alternating current.

* Apply amathematical relation of the effective amount of voltage.

» Conduct an experiment showing the effect of changing the frequency
of alternating current and self-inductance coefficient in the amount of
Inductive reactance.

» conclude power factor law.

» Define the quality factor.

Alternating Current (AC) 4 a5 slual Ll
Direct Current (DC) 4 3o s saiwall Ll
Effective current (1) 4 Dens Ssall bl
Root mean square current (1.9 Al ey bl a e Jame 3
I nstantaneous current (1) A e SY L
I nstantaneous potential difference (AV) 4 e ns AV aeall 358
Maximum potential difference (AV ) 4 3e s abe¥lagall
Sinusoidal potential difference (=) A e JSE s 2gall (358
Phase angle skl 44l
Phase difference angle (D) W s skl G4 )
Angular frequency (©) & s sl 205
Frequency (f) A e ns 23l
Pharos diagram s shll i)
Pure resistance (R) & a5 b pa daslia
Pure inductor (L) & ens opa Cina
Reactance (X) W& Henysal )l
Capacitive reactance (Xo) e 3es dandl 53l
I nductive reactance (X)) & ens Callaal
Average power (P,) & oy ddau siall 3 )
Dissipated power (P & e ASlgiunall 5 adl)
Resonance Bug
Power factor (PF) 4 e 5388 Jale
Quality factor (Q) 4 3es L il Jale
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n | nteroduction

In our previous study of electricity, we studied direct currents,

—

which flow in electric circuits in one direction and generated (DC) Direct Current

by batteries. See figure (1), this current is symbolized by (DC). .
t Time

Asfor theelectric energy whichisused in houses, factoriesand

schools in operating electrical appliances (TV, Air conditioners Figure (1)

and refrigerators...etc.), this energy is generated in electric
energy stations by giant (AC) generators. It alternates current

periodically through time, and reverses severa times per

second, see figure (2), it symbolized by (AC).

Figure (2)

The usual frequency of alternating current is (f = 50Hz), in most countries (including Iraq)
the direction of the alternating current reverses (100) times per second. In some countries,
the frequency is (f = 60Hz).

The alternating current is recommended in electrical circuits because it is easy to transport
to long distances with minimum energy loss, and it follows Faraday’s law of electromagnetic
induction. Thus, the electric transformer is used to increase or decrease (AC) voltage when
transferred in power stations.

The electric power istransmite with high voltage and low current using step up transformers
in order to reduce power loss in transfer wires (I°R) which appears as heat, while step down
transformers are used in consumption sites in cities to reducing voltage and raising current.

m Alternating current circuts

In the second chapter, we learned that when a coil rotates with a uniform angular velocity
inside a uniform magnetic field, we obtain alternating induced voltage (V, ) with sinusoidal
curve, expressed as follows:

V =V, sin(ot)

V = Instantaneous induced voltage.

V., = Maximum induced voltage (called voltage peak).

We get (V, ) at the moment when the phase angleis[ wt = % ], since[sin(%) = 1], then we

get V=V,
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Instantaneous voltage (V) alternates and reverses periodically . 4

with time between (+V ) and (-V_) twice per period. See y

figure (3). ¥ /'\ /\
Since angular frequency (0)) Is: @ = 2xf \ '

\
This voltage can be expressed in the following formula: \/ v

=]

V =V, sin(2rft) Vi

According to Ohm’s law, the current:

v Figure (3)
| =(R)sin (@)

So, the flowing current in load (AC) circuit with pure resistance (Identical Resistance), is
expressed asfollows: | =1, Sin (wt)

A sinusoidal function, since I: Instantaneous current, | _: Represents maximum current.

To handle alternating voltage and alternating current in electrical circuits, we draw adiagram

called phase vector or (Rotary Vector).

Phase vector:

Figure (4), shows two phase vectors both rotate counter-clockwise around a fixed point
called point of origin (0) with constant angular frequency (w ) -
Phase vector is characterized by:

* Length of voltage phase vector represents the maximum alternating voltage, symbolized
(V). If phase vector represents the current, then, length of phase vector represents
maximum current amount, symbolized (Im).

 Projection of phase vector on the vertical axis (y), represents the instantaneous amount of
that vector. Voltage will be (V) and Instantaneous current (I).

So, voltage vector incidence will be Vsin(wt + D), Voltage phase vector (V )
whileincident current vector is I ,sin (wt) , (ot) phase

angle made by phase vector with the horizontal axis  instantaneods

m

(X). g B 3
* When movement starts (t = 0), phase vector is JL et i
congruent with the horizontal axis (X). ?::::1::0“5 é
e If voltage phase vector (V_) is congruent with Current"ﬂ{ | / g
current phase vector (I _), then voltage and current ”‘m%_i_ lﬁ; ©
alternate together Figure (4)
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in one phase. This means that phase difference angle between them is zero (® =0). This
happens in case of pure resistance load (identical resistance).
* If the vectors are not congruent, (when the load contains inductor or capacitor or both, as
well as resistance), then phase difference angle is generated between them symbolized () .
» Sometimes, it is called (phase constant), which is determined according to load type in the
circuit.
 Phase angle (mt) and phase difference angle (®) are measured in degree or (rad).
If (@) is positive, voltage phase vector precedes current phase vector by phase difference
angle (®).
If (CI)) 1s negative, voltage phase vector delays from current phase vector by phase

difference angle (®) (when the current is adopted as a basis).

Asyou learned earlier:

Phase: is the kinetic state of the oscillating object in terms of position and direction of the

movement.

Phase difference: is change in kinetic state of the oscillating object in two different moments

or two objects at the same moment.

m AC circuits theload isa pureresistor

A pure resistance (Identical Resistance) (R) is connected to alternating voltage sourcein an

electrical circuit. (the alternating current (AC) source is symbolized & ). See figure (5).

Figure (6) shows that current wave changes in a curved | |e vV, I
sinusoidal shape and voltage wave changes in a curved W
sinusoidal shape too,and both of them change with time in R
the same manner ,so they change with one phase. Alter nating voltage sour ce
Thealternating voltageinthiscircuit isexpressed asfollows: f:;',}
V& =V ,8in (wt) Figure (5)

The flowing alternating current in this circuit is expressed

asfollows: Ir = | mSin (wt)

|, - Instantaneous amount of flowing current in the resistance

(R).

| - Maximum amount of flowing current in the resistance (R). :
Figure (6)
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Observing figure (7-a), we find:

Voltage phase vector (V ) and current
phasevector (I ) arecongruent andidentical,
this means that they rotate around point
of origin (O) with one phase and counter-
clockwise, this means that phase difference
angle is (® = 0). As for phase angle with

which both vectors rotate, it is equal to (mt).

Simply, alternating current phase vector (I ) and
alternating voltage phase vector (V ) of such circuits
can be graphed on the horizontal axis X at time period

(t=0), i.e. at phase angle [(wt) = 0], see figure (7-b).

Think?

Y- axis

Voltage phase vector

0 X - axis

Figure (7-a)
Im Vm
e =~
¥ - axis

Figure (7-b)

What is the measurement of phase angle ((0t) for both voltage phase vector (V_) and

current phase vector (I ) when (V =V _)and (I =1 _)? Explain that.

Power in AC circuitswith pureresistor

Since both voltage and flowing current in AC circuit with pure resistor change in one phase

in time, Voltage is expressed as follows:

Vi =V ,sin (@)

Current flowing through the resistance is expressed as 2

follows: Ir = | wSin (wt)

Instantaneous power is expressed as: P= 1.V,
Figure (8) is a diagram of instantaneous power for current
circuit with pureresistance. Notethat it isaways positive and

cosine curve, it changes from maximum power (P =1_.V )

and zero.

Full period i
Power ull peri

maximum
power

averge
=
power

0 \r r

Figure (8)
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The positive curve of power in AC circuit (when load is pure resistance), i.e. power in the
circuit istotally consumed in the resistance in the form of heat.
Thenaveragepower (P, ) equalshalf the maximum power (%), therefore, (P, ) expressed

asfollows: eV
av — 2

n Effective amount of alternating current (I )

Dissipated power (or consumed) in direct current circuit A

contain pure resistance is constant in magnitude directly "R DC Power

proportional to the square flowing current in it , See

V. DC Voltage
figure (9), therefore:

The dissipated power in pure resistance does not depend on | DC Current
direction of current.

Note figure (10-b), it shows that the dissipated power tTime -
of Alternating current with maximum amount (I ) does Figure (9)

not equal the power produced by a direct current with the
same amount. Why?

To answer this question:
It is found that alternating current changes periodically with time between (+1 ) and (-1 )

see figure (10-a), and it is not equal the maximum amount at any moment, only at a given
moment it does equal the maximum amount, while the direct current is constant.

Therefore, al effects resulting from aternating current change periodicaly through time
too, including thermal effects.

The relation of average power isthe same of that used for direct current power:

P=IR L instantaneous current
=[(l.)°sin*(wt) |R |/—\F( m ‘
.|_| \\..--“’/ \\-

a. AC current curve, sinusoidal curve ranges between (+I m) and (-1 m)

1.
P =5 1aR

Because the average amount of

sin?(t) ( for afull period or aan ﬁ:‘ /\ /_\ /\ /
Integer number of periods is (% )) / :

b. Square AC current curve - cosine curve ranges between (I> m) and zero

: _ 1
€. sin’ (wt) =5 Figure (10)
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As you know, dissipated power in direct current circuit through the resistance is expressed
asfollows:
P=1iR
Average power of alternating current is equal to direct current power through the same
resistance and same period.

| : iscalled effective current (I ) 2R = I?nZR
2
(23ffR = ImzR
|2
Since the resistance is the same, then: |2 = 7m

And by rooting both sides:

Ieff

/12
2

The effective amount of alternating current is: ler = \I/"‘E =0.707l,
1

scince: = =0.707
J2
Therefore, effective alternating current amount is called root mean square current,
symbolized (I ).

Effective Alternating Current is defined as: The amount of alternating current which equals
the direct current if it flows through a certain resistance, it will generate the same thermal
effect that is generated by the flowing alternating current through the same resistance and

same period.
The effective alternating voltage is also expressed by the following relation:
Vg = % =0.707 V,,
What doesthis statement mean "The amount of alternating current in the circuit equals (1 Ampere)"?
Certainly, this does not mean that the maximum current (I ), yet, it means the effective
current (I ) equals (1 Ampere).
Note that most (AC) meters like Ammeters and Voltmeters measure the effective current
and voltage. Most (DC) meters measure average aternating current. Therefore, the gauge

(pointer) reads zero when connected to (AC) circuit.

Think?
Your colleague says "The effective current oscillates like sinusoidal function”, what do you

think? If this not true, how do you correct this?
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Alternating voltage source with a pure resistance (R = 100 Q) is connected to it, the voltage

in the circuit is expressed as follows:
Vr =424.2sinwt)
Then calculate the amount of:
1. Effective voltage.

2. Effective current.

3. Average power.

The solution:

1. The amount of effective voltage _
Vr =V nsin(wt)

Vi = 424.2sin(wt)
Vo, =424.2V

2. The amount of effective current o Ve _ 300 _ an
= R T 100~
3. The amount of average power P = (l)*’R = (3)?x 100
= 900W
or
I:)av = |e1r X Veff
=3x%x 300
= 900W
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n AC circuits: Theload isas pureinductor

Figure (11) shows (AC) circuit, which contains alternating | Vv '
voltage source and pure inductor (i.e. a coil without resistance). pureﬁi‘:m

The voltage through the inductor is expressed as follows:

_ . T oy
Vi=Vansin (C()t v 7) Alternating voltage source
Note figure (12-a): Figure (11)
'
V,: Ingtantaneous voltage through the inductor. g e
F .||I' B f
V... Maximum voltage in the inductor. & L
r L
((Dt): Phase angle 1 Ir‘:'stlantaneousvoltagecurve
D = % Phase difference angle between voltage phase vector Figure (12-2)
'ﬁ'r?
and current phase vector, see figure (12-b). voltage "
phase (114
vector
The flowing current in this circuit is expressed as follows: phase difference angle
Cfu =L
o= I n.sin(at) o TN,
current phase vector

Thismeans: Figure (12-b)

Voltage phase vector (V) in apure inductor precedes current phase vector (I ) by a phase
difference (®) which equal to (® = 5~ = 90°).
In this circuit, the inductor shows the opposition to the change in current, this reverse is

called inductive reactance and symbolized by (X ) and it is expressed as:

Xi=wL =27f L
Inductive reactance (X ) depends on:

1. Coefficient of self-induction of the inductor (L) and it is directly proportional with it (X.aL )
if the current frequency (f) is constant.
2. Angular frequency (®) and it is directly proportional with it ( X, @) when self-induction
coefficient (L) is constant.
Inductive reactance is measured by (ohm) and symbolized (€2), because:

1, ,Volt. Volt
X, =27 f L = Hz.Henry= (550 ( Afnpf;g) = ( Am%ere) = ohm(Q)

Frequency (f) is measured by (Hz) and self-induction coefficient is measured by (Henry).
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How inductive reactance (X, ) is affected by circuit current frequency (f) and coefficient of
self-induction (L)? What the curve looks like?
To answer this question, do the following activity:

Illustrates the effect of changing the current frequency (f) in an inductor
reactance (X ).

Tools of activity:
Electric Oscillator (Alternating voltage source with

adjustable frequency), ammeter, voltmeter, a coil of £Ammaer L
negligible resistance (inductor) and an electrical switch. V)
. r = Voltmeter
Activity steps: | %_’
» Connect a practical electrical circuit (consisting of coil,
ammeter, and electric oscillator) in series combination, Electric oscillator
and then connect the voltmeter in parallel combination on Figure (13)

the coil ends. See figure (13).
» Closethecircuit, increase electrical frequency of electric oscillator gradually, and maintain

voltage constant (by observing voltmeter reading).How would the ammeter reading change

in the circuit? A Inductivereactance
. . : X
There will be decrease in ammeter reading. ) (L) is constant
Conclusion:

Inductive reactance (X, ) isdirectly proportional with current

K, af

frequency (f) when self-induction coefficient (L) is constant. self-induction coefficient

This activity can be drawn as a diagram: -
frequency f

which illustrates the direct proportion between inductive .
Figure (14)

reactance (X, ) and current frequency (f), see figure (14).

Acivity @

[Nlustrates the effect of changing self-induction coefficient (L) in an inductive

reactance (X).
TOOISOf aCtiVity: wrought iron core coil
Constant frequency voltage source, wrought iron core, & - .r :
ammeter, voltmeter, hollow coil without resistance g mmeter
(inductor) and electric switch. O
o Voltmeter
Activity steps: i Switch
» Connectthecircuit (consisting of coil, anmeter and voltage Fong
source in series combination), connect the voltmeter in | A'ternating voltage sourcewith constant frequency
Figure (15)

parallel combination with the coil ends, see figure (15).
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* Close the circuit and observe ammeter reading.

* Insert the core iron gradually in the coil and keep voltage constant (by observing voltmeter

reading).

How would the ammeter reading in the circuit change?

There will be decrease in ammeter reading because there is increase in inductive reactance
(inserting core iron inside the coil increases self-induction coefficient of the coil).
Conclusion:

Inductive reactance (X,) is directly proportional to coefficient self-induction (L) when
current frequency is constant.

F X aL

This activity can be drawn as a diagram, see figure (16), X current (EEARCISIS cop=at

InduE:tive

which illustrates the direct relation between inductive  "®%®"®

reactance (X ) and coefficient of self-induction (L)

when the current frequency is constant (f). - |

self-induction coefficient

Xeal Figure (16)

How do you explain increase in an inductive reactance when current frequency increases
according to Lenz's Law?

To answer this question: increase in frequency in current flow in the circuit means increase
in time rate of current change (ﬁ—'t). This causes increase in the induced electromotive force
(¢,,,) inthe inductor, which hinders of thisforce (s - ﬁ—{) according to Lenz's law:

I.e. the time rate of change in the current is hindered, thus, increasing inductive reactance

which represents this reversal of inductor in the current change.

Remember

At a very low frequencies, inductive reactance decreases (X = 2r f L), it is directly
proportional to current frequency ( X, aof ) , it could be zero at very low frequencies, and
then the coil is said to act as pure resistance (because the coil is not neglecte the resistance).

Whileat avery high frequencies, inductive reactance (X ) increases enormously that it might

cut off the circuit current, then the coil acts as open-switch.
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Since voltage through pure inductor precedes
Vi

the flowing current in the circuit by phase

difference angle (®) which equals (%) e x::;%ge phase & '\{’
hrough
(= %), note figure (17). Voltage is (tth(re(i)gguctor) P |

n

expressed as follows: current phase vector

Vi =Vosin(t +75)
) ) ) Figure (17)
The flowing current through the inductor is

given asfollows: I = I nsin (t)

When the instantaneous voltage through the inductor and instantaneous current are drawn
as time function, we obtain the power curve as sinusoidal function whose frequency is twice
the frequency of both voltage or current, containing equal positive parts and negative parts in
area. Therefore, average power of one period or an integer of full periods equals to zero, see
figure (18).

What the explanation of that?

1Qr i ThStantaneous
The reason is: When the current flow instantaneous i

. . . ingtant current curve
in the inductor is changed from zero to poner 23?3;‘1 i |

maximum amount in one quarter of the
cycle, energy moves from the source and

stored in the inductor as a magnetic field

(represented by the positive parts of the
curve). Then all that energy goes back

to source when the current changes from

maximum valueto zero in the next quarter

of the cycle (represented by the negative Figure (18)

parts of the curve).

Thismeansthat when theinductor ispure, it does not consume power, and inductive reactance
is non ohmic resistance and does not follow Joule’s Law because it does not consume power

(average power equal to zero).
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A coil with neglected resistance (pure inductor), whose self-induction coefficient is (% mH),
is connected to alternating voltage source, its potential difference is (20V), calculate both
inductor reactance and current in the circuit when its frequency is:

a. f=10Hz b. f=1MHz

The solution:

a At frequency f= 10Hz

X =2xfL
- 50 q1n3 =
=21 X10 X e x10° = 1Q
_ Vi _20_
e 204
b. At frequency f=1MHz X =2xf L
:27TX1X106X%X10'3:105Q
_V._ 20

— — -5
| = X, = 10° =20x107A

Discuss the results of this example and show the conclusion.
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ﬂ AC Circuits: Theload isa capcitor with pure capacitance

Figure (19-a) shows AC circuit with alternating voltage source and a capacitor only, the

potential difference on the capacitor is expressed as follows:

V¢ =Vnsin (wt) = ;
. . . Capacitor
V... Instantaneous potential difference through the capacitor. =
V_: Maximum potential difference through the capacitor. i vV i
C
(ot): Phase angle of phase vector of potential difference
Ammeter | &
through the capacitor, figure (19-b). =y Cl)
By definition of capacitor capacitance (C): Alter natin;T/';rltage source
Figure (19-a)
Q=CVc
Then, itis Q=CVasin(wt)
Since the current is: | = A(2 instantaneous
c= At voltage curve
) o W e
A[ C Vm Sln (C()t) ] T"'-\. H.\:f - -.._': :
S0 le= At . T VP Y N
I .-'"H""'- - .:ﬁ_; - 'II
—_ X L
I ¢~ CUC VmCOS(CUt) l. instantaneous cuTrent curve
: T
Since lc = wC V,sin(wt + 7) Figure (19-b)
because sin (wt + %) = cos(wt)

The inverse of (wC) is called capacitive reactance of the capacitor, symbolized (X),

capacitive reactance is defined as: the opposition by the capacitor to change in voltage of the

circuit. i.e.
Xc= a)i o X.= ﬁ
Substituting  ¢C = Q‘C in the current equation, we get:
I =(\>/(r:)sin(a)t +%)
According to Ohm's Law: |, = \)2':

Thus, Alternating current circuit contain a capacitor with a pure capacitance is expressed as.
le =1 m.Sin(wt +%)

105



From the above relation, we conclude that

. o . w0
current phase vector (I ) inan AC circuit contain g & \

a capacitor with pure capacitance, precedes | Curent

voltage phase vector (V_) by phase difference | — JA@=800

Voltage phase vector

angle(® = % , or quarter period), see figure (20) m

which shows a diagram of voltage phase vector Figure (20)

and current phase vector.
How capacitive reactance does affected for both frequency voltage source and capacitance

of the capacitor ? How would the curve look like? To answer this question, do the following
activity:

Adivity @)

Illustrates the effect of changing frequency voltage source in capacitive

reactance amount:
Tools of activity:

Ammeter, Voltmeter, Parallel-plate capacitor, Electric oscillator, connection wires and an

d eCtFIC S/Vl tCh Capacslar willy consiaml capacilanes
. ) e —
Activity steps: Ammeter .
» Connect the circuit (consisting of a capacitor, ammeter 5 —_—
Vaolimeeder
and electric oscillator in series combination, and connect Electine swilich
voltmeter in parallel combination with the capacitor). o
Eleciric oacillaior
See figure (21). Figure (21)

» Closethecircuit and start to increase frequency of the electric oscillator while maintaining
potential difference constant between the capacitor plates (by observing voltmeter reading).
How the ammeter reading change in the circuit?

We notice an increase in the ammeter reading (increase in the current flow in the circuit with
increase in frequency voltage source).
Conclusion:

Capacitive reactance (X ) isinversely proportional with frequency . "
voltage source ( Xcaf%) when capacitance of capacitor is constant Capacitive

reactance

1
g g 0 K =)
(C). This relation can be drawn as a diagram, see figure (22). \ £
o o 0,0 ] stant

It represents the inverse relation between capacitive reactance (X) t"m._ o

and frequency voltage source (f) when the capacitance of capacitor frequency |
is constant (C) when the circuit has contain capacitor with a pure Figure (22)
capacitance.
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usfrates the effect of changing capacitance of capacitor in capacitive
reactance amount:

Tools of activity: capacitor withvra’rl.i;aglecapacitance
Alternating voltage source with constant frequency, & (T t
ammeter, voltmeter, parallel-plate capacitor with variable | %

. . . . . Valtmeter
capacitance, an electric switch, connection wires and }rmmmm
dielectric. L )
Activity steps. Alternating voltage sour ce

e Connect the circuit (conisting of capacitor, ammeter and volt}:agel:res(;aice In series
combination, and connect the voltmeter in parallel combination to the capacitor), as in
figure (23).

* Close the circuit and observe ammeter reading.

* Increase the capacitance amount of capacitor gradually (by inserting a dielectric between
capacitor plates).

How would ammeter reading change in this case?

There is increase in ammeter reading (increase of flowing current in circuit is directly

proportional with increase in the capacitance of capacitor).

Conclusion:
Capacitivereactanceisinversely proportional to the capacitance of capacitor when frequency

voltage source is constant.
This relation can be drawn as a diagram, see figure (24) which shows :apacmve

the inverse relation between capacitive reactance (X) and capacitance el meg
Y4 constant
of capacitor (C) when the frequency voltage source is constant when the “.___ frequency
Capacitor =
load in the circuit is contain capacitor with a pure capacitance. Figure (24)
Capacitive reactance is measured in ohms unit because:
X = 1 _ 1 _ 1 _ _secVolt _ VoIt _ ohm
¢~ 2rfc ~ Hz.Farad™ ( 1 )(Coulomb) ~ Ampere.seCc’ Ampere ~
secd\ Volt

Remember

At very high frequencies of the voltage source, capacitive reactance decreases, because it
is inversely proportional with frequency (Xca%) , it might be zero, and then the capacitor
can act as a closed-switch (capacitor outside the circuit). While, at very low frequencies,
capacitive reactance increases so much that the current might be cut off, then the capacitor
acts as open-switch. When the capacitor isin the direct current circuit.
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A capacitor with capacitance (% uF) is connected to alternating voltage source with
(2.5 V) potential difference. calculate capacitive reactance and current in this circuit. If

circuit frequency is: a.5 Hz b.5x10° Hz

The solution:

a. Calculate the capacitive reactance at (5 Hz): x . = ﬁ
6
X = L =3 = 25% 100
21 X 5% (7> x 10
_Ve__ 25 _ #
'=Xc T 25x 10 -1 10A
b. Calculate the capacitive reactance at (5% 10°Hz)
_ 1
Xe=orfc
1 1
Xe= =7 =0.20
© 2rx5x 105><<%)>< 100 4
Ve _ 25

'=Xc=0257 104
Discuss results of this example and what do you conclude from this?

Since voltage through a capacitor with a pure capacitance is expressed as:

instantaneous

. . instantaneous It v
Thus, the flowing current in current curve (1, valtage curve (V)

the circuit precedes voltage by : | IP/ : : : -
[ [ [ | | : |
phase difference (@ =7%), see . Y 1"":/—7
(i — ,
| * |

[

[

|
figure (25). Therefore, current is o

[

|

|

expressed as:

charging | discharge | charging | discr;arge
process process process process

le = nsin (@t + %)

Figure 25
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Instantaneous power curve changes as a sinusoidal function, its frequency is twice the
frequency of current or voltage, containing positive and negative parts equal in area. Thus,

average power of a full period or an integer of periods is zero. See figure (26). What is the

explanation for this?

instantaneous instantaneous
voltage curve currerI curve

The reason is that, the capacitor chargesinthe | insantaneous
power curve ———.L

first quarter of the period then all of its charge is |

discharged in the next quarter, then the capacitor

charges with inverse polarity and discharges
again consecutively. What do you conclude?
Conclusion a pure capacitor does not dissipate

power in (AC) circuit because there is no

resistance in that circuit.

Figure (26)

AC circuitswith series combination of pureresistor, pureinductor
and pure capacitor (R-L-C)

When a pure resistance, a pure inductor and a

Capacitor Inductor Resistor
. . . L 15 R
capacitor with a pure capacitance are connected i} R N AT
in series combination along with an ammeter, see ‘ | . \
figure (27), the horizontal axis (X-axis is referential . P '
' & IL.
4 L K

axis). Phase vectors of currents in series cobination

a Voltmeter

circuit are congruent on X-axis. Vv

Ammeter )

As for voltage phase vectors, they create phase

Alternating voltage source

difference angle (®) with X-axis, now, let’s explain

phasevectorsfor thecurrent and potential differences Figure (27)
asfollows:
1. Pureresistor:
Voltage phase vector (V) and current phase vector (I ) inthe "
resistance are in phase (i.e. phase difference @ = 0). o
Thus, voltage in pure resistance is expressed as: I
AR
V& =V mSin (wt)
Current in pure resistance is expressed as figure (28).
Iz = | wSiN (wt) Figure (28)
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2. Pure capacitor:

Phase vector of potential difference through the capacitor (V_ (max))

(delays) from current phase vector (I (ma0) by phase difference of (90°)

equals (@ = -% ), see figure (29). G
The potential difference through a capacitor with pure capacitance e
is expressed as: : T
Ve =Vansin(wt-5) Figure (29)

Current through a capacitor with pure capacitanceis:
lc =1 nSin (wt)
3. Purelnductor :
Voltage phase vector through pure inductor (V) precedes current
phase vector (1)) by phase difference angle (® = +%), see figure (30).

Thus, voltage through pure inductor is:

Vi =Vasin(ot +5)

Current through pure inductor is:
Ju = S, Figure (30)
We graph the current on the refrence coordinate
axis in the (AC) circuit (in series combination)
(the current is equal in all parts of the circuit).
Then we represent (V ,V_,V_) according to phase

vectors as in figure (31). ; VoV W

Total voltage phase vector (Resultant) of the

three phase vectors is represented by (V,), it can

be calculated as: 2

2 2 2 Voltage phase vector diagram
(VT) (VR) +(VL VC) Flgure (31)
From this diagram, we can calculate phase
difference angle (®) between the total voltage

(Resultant) and current phase vector in the circuit:

_ V.-V
tan ® = V.
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First:if (V) is greater than (V) the AC circuit in series combination with (R-L-C), has the
following:
* Inductive properties.
* Positive phase difference angle (®), total voltage phase vector (V) precedes current phase
vector (I) by phase difference angle (®) according to Ohm's law, we get:
Resistance (R): R=V_/I
Inductor reactance (X, ): X =V Il
Capacitive Reactance (X ): X =Vl
Total impedancein the circuit (Z): 7 = & I

It the opposition of resistance and the reactance. x Z VI X=X, =X,

Impedance diagram is drawn as in figure (32-a), if (X)) is = D

greater than (X ), then the circuit has the following:

Inductive properties and a positive phase difference angle x“,

Impedance phase vector diagram

®), then we get: 2 _Rp?2 2
(©) wee Z R*+X Figure (32-a)

X=X -X¢
The reactance (X) equals the difference between the two

reactance (inductor reactance and capacitive reactance)

Z2=R2+ (X, - X v

-------------------

Or compute phase difference angle (®) from impedance

triangle -
g tanq)=%= XLRXC b !

Voltage phase vector diagram

Second: If (V) is smaller than (V ), then the (AC) circuit in Figure (32-b)
series combination, which contains (R-L-C), see figure (32-b), 4

has the following properties:
Capacitive properties. . i
* Negative phase difference angle (@) (Total voltage phase -

vector delays from current phase vector by phase difference

angle @). X,
A diagram of phase impedance of this circuit can be drawn, 4 Impedance phase vector diagram
see figure (32-c) when (X_> X)). Figure (32-¢)
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Third: If (V|) equals (V,), then, the (AC) circuit is series combination (R-L-C) has the

following:

* Pureresistance properties (Ohmic) (The state of electric resonance).

» Zero phase difference angle (®) (Total voltage phase vector is congruent on current phase
vector), see figure (33-a).

A diagram of phase impedance can be drawn for this circuit, see figure (33-b).

vV, A X A
V.=V, Z=-R
—_—— — I Xl ——=
vV
L J Xy
Voltage phase vector diagram Impedance phase vector diagram
Figure (33-a) Figure (33-b)

Example (4)

_¥3
A coil with self-induction (L = 7 MH) is connected to alternating voltage source (100 V)
potential difference, Phase difference angle (®) between total voltage and current phase vector

is (60°), the current flow in the circuit is (10 A), then calculate:

1. Coil resistance. 2. Source frequency.
The solution:
1. Calculate total impedance in the circuit: = # _ %%)O - 100
Then draw pharos diagram of impedance and calculate cos® = %
(R) and (X)), see figure below: R 1 R
............... o8&’ =70~2 =10
R =5Q
z 72 =R? +XL2
;.;'. :";|
2. To calculate frequency: (10)°= (5y° + X:
t=75
X.=5/3Q
X, =2rfL
5/3=2rxfx @ x 10°
f =2500Hz



n Power factor

In (AC) circuits, power is consumed in the resistance only, as thermal power. As for power
in a pure inductor, it is stored in its magnetic field in one quarter of the period, then goes back
to the source in the next quarter. Similarly, power in capacitors is stored in the electric field in
one quarter of the period then goes back to source in the next quarter. One can conclude that
power is not consumed in the inductor if it is a pure inductor, and power is not consumed in
the capacitor if the capacitor is pure.

Consumed power in the resistance is called real power (P,_,) and measured by (Watt), it is

expressed as follows: Pea = |k V&
From the diagram of voltage vector, figure (34) : _ Ve
g g gure (34) : . ogp = 7 I
Thus: v
Ve =V.cos®

Therefore, the real power is:

Pea = Iz VrCOSOD .
Since the current is equal in (AC) circuit with (R-L-C) in series Vi /}x
- P

combination: -
Ve

Substitute in the previous equation to get: Ve
Figure (34)
Pea = |t Vs cos®

The quantity (I.V,) is called apparent power, which is the total power, supplied for the
circuit. It is measured by (Volt . Ampere) (V . A) and expressed as follows:

Pap = V1

The ratio of real power (P._,) to apparent power (Papp) is caled power factor (pf); power

factor is expressed as.

— Pred
pf=p

=cosd
0]

or
pf=cos®
Amount of power factor in (AC) circuit changes according to phase difference angle (®) in
the circuit, if:
* Load in the circuit is pure resistance, phase difference angle (®) between voltage phase

vector (V) and current phase vector (I) is zero. Power factor is integer (1) because:

pf=cos® =cos0 =1
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Thus: Real power (consumed power) = apparent power (supplied), i.e.

Prea = Papp

* Load in a pure inductor circuit, phase difference angle (®) between voltage phase vector
(V) and current phase vector (I) is (90°), power factor is zero because (cos 90° = 0)
pf=cos ®=cos 90°=0
* Load in the circuit is a capacitor with pure capacitance, phase difference angle (®) between
voltage phase vector (V) and current phase vector (I) is (90°), power factor is zero, because:
(cos 90°=0)
pf=cos® =c0s90°=0

W An aternating current circuit with pure resistance, pure capacitor and

pure inductor (RLC) connected in series combination.
The circuit is connected to alternating voltage source (200V) and:
R =40Q, X =1200Q, X_ = 90Q. Calculate the following:
1. Total impedance.
2. Current flow in the circuit.
3. Phase difference angle between total voltage phase voctor and current phase vector.
Draw impedance phase diagram. What are the properties of this circuit?
4. Power factor.
5. Real power consumed in the resistance.
6. Apparent power (supplied power for the circuit).

The solution:

1. Draw phase diagram of impedance, see figure below:

1. Z2=R2+ (Xu.-Xo)? X A
= (40)2 + (120- 90§

= 1600+ 900= 2500 Z
Z =50Q R _4”'“, X,
D
]

2 1=V 290 _4a
Z 50
¥ w
S tant9 — (XL|_QXC) Impedance phase diagram

_120-90_30_3
- 40 T 40 4
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The circuit has inductive properties because:

6 =37
X > X
4. pf=cosf = % = 4—0 =0.8 Power factor
5. Prea= I’R
=(4)°x40=16x 40=640watt  Real power
6. Pap = It X Vr
= 4x 200= 80O0VA Apparent power

m Electromagnetic oscillation

Electromagnetic Oscillation circuit consists of a pure capacitor with a variable capacitance
and a pure inductor. In the previous chapters, you studied three elements: capacitors, resistors
and inductors.

Supposewe have asimple circuit consists of apure capacitor and apureinductor, such circuit
is called inductor-capacitor (L-C) circuit. We find that the current and potential difference
both change as a sinusoidal function with time, see figure (35). These changes in voltage and

current in (L-C circuit) are called electromagnetic oscillation.

SN SR RIS R ! o
Dischar ge~ Charging Discharge harging
Chargecurve e ~—Proces ~process *
o TR SRR S R ", IR KRR e
| b
max T -------——-_:_'—_'_-._-—_.=_-\_‘_-_———
Current curvein the circuit e T I Fr;‘_;,r-c“":ﬁ | S

- ___-_-\-'_'":\—\.u.—-'_. i i B e s i e
Voltage curve through &

thecapacitor [ T Charging N Jljisc-ha.rge : 'arging
Dischar process rocess process
process "

a
VB,max

Voltage curve through /,---
inductor
VB il P 1 1 1 -

Figure (35)
Now you know that stored energy in the electric field between plates of the capacitor with a

capacitance (C) is expressed mathematically as:
_ 1 Q?

Eelectric - 2_ X T

Q: Stored chargein any of the plates of the capacitor (with a capacitor with a pure capacitance C).
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Stored energy in the magnetic field of a pure inductor with self-induction coefficient (L), is

expressed as follows:

1

— 2
magnetic 2 x LI

I: Current flow through the pure inductor.

Figure (36), represents exchange operations of stored energy in electric field between the
plates of a capacitor and stored energy in the magnetic field of the inductor during a full
period.

(L (4] in

Figure (36)

Initially, figure (a) the capacitor fully charged, then the total energy in this circuit is stored in
the electric field between the plates of the capacitor, then, the capacitor discharges its charge
through the inductor, figure (b). At this moment, a current flows in the inductor and generates
magnetic field. Thus, part of the total energy of the circuit is stored in the electric filed of the
capacitor plates, while the other part of energy is stored in the magnetic field of the inductor.

Figure (c) Shows that the capacitor is fully discharged, this means that the flowing of current
through the inductor is at maximum value. Thus, all energy in the circuit is stored in the
magnetic field of the inductor. Then, the capacitor is charged again and stores energy in the
electric field between plates of the capacitor, then the capacitor is discharged and stores the
energy in the magnetic field of the inductor and so forth, energy storage continues between
the capacitor and the inductor without decrease, because the circuit has not resistance, which

causes energy loss.
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While, the amplitude of energy oscillation in

electromagnetic oscillation circuit which contains
a capacitor and a coil (not neglect resistor), fades in | A}

time because the circuit has resistance. See figure
(37), it shows that the stored charge in the capacitor 0 ﬂ I"!Unun,, ¢
plates and the current flow in the inductor both \j U

change as a sinusoidal function with time. And, since

the stored energy in the electric field between the

plates of the capacitor depend on square charge (Q?) Figure (37)
stored in any of the plates while the stored energy in

the magnetic field of the inductor depends on square

current (1?). This means, electric energy and magnetic energy both range from zero to
maximum value as time function.

Resonance can be achieved in electromagnetic oscillation circuit if this circuit is tuned
with frequency of desired signal (i.e. reception circuit frequency equals frequency of desired
signal). This is the case with tuning TV or radio stations, by changing capacitor capacitance
in the Oscillated circuit. For electric resonance to happen, inductive reactance (X, = wL) must
be equal to capacitive reactance, ( X = cu—lc)'

. L ] 1 1
Normal frequancy of oscillated circuit is expressed as. f, = or = ——
equancy P 27/LC “=7/Lc

m Resonancein AC circuits

The practical importance of (AC) circuits (L-R-C) in series combination lies in the way these
circuits used with various frequency sources, which made average power that transfering to

the circuit in maximum value.
Reception circuits in radios are the best 1

example of tuning circuits; simply, it is

an (L-R-C) circuit in series combination,

see figure (38). It shows effect of Ry =205
resistance on current curve at resonant | %
frequency. When resistance is small |i: _rh= 3000

-

(200Q for example), current curve will Ry = 100D L2

be thin (sharp) and huge. If resistance is

— K= 1 1 1
b 250 |1 [LLEE fa | 1] LK) LN
{ k) alr (s

will be wide and small. Figure (38)

big (1000Q for example), current curve
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At certain frequency, radio signal produces a current that changes within reception
circuit. This current has maximum value if reception circuit (tuning circuit) frequency
is equal to received signal, then, inductive reactance (X, = L), is equal to capacitive
reactance (X¢ = w—lc) . This makes circuit impedance minimum (Z = R).

This caseis called Electric Resonance.

i.e. wL = a)—lc

®: Angular frequency (o = 2 =f)

L: Self-induction coefficient of the inductor, C: Capacitor capacitance, so: @; = %

From which we derive angular frequency of resonance @ = ﬁ or resonance frequency
1
f, =

27/LC

Resonance frequency (f) of the circuit can be changed either by changing capacitor

capacitance (C) or changing coefficient of self-induction (L) of the inductor. We find that
the current changes when the frequency changes and reaches maxiumum value (peak) at a
certain frequency called resonance frequency.

If frequency of the circuit (in series combination with R-L-C) is greater than resonance
frequency, the circuit has inductive properties, because: (X > X_and also V| >V ).

If frequency of this circuit is smaller than resonance frequency, the circuit has capacitive
properties, because: (X < X_andalsoV, <V)

Nevertheless, if frequency of this circuit equals resonance frequency, the circuit is pure

resistance properties, because: (X, =X_and V, =V )

m Quality factor

Resonance happens in (AC) circuit in series

combination (with R L& C) when the angular | Py

frequency of the circuit is equal to resonance Emum T .....................
ver age power
frequency, i.e| = @, |Then, average power (P, )

will be at maximum. Average power and angular

Half-maximum
frequency of various resistances can be drawn as a l """""""""""" !

P

-When average power dropsto half- maximum, we -
: . ——
get two values of the angular frequency, see figure Resonant angular frequency ()

diagram, see figure (39).

(39). (w,and »,) on both sides of angular resonance (), Figure (39)
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The difference between angular frequency at half-maximum average power is called angular
frequency width (Ao = 0_- ®,) anditisdirectly proportional with resistance (R) and inversely
proportional with self-induction coefficient of the coil.

Aw = %

The ratio of resonance angular frequency (o) to angular frequency width (Aw) is called

(Quality factor) (Qf).

Quality factor of the resonance circuit is defined as:

(ratio of resonance angular frequency (o ) to angular frequency width (Aw))

Q= —

A®

S 1
’ of - C
R/L

Then, quality factor is expressed as.

1_|L
U =R"c

When the resistance in the circuit is small, it makes average power curve sharp, and angular
frequency width (Aw) will be small, and then quality factor (Qf). of the circuit is high.
However, when the resistance in the circuit is big, average power curve will be wide, and

angular frequency width (Aw) is big. Then, quality factor (Qf) of this circuit will be low.

Example (6)

AC circuit in series combination with pure resistance (R=500Q) and pure inductor (L=2H)
and a capacitor with apure capacitance (C = 0.5uF) and electric oscillator with constant potential
difference (100 V), and the circuit is in resonance. Calculate:

1. Resonance angular frequency.

2. Inductive reactance, capacitive reactance and resultant reactance.

3. Current flow in the circuit.

4. Voltage through (resistance, inductor, capacitor and resultant reactance).

5. Phase difference angle between total voltage, current and power factor.
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The solution:

1. Resonance angular frequency: 1

w, = \/E

_ 1

W, = 5% 05x 10 = 1000 rad/s

2. Inductive reactance: X, = o, L=1000 rad/s (2H) = 20002
.. 1 1
Capacitive reactance: X. = = =2000Q
apacitiv ¢= @C = 7000rad/s(0.%x 10 )
Resultant reactance: X=X -X.=0
3. Since the circuit is resonant, total impedance is Z = R =500Q
| = Vv _ 100V
Z ~ 500Q
I1=0.2A

4. V.,=LR=0.2 x 500 =100V

V, = 1.X_ =0.2A (20002) =400V

V. =1.X.=0.2A (2000Q2) =400V

V,=V -V.=0
5. tan® = % =0
Phase difference angle ®= zero (voltage phase vector and current phase vector have one

phase in the resonant circuit). pf=cos®
=cosO =1

AC circuits with parallel combination of pure resistor, pure
inductor and pure capacitor (R-L-C)

Alternating voltage source

The pure resistance, pure inductor and pure capacitor you!
[
are connected in parallel combination and this group is
: : . . |, e g
connected in series combination to alternating voltage ——"VWWAA—
source, see figure (40). | nductor
L L
When drawing pharosdiagram of currents, the horizontal Gdo
axis (X) istaken as (reference axis), thus, pharos vectors | Capatibor
C | l
of voltages in the circuit is coincide with X-axis. '
Figure (40)
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As for currents phase vectors, each of them create phase difference angle (®) with X-axis.
In this type of connection, two things are achieved:
First: potential differences between each element of this circuit are equal.
Second: the main current is distributed to all sections of the parallel-circuit. The main current
() in section point of the flowing currents (in component parts) does not equal

algebraic total of these sub-currents (I |.), because there is phase difference

R’ IL’
angle (®) between each of the phase vectors of these currents and voltage phase

vector in the circuit, which is coincide with horizontal reference axis (X).

I f:
I
The amount of current phase vector through the capacitor (1) 1
is greater than the amount of current phase vector though the
inductor (1 ), the paralel-circuit has:

« Capacitive properties. I I x

e Phase difference angle (@) between total current phase In V

vector (I,) and voltage phase vector (V) is positive. I

« Total current phase vector (1) precedesvoltage phase vector w

Fi 41
(V) by phase difference angle (), see figure (41). igure (41)

But if:
The amount of current phase vector through the capacitor (1) A le

is less than the amount of current phase vector through the

inductor (1 ), then the parallel-circuit has: -

« Inductive properties. x| I | x

* Phase difference angle (®) between total current phase

vector (I,) and voltage phase vector (V) is negative. I

« Total current phase vector (1) delays from voltage phase

vector (V) by phase difference angle (®), see figure (42). Figure (42)
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Nevertheless, if:

The amount of current phase vector through the capacitor R
(1) isequal to current phase vector though the inductor (1),
the parallel-circuit has: I =is v
* Pure resistance properties (ohmic). | :
* Phase difference angle (@) between total current phase |
L

vector (l.) and voltage phase vector (V) is zero.
(o) gep V) Figure (43)

« Total current phase vector (1) is coincide with voltage

phase vector (V) see figure (43).

An (AC) circuit in parallel combination (a pure resistance R, a capacitor with a pure
capacitance C and a pure inductor L) all connected in parallel combination. All connected to
alternating voltage source with potential difference (240V). The resistance is (80€2), inductor
reactance (20€2) and capacitive reactance (30Q2), calculate the following:

1. Current flow in all sections of the circuit.

2. Calculate main current in the circuit then draw pharos diagram of currents vector.

3. Total impedance in the circuit.

4. Phase difference angle between main current phase vector and voltage phase vector in the

circuit. And what are the properties of this circuit?

5. Power factor.

6. Real power (consumed in the circuit) and apparent power (supplied to the circuit).

The solution:

1. Since the circuit is in parallel combination, then: V=V =V _=V_=240V

_ Ve _ 240V

Ve _ 240V _
le=x-="300 =8A
_ V. _ 240V _
=% =200 =1
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2. Draw pharos diagram of currents as in figure below, from which we calculate main current

in the circuit:

Itotal - \/12R +(Ic - IL)2 P
Liota = 3%+ (8- 12)2
Itotal - \/z - 5A

3. __V _ 240 _
Z=Ta="5 —48Q

4. tan® = lCI_RI L= 3 = _% I
® = -53° W

The circuit has inductive properties because phase difference angle (®) between main current
phase vector and voltage phase vector is negative and in the fourth quarter.

5. To calculate the power factor (Pf) from current phasor diagram.

P.f:cosCD:I—R:§:O.6
FRa5

6. To calculate real power (consumed in the circuit):

Prea = |r.Vr , its measured by (watt).

I:)Real = 3% 240= 720W
To calculate apparent power (supplied to the circuit):

Pip = I1V+ , its measured by (VA).

P.p = 5x240= 1200VA
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Choose the correct statement for the following:
1. An (AC) circuit in series combination, the load is a pure resistance (R), average power of
full period (or an integer of periods) is:
a. Zero, average current is al'so zero.
b. Zero, average current is half maximum current.
c. Half maximum power, average current is zero.
d. Half maximum power, average current is half maximum current.
2. An (AC) circuit in parallel combination with a pure inductor, a pure capacitor and a pure
resistance (L-C-R). It can not have:
a. Capacitor current precedes inductor current by phase difference (® = m).
b. Capacitor current precedes resistance current by phase difference (O = % ).
c. Resistance current and capacitor current have the same phase difference (® = 0).
d. Inductor current delays from resistance current by phase difference (® = % ).
3. In an electromagntic Oscillation circuit, when the current is zero,the stored energy in the
electric field between plates of the capacitor is:
a.Zero  b. Maximum value  c. Half-maximum value  d. 0.707 of maximum value
4. An (AC) circuit, with electric oscillator and constant potential difference, a constant pure
capacitor is connected to it, when oscillator voltage frequency isincreased:
a. Current increases in the circuit.
b. Decreases current in the circuit.
c. Current cut off in the circuit.
d. Any of the above, depending on capacitance of capacitor.
5. An (AC) circuit in series combination with pure inductor, pure capacitor and a pure
resistance (L-C-R), al power of this circuit:
a. Dissipates through resistance. b. Dissipates through capacitor.

c. Dissipates through inductor. d. Dissipates through the three elements.

124



6. An (AC) circuit in series combination with a pure inductor, pure capacitor and a pure
resistance (L-C-R), and electric oscillator, when the oscillator frequency is lass than
resonance frequency of this circuit, then it has:

a. Inductive properties because (X, > X ).
b. Capacitive properties because (X < X)).
c. Pure ohmic properties because (X = X).

d. Capacitive properties because (X.> X ).

7. An (AC) circuit in series combination with a pure inductor, a pure capacitor, and a pure
resistance (L-C-R) when the total impedance of the circuit is minimum and the current is
maximum, so the power factor in thiscircuit is:

a. Larger than (1).
b. Less than (1).
C. Zero.

d. Integer (1).

8. An (AC) circuit in series combination with resistance coil (L-R), to make power factor in
this circuit equal to integer one, the circuit is connected to a capacitor:

a. In series combination with the coil provided that inductive reactance (X) issmaller than
capacitive reactance (X ).

b. In parallel combination with the coil provided that inductive reactance (X ) equals
capacitive reactance (X ).

c. In series combination with the coil provided that inductive reactance (X, ) is greater than
capacitive reactance (X ).

d. In series combination with the coil provided that inductive reactance (X ) equals
capacitive reactance (X ).

9. An (AC) circuit in parallel combination with a pure inductor, a pure capacitor, and a pure
resistance (L-C-R), this circuit has inductive propertiesif:

a. Inductive reactance (X ) is greater than capacitive reactance (X ).
b. Capacitive reactance (X_) is greater than inductive reactance (X, ).
c. Inductive reactance (X, ) equals capacitive reactance (X ).

d. Capacitive reactance (X ) is smaller than resistance.

10. When a coil rotates with a uniform angular velcocity inside a uniform magnetic field, an
alternating induced voltage obtained, if the phase angle is (@t) then the maximum value
of this voltage is equalsto:

T T
a ﬁ b7 C.7w d2r
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Prove that both inductive reactance and capacitive reactance are measured by Ohm.

[llustrate by a diagram how inductive reactance changes with current frequency and

capacitive reactance changes with voltage frequency.

An (AC) circuit with pure resistance, pure inductor and pure capacitor (R-L-C)
connected in series combination; the whole group is connected to alternating voltage
source. What is the relation between voltage phase vector and current phase vector in

the following cases?
a. Inductive reactance equals capacitive reactance (X, = X)
b. Inductive reactance is greater than capacitive reactance (X > X)

c. Inductive reactance is smaller than capacitive reactance (X, < X)

An (AC) circuit with a pure resistance, a pure inductor, and a pure capacitor (R-L-C)
in series combination, the whole group is connected to alternating voltagec source.
Explain how resistance, inductive reactance and capacitive reactance would change if

the angular frequency of the source is doubled?

What does the followings depend on?
1. Total impedance of (AC) circuit, in series combination with a pure resistance,a
pure inductor, and a pure capacitor (R-L-C).
2. Power factor in (AC) circuit, in series combination with a pure resistance, a pure
inductor and a pure capacitor (R-L-C).
3. Quality factor in (AC) circuit in series combination with a pure resistance, a pure

inductor and a pure capacitor (R-L-C).

What do positive parts and negative parts in instantaneous power curve representsin
(AC) circuit containing only:
1. Pure inductor

2. Pure capacitor

126



Explain followings

a. Why is it recommended to use an inductor to control in discharge current of fluorescent
lamp not to use a pure resistance.

b. What are the characteristics of electric series resonance circuit which contains (a
pure resistance and a pure capacitor) and an electric Oscillator?

c. What the power factor in (AC) circuit (mention the reason) if load is.

1. Pure resistance. 2. Pure inductor. 3. Pure capacitor.

4 . Coil and capacitor, in series combination, the circuit is not resonant.

What does mean by:

1. Power factor?

2. Quality factor?

3. Effective alternating current?

4. Electric oscillation circuit?

An (AC) circuit with a pure resistance, a pure inductor and a pure capacitor (R-L-C)
in series combination, the whole group is connected to alternating voltage source.
The circuit is resonant. Mention properties of this circuit, and relation between total
voltage phase vector and current phase vector, if their angular frequency is:

1. Greater than the resonance angular frequency.

2. Smaller than resonance angular frequency.

3. Equal to resonance angular frequency.

A lamp is connected in series combination with a pure capacitor and alternating current
source. At which, high or low angular frequencies, does the lamp glow brighter? And

when it becomes less glowing? (if source voltage is constant), explain.

An electric lamp is connected in series combination with a pure inductor and alternating
current source. At which, high or low angular frequencies, does the lamp glow? And

when it becomes less glowing? (if source voltage is constant), explain.
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Problems of chapter 3

AC source of voltage, connected from its two ends to a pure resistor (250Q2). The
potential difference between the two ends of source is given by:
(V=500 sin (200xt)).
1. Write the relation that gives current in the circuit.
2. Calculate effective voltage and effective current.

3. Calculate frequency and angular frequency of the source.

An oscillating electromagnetic circuit consisting of capacitor with capacitance

of (% uF) and a pure inductor with self-induction coefficient is = mH).

T

Calculate:

1. Natural frequency of the circuit.
2. Angular frequency of the circuit.

An electrical oscillator with a constant potential difference of (1.5V), if its frequency
changes from (1Hz to 1MHz). Calculate both the impedance and current in the circuit
if both ends are connected between oscillator poles:

1. Pure resistor with (R = 30Q).

2. Pure capacitor with (C :% uF).

3. Pureinductor with ( L= % mH).

A coil is connected to two poles of a battery with a potential difference of (20V).

The current is (5A) in the circuit. If the battery is removed from the coil and the

coil is connected to the poles of an (AC) source. The effective voltage is (20V) with

afrequency of (% Hz) and the current is (4A) in the circuit. Calculate:

1. Self-inductance coefficient of the coil.

2. Phase difference angle between total voltage phase vector and current phase
vector, draw impedance phase diagram.

3. Power factor.

4. Both of real and apparent powers.
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A pure resistance (150Q) is connected with a coil neglected resistance that has self-
inductance coefficient is (0.2H) and to a pure capacitor. This group is connected to
poles of (AC) source of voltage with afrequency of (% Hz) and potential difference
between the poles (300V). Calculate the amount of:

1. The capacitance of a capacitor that makes total impedance in the circuit (150€2).

2. Power factor in the circuit, phase difference angle between total voltage and current.
3. Draw impedance phase diagram.

4. Current in the circuit.

5. Both of real (consumed) power and apparent (supplied) power.

An (AC) circuit parallel combination contains a pure resistor, capacitor with a pure
capacitance (20uF) and a pure inductor and alternating voltage source potential difference
between two ends (100V) a frequency of (% Hz), the rea power is (80W) and the
power factor is (0.8), and the circuit has inductive properties.

1. The current in the resistor and the current in the capacitor.

2. Total current.
3. Phase difference angle between total current and voltage, phasor diagram of currents.

4. Self-inductance coefficient of the inductor.

A resistor, an inductor and a capacitor are connected in series and connected to the
ends of (200V) source with frequency ( % Hz). Resistance of inductor is (20Q2) and
coefficient of self-induction is (0.5H) and it is connected to (10Q2) resistor. The power
factor in the circuit is (0.6). The circuit has capacitive property. Find:

1. Current in the circuit. 2. Capacitance of capacitor.

3. Draw phasor diagram of impedance then calculate the phase difference angle between
total voltage phase vector and current phase vector.

AC source of voltage, angular frequency (400 rad/s) and potential difference between

two end (500V), they are connected between the two poles in series a capacitor of

capacitance (10uF) and coil self-inductance coefficient (0.125H) and resistor (150€),

what amounts of:

1. Total impedance and current in the circuit.

2. Potential difference on resistor, inductor and capacitor.

3. Phase difference angle between total voltage phase vector and current phase vector,
what are the properties of this circuit?

4. Power factor.
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An alternating current circuit contains (a pure resistor, a pure capacitor and a pure

inductor) in parallel. The circuit is connected to ends of (480V) source and frequency

is (100Hz). The real power in circuit is (1920W). The capacitive reactance is (32Q)

and inductive reactance is (40Q2), Calculate the amount of:

1. Current on each resistor, capacitor, inductor and main current in the circuit.

2. Draw the diagram of currents phase vector.

3. Phase difference angle between main current phase vector and voltage phase
vector in the circuit, what are the porperties of this circuit?

4. Power factor in the circuit.

5. Total impedance in the circuit.

Resistor with (30€2) resistance is connected to a pure capacitor in parallel. This system
isconnected viapolesof alternating voltage with frequency (50Hz), total impedance of
the circuit is (24Q), and the actual power is (480W). What is the amount of capacitance

of capacitor. Draw the phasor diagram of currents.

An aternating current circuit connected in series which has coil with resistance

(500€2) and a variable capacitor, when the circuit has (50nF) cpacitance and alternating

voltage of (400V). Angular frequency is (10 rad/s) and real power (consumed) equals

apparent power (supplied) in the circuit. Calculate:

1. Coefficient of self-induction of the coil and current in the circuit.

2. Inductive reactance and capacitive reactance.

3. Phase difference angle between total voltage phase vector and current phase
vector, what is the amount of power factor.

4. Quality factor of the circuit.

5. Capacitance of capacitor that makes the total voltage phase vector delay falls

behind the current phase vector by phase difference angle of ( %).
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Behavioural targets

After studying this chapter, the student should be ableto:
» Mention the electromagnetic waves and their most important properties.

waves.

Know how the electromagnetic waves propagate.

Know how to generate electromagnetic waves in an oscillating circuit.
know how to transmit and receive electromagnetic waves.

Explain the origin of creating the electromagnetic wave.

Illustrate how the transmission and reception antenna work for radio

L earn methods of detecting el ectromagnetic waves.
Understand modulation process of electromagnetic waves and how to
transmit the information.

* Learn some electromagnetic applications such as (Radar, Remote sensing,

Mobile).

Scientific Terms

Displacemant current
Oscillator

Transmitter

Recelver

Electric dipole
Antenna

Oscillation circuit
Amplifier

Modulation

Analog Modulation
Amplitude Modulation
Frequency Modulation
Phase Modulation
Ground wave

Sky wave

Space wave
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aal )yl
Gbad A e

s e

HheS b A
s

b yiga 5_la

(S 52 (anal
(SRR (sl
S5 (ppanal

4 da 5

4 slen 4 50

132



“ I ntroduction

In our daily life, there are many wave phenomena, some of which require physical medium

to propagate. This medium can be gaseous, liquid or solid.

For example, sound waves propagate in various physical media; such are mechanical
longitudinal waves which result from vibration of molecules of its transfer medium.

There are waves that do not require physicak medium to propagate, these are the
electromagnetic waves. You have aready learned that electromagnetic spectrum has a
wide range of frequencies, which differ according to source, ways of generating, detection
technology and penetration of various media. Figure (1) shows types of these waves.

Electromagnetic spectrum

Wanylenght, | (in metersp
1 ! j iy |-|ll i 1 |® T i o
 Reges Shurer
o
Tlausa Feopla v lall IV wirus Waler modeculs
— A1 L
Haod b waves Inbrared Visllile  Ulraviele lard X-rays
= 3 : »
Ml ET ey Snli Xorays Gamma raysy
ANE il M rmdie Alicremnve Esslar Frupic Light b Nerups  Radilasciive dicay
I P P

§if Ti* i BT} Vo 1 Wi Lt
1 Lt

Figure (1) Electromagnetic spectrum [For reference only (not required)]

m M axwell and electromagnetic theory

One of the major contributions in physics in the nineteenth century is discovery of
el ectromagnetic waves, which came as aresult of studiesand research conducted by Faraday,

Ampere and Gauss. It is found that when the variable magnetic field that penetrates A
conductor, an induced electromotive force is generated on both sides of the conductor; this
process is called electromagnetic induction. This process produces a variable electric field in
space; this electric field generates a variable magnetic field perpendicular to the electric field

and concordant with phase, the opposite is true. See figure (2).
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According to these facts, Maxwell (1860)

succeeded in relating laws of electric and
magnetic fields he expressed this relation by
the following:

1. Static electric charge point in space

generates an electric field around it, the

Variable magnetic field

Variable electric field

Variable electric field

Variable magnetic
field

electric field lines stem either from or to

Figure (2) Electromagnetic Induction

the location of that charge.

2. There is no magnetic monopoles (lines of the magnetic field are closed).

3. Time-varying electric field generates time-varying magnetic field around it, perpendicular

to it and concordant in phase.

4. Time-varying magnetic field generates time-varying electric field around it, is perpendicular

to it and concordant in phase.

Maxwell concluded that both time-varying and correlative electric and magnetic fields may

propagate in the form of awave in space, thiswave is called (electromagnetic wave).

The origin of the electromagnetic wave is the oscillating
el ectriccharges. Thisoscillation causesel ectricand magnetic
fields both time-varying, correlative, perpendicular on each
other and perpendicular to their line of propagation, the
el ectromagnetic wave propagates in vacuum with speed of
the light (3 x 10°m/s).

Maxwell found that the magnetic field not only produced
by anormal conduction current, but can also be produced by
time-varying electric field.

For example, when connection two-plates capacitor
through an alternating voltage source, the time-varying
electric field (E) between the two plates generates an electric
current, which in turn, generates time-varying perpendicular
magnetic field (B), see figure (3).

This current is called (Displacement Current) (I); i.e.
displacement current (1) is directly proportional to time rate

. . AE
of change in electric field (“z¢)-
AE

Id(ITt
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Figure (3) illustrates how amagnetic
field is generated from a time-
varying electric field



It is worth noting that displacement current accompanies the electromagnetic wave
propagating in space, unlike conduction current that travels through the conductor only.
The major properties of the electromagnetic

waves ar e

1.Electromagnetic waves propagate in vacuum
in straight lines, they are reflected, refracted,
interfered, polarized and diffracted from their
path, see figure. (4).

Figure (4) Diffraction of electromagnetic radiation

2.1t consist of two electric and magnetic fields,
which are correlative and change with time

electric field

_ elength o
both two planes perpendicular to each other and . Ll oA oh
perpendicular to the wave propagation line, and ' J— i3 - field__

o -,

both oscillating in the same phase, see figure (5). B

3.Electromagnetic waves are transverse waves,

because both electric and magnetic fields
oscillate perpendicular to theline of propagation,

Figure (5) Distribution of electric and magnetic

) fields in electromagnetic wave
of the electromagnetic wave, see figure (5).

4. Electromagnetic wave propagates in vacuum at the speed of light, when it travelswithin a
material medium, its speed reduces according to physical properties of that medium. The
electromagnetic wave generated by oscillation of electric charges, some of these waves
can be generated by oscillator.

5. Energy of electromagnetic wave is equally distributed between electric and magnetic fields
when it is propagate in vacuum.

m Generating electromagnetic waves by oscillating char ges

The German Scientist Henry Hertz was the first to generate _ Input
electromagnetic waves in 1887. He lit a spark between poles of the ! ]
L1 !

secondary coil in induction coil device, see figure (6), when there is LR

enough voltage dope between them. He succeded to receive these | ~

waves in a hole between the ends of a meta ring. He noticed that a

spark flashes at a certain position without connecting wires between : =Transmitter
the transmitter and the recelver. Hertz notice that the spark is not - N

received unless the ring has a specific diameter and placed in a

situation where the line separating the two ends of itsholesisparallel

. Figure (6) Represents hertz devices
to the line between the two poles that generates the spark. You asO for  generating  electromagnetic

waves.

learned form your previous study that static point chargeis generated
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around it an electric field only. While the moving charge
at constant velocity has constant electric and magnetic
fields. As for accelerated charges, they generate two
oscillating electric and magnetic fields that propagate
through space.

To illustrate the generation of electromagnetic waves,
two metal bars (electric dipole) are plugged to aternating
voltage source (electric oscillator), below a description
of how to generate el ectromagnetic waves:

1. When connecting the poles of the oscillator to the

ends of close bars, positive charges begin to move in the ||

upper bar upwards, while negative charges in the lower
bar move downwards, see figure (7). The shape of electric
force lines around the bars move from the positive end
to the negative end, while magnetic force lines they are
circles perpendicular to electric filed lines, as indicated by
direction symbol (©® ) which isgreen color, indicating the
lines enter the plane of the paper.

2. At the moment when the effective electromotive force
(emf) reaches maximum amount, charges reach the far
two ends of the bars, then their velocity becomes zero,
see figure (8).

3. When effective electromotive force (emf) decreases,
the direction of chargesisreversed. Positive and negative
charges moved toward each other, thus the lines of both
(electric and magnetic) fields converge, see figure (9).
They form a closed ring when negative with positive
charges reach a start point movement these rings spread
apart in space.

4. When the effective electromotive force (emf) begins to
grow again in the opposite direction at the moment of the
two charges are reversed on the electric dipole (polarity
reverses); the negative charge will be in the upper bar and
the positive charge will be in the lower bar, move away in
opposite directions, see figure (10). This time, the electric
field is turns opposite to the previous direction, so is the
magnetic field (indicated by red dot (©)).
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Figure (7) How to generate el ectromagnetic
waves in antenna.

Two metal bars
Electric

W 4 field lines

L
Electrlc
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Figure (8) illustrates the moving away in the
electric field lines when the voltage increases
on the transmitting antenna wire.

Two metal bars

Electric Il
oscillator | I

Electric
. field lines

ﬁti

Figure (9) illustrates the convergence of
the electric field lines when the voltage
decreases.

Electric
field lines

Two metal bars
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Electri b - \ | *.
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Figure (10) Illustrates the separation of the
electric field lines from the antenna at the
moment of voltageis reversed.



These fluctuations, which occur on both electric and
magnetic fields, create closed rings of electric and magnetic
forcelinesin perpendicular planes, that propagate away from
the electric dipole. These are considered frontiers (border) of
electromagnetic waves, see figure (11).

Principles of transmission and

m reception of electromagnetic waves

Have you ever wondered how can you hear the sound of the

Figure (11) Illustrates the emission
of electromagnetic waves from the

transmitter antenna after the electric

radio? How this sound can reach you through the space and
from long distance? Thisis done through transferring

and magnetic field lines accompanying
it are closed.

information from audible (Carried) waveto the (Carrier) radio wave (aswill be mentiond later).
These waves are broadcasted via transmission station and received by receiver device (radio).

Transmission and reception process depends on two basic devices:

1. Electromagnetic waves oscillation cir cuit.
2. Antenna.

1. Oscillation circuit (Resonance cir cuit):
The oscillation circuit consists of a coil (L) (neglected
ohm resistance) connected with a variable capacitance of

capacitor (C) as in figure (12).

Ind:l.a.I:renu:e
b |

I Py
~ - 1o)3edey
AqUEA

Figure (12) illustrates the oscillation

This circuit can generate a resonance frequency (f)
through tuning process, according to the following relation:

f=_ 1
" 2r/LC

2. Antenna:
The antenna consists of two separate metal wires connected
to alternating voltage source charging the two wires with two

Maximum value

charges of equal in amount and different in types, see figure
(13). The engergy emitted from the transmitting antenna is
dissipated in space in the from of electromagnetic waves, and
the power of the antennain transmitting or receiving depends
on:

(1) The amount of voltage supplied for Antenna.

(2) Frequency of transmitted or received signal.

It has been practically found that the antenna has
the maximum signal energy when its length is half the
clarification

transmitted or received wavelength. For
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Maximum value

or|voltage

Half wavelength (dipole)

transmitted or | recevied antenna

Feeding line
————

Figure (13) illustrates how voltage
and current are distributed along
the antennawire.




we use the figure (13). The phase difference between generated current and the electromotive
force is (90°) as you see in the figure, the voltage is maximum at the two ends of the antenna
(V,.,) and the current is maximum (I __) in the middie of antenna (feeding point of antenna
poles with current signal desired to be transmit) at this point, the impedance is little, while
the impedance is high at the ends of the antenna. Therefore, antenna can be fed by maximum
power amount of oscillation circuit compared to other length.

One pole of the antenna can be grounded, as shown in figure (14), to be transmitting or
receiving antenna with length of quarter wave. The ground works to form the pole voltage
image with the same length thus another pole is formed in the ground with quarter wave
to complete the properties of the half-wave antenna. This antenna is called quarter-wave
antenna

W/you know?

Usually when wetouch theradio
antenna, the receiver intensity

'l
\

Ground level \(ﬂ'

y_

JUSLIND WNW X ||

increases, because the antenna

becomesaquarter of awavel ength.
Moreover, the capacitance of the

e
Y

Iiiiii‘-h]_

—

. . Image formed for th d 2
capacitor decreases, so the quality oolsof antenna &)
factor increases, and the picking i i}
becomes sharp and good. Figure (14) illustrates grounded antenna and distribution of voltage

and current along the antenna and the ground

A tuning circuit is set in a broadcast radio station, circuit inductor was (6.4 uH) and

capacitance is (1.9 pF).

a. What is frequency of wave received by the device? b. What is the wavelength?
The solution:
a. Frequency is calculated from the following f, = L 1

27/Lc  2776.4% 10X 1.9< 107

_ 1
C 2x3.14/12.16¢ 16
= 45.665x 10Hz

b. Wavelength is calculated from the following A = f£

relation: 8
_ 3x10° _ 300 _
= 45.665< 16 ~ 45.665 0-27M

relation:
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Half-wave antenna is needed to transmit wireless signals with the following frequencies:
(20 KHz, 200 MHz), calculate the antenna length for these frequencies, show what type of
antenna.is best for parctical use.

v//ou know?

Calculate the antenna length for (20kHz) frequency -
The receiving antenna for the

We first calculate wavelength (A): o e

1=C televison channels is located
f . within a metal receptacle, (LNB)
:% and it is in the from of a small
Az . metal wire grounded in this
=50 X 10°m= 15km receptacle.
Antenna Length ( of half-wave(%) iss (= % =7 5km

It isworth noting that this antennais not practically possible. To transmit such signal we use
high frequency wave called modulation (to be discussed later).
Calculate the antenna length for frequency (200MHz):

we first calculate wavelength (A):

_C
A=
_ 3x10° _3_ _
= 200x 16 -2 - 1.5m= 150cm
Antennalength for half-wave is practically appropriate:
_ A _
0= > =75cm

When this antenna is grounded, it becomes quarter wave antenna; its length is calculated as

follows:

= 471 =37.5cm

This length is appropriate from a practical point of view.
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“ How transmissiom and reception circuits works

4-5-1 Transmission circuit: Antenna
Figure (15) shows basic components of Y
transmission device, which consists of

a  Electromagnetic oscillation circuit:  which Oscillation circuit
consists of a coil and acapacitor with varying #

-capacitance.
b. Antenna: which contains a coil placed against
the electromagnetic oscillation circuit coil and 7

a capacitor with varying-capacitance, these are Figure (15) Transmission device of electromagnetic

attached with ametal wire or to grounded wire.  wave
How the transmission device works?

1. When the oscillation circuit is supplied with energy, it generates electric signal waves,
its frequency is controlled by the changing capacitor capacitance of the electromagnetic
oscillation circuit (or self - induction coefficient of the coil).

2. Electric signal waves in the electromagnetic oscillation circuit generate alternating induced
current in antenna coil; its frequency is equal to the frequancy of the electric signal waves
that generated by the oscillation circuit.

3. The induced current in antenna coil produces electromotive force in antenna wire; its
frequency equals the frequency of the induced current in the coil. This force generates
electromagnetic waves broadcasted by the antenna wire into space.

4-5-2 Reception circuit: Diode
Figure (16) shows the basic components of -

reception circuit: I
% -
l

a. Oscillation circuit: consisting of a coil and

capacitor with varying-capacitance.
b. Antenna: consisting of metal wire attached to a

coil.

Figure (16) Diagram of electromagnetic wave

How does it work? receiver device
1. The antenna receives electromagnetic waves from space. These waves create alternating
current with equal frequency to that of the waves.

Antenna

Speaker

|
)
|

2. The alternating inductive current in the antenna coil generates electric signal with frequency
equal to that of the induced current. Thissignal isreceived by the antenna.

3. Capacitance of the capacitor isadjusted until it reaches resonance state, then, an alternating
induced current is generated in the electromagnetic oscillation circuit cail, its frequency
equals the frequency of the current in the antenna.
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m Detection of electromagnetic waves with aradio frequency

Electromagnetic waves can be detected either by their electric field or by magnetic field

4-6-1 Detecting electromagnetic waves by using their electric field:

The electric circuit is connected as in figure (17).

The electric field of the wave
(Ey) makes the charges oscillate in
the antenna when (Ey) vibration is
positive, the upper part of antenna
is positive, and then its polarity is
inversed diractly soon. When electric
field vector keeps reflecting in the
wave; the charge moves up and down
the antenna in a time-varying pattern.
During this process, the alternating
current inducesan oscillating potential
in the resonance circuit attached to

the antenna via mutual induction.

Es N Antenna
Er % |

FH L I'.

'._ :

R~

EL <

£ resonance
| circit

— LA_ALR T

L

EF umphifise

Figure (17) Diagram of receiver device that receive

electromagnetic waves by using its electric field

When capacitance amount changes to reach resonance state between wave frequency and

resonance circuit frequency, we receive the signal of electromagnetic wave.

4-6-2 Detecting of electromagnetic waves by using their of magnetic field:

The electric circuit is connected as in figure
(18). The antenna in this circuit consists of aring
conductive wire, since the electromagnetic field
of the electromagnetic wave is time-varying, an
induced electromotive force (induced emf) is

generated in the antennaring.

The antenna ring should be vertical on magnetic flux
direction (therefore, mini-radio devices have different
receiver of stations according to their direction).

Thereceived signal in the antenna can be tuned by
resonance circuit, by changing capacitance of the

capacitor in the circuit.

#
L

RF amplifier

|
i
lé:n

E4 E,
Be %%.. Antenna

I_Hi_ | S—

resonance
circit

Figure (18) Diagram of receiver device that

receive electromagnetic waves by using its

magnetic field
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n M odulation

M odulation process means conveying information signal (called the carried wave), (picture,
sound or phone call) low frequency over a high frequency wave (called Carrier wave).

In radio broadcast, for example, audible sound waves are transformed into electrical signals
through the acoustic receiver (called audio waves) in the same frequency, then, these electrical
signals are transmitted to the oscillating resonant circuit to be modulated on the radio waves
(carrier waves) which have higher frequency than that of the acoustic signal. Then, these
signals are sent to the transmission antennato be transformed into electromagnetic waves to
be transmitted efficiently over long distances without perceptible fading.

Analog modulation is varying one or more properties of high-frequency current wave
(amplitude of oscillation - frequency of oscillation - phase of oscillation).

There are three types of Analog Modulation:

1. Amplitude M odulation (AM).

2. Frequency M odulation (FM). = —

huaky
3. Phase M odulation (PM). g [f.ﬁ]}}:—--_-g-‘“ - b et
There is another type of modulation that |« e bl ﬂ[.]! I[mm

il

can be performed to reduce external effects
on the signal and encode it; it is caled

[ :
Digital Modulation, see figure (19) which e "‘F,‘b"{j ‘“a-,;

illustrates process transferring phone calls

|
[}
! 2l

[

by converting analog modulation into

digital modulation when transmitted and Figure (19) Illustrate the process of transmitting phon
cals after digital modulaion [For reference only (not

inverse the process when receipted. required)]

4-7-1 Amplitude modulation (AM):

Figure (20) shows how to modulate a low- frequency information wave on a high- frequency
carrier wave, we obtain awave that showstheinformation in theform of changesin amplitude
with constant frequency, based on that Amplitude Modulation is a change in the amplitude of
the carrier wave as alinear function with the amplitude of the carried wave according to the

frequency of carried signal.
I ;,H\”U” natior iw . ARt IAmplltude Modulatlon wave
| = _P___f |
| Carrier frequency wave ;im "Jl ||] flp- j|||||\||lﬂu.~ Jl
Il l| '
|

Figure (20) Amplitude Modulation
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4-7-2 Frequency modulation (FM):

Figure (21) shows the frequency modulation, the amplitude of the carried wave reduces the
frequency of carrier wave and the oppositeistrue. Note that on the right side, the amplitude of
the carrier wave does not change so the frequency modulation is change frequency of carrier
wave as a linear function with the frequency of the carried wave according to amplitude of
carried wave.

“Tnformation wavefrequency | Frequency Moduldtion wave |
M | ! |

| Carrier frequency wave = m‘ :
|
!

Figure (21) Frequency Modulation

4-7-3 Phase modulation (PM):

Figure (22) shows the phase modulation, it describes change in amplitude of information
wave in the form of changes in phase of carrier wave. Phase modulation is a change in the
phase of the carrier wave as a linear function with amplitude of carried wave according to

frequency of carried signal.
[nformation wavefrequency | | ) P Modulation beve
: M ¥ T
Carrier frequency wave .. Modulater _ |
. i I

I =

Figure (22) Phase Modulation

Range of radio waves

Due to wide variation in the properties of radio-electromagnetic waves in terms of their

generating and propagation methods, they are divided into several regions:

a. Very-Low Freguency region (VLF) (3kHz - 30kHz), and Low Frequency region (30kHz
- 300kHZz) (LF) these are mainly used in marine navigation.

b. M edium Frequency region (MF) (300kHz - 3MHz), mainly used in regular radio broadcast.

c. High-Frequency region (HF) (3MHz - 30MHz), it is mainly used in some phones and
communication between airplanes, ships, and so on.

d. Very-High Freguency region (VHF) (30MHz - 300MHZz), it is used in television sets,

radio transmitters, air traffic control systems, police communications systems and so on.
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m Propagation of electromagnetic waves

Electromagnetic waves propagate at various velocities (V) in various media according to

electric permittivity (¢) and magnetic permeability (i) of the medium through which these

waves propagate according to the following equation:

Since the values of these constants in vacuum equal to:

€ o= 8.854x 1012% o= 4Am X 10'7%

From the values of these constantsiit is possible to calculate speed of light in vacuum (c):

1

C=
vV Ho€o
1

"~ /12.5663< 10x 8.85% 10

=2.997964x 10m/s

This number is approximatedto  3x 10° %

Radio waves propagate in the atmospherein several ways.

4-9-1 Ground waves

These include waves with frequencies range between (530 kHz - 2 MHz).

They are travels close to earth surface.

Ground waves when propagate are taken a

path very close to the earth's surface, and their v x‘a
propagation path bends with the curvature of the
earth's surface, see figure (23). These waves take

advantage. to build communication systemswith

limited distance, due to the limited broadcast

transmission ability of these waves. Figure (23) Illstrates how the ground
and sky waves propagate
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4-9-2 SKy waves

These waves include all frequencies between
(2-30) MHz; this type of communication

depends on the presence of ionosphere layers,

which are highly ionizing layers, that reflected

sky waves to earth, see figure (24). Figure (24) Illstrates two layers of the ionosphere:
(F-layer) during the night and (D- layer) during the
day.

lonosphere layers are highly ionized at midday and dlightly ionized at night. The ionized
layer closeto earth disappears during night, which iscalled (D-layer) while (F-layer) remains,
see figure (24).These layers work oppositly from some types of radio waves directed to them
from ground broadcast stations, therefore, receive of sky waves during the day has lower
range than it is during the night because of radio waves reflection from (D- layer) lower

region and during the night received waves is clear because of the reflection waves from
(F-layer) upper region.

4-9-3 Space waves

Thesewavesincludeall frequenciesabove (30 MHz), i.e. Very-High Frequency range (VHF).
These are microwaves that propagate in straight lines and do not reflect from ionosphere

layer, but, are transmitted through it. These waves can be invested in communication

between continents by using of artificial .

satellites in synchronous orbit with earth '@
rotation around its axis (they are caled
satellite), that act asrepeaters(stationsto boost
signal and resend it). Figure (25) Illstrates
communications via satellites, these satellites

receive weak signals from earth stations to

re-broadcast them to earth to be received by
Figure (25) |Illstrates the work of satellites in

other earth stations thousands of kilometers communication

away.
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m Some applications of electromagnetic waves

4-10-1 Radar
The word RADAR is an abbreviation for initials of
the following phrase Radio Detection and Ranging

which means detection and determination of distance
by radio waves. Radar is an electronic system used
to detect moving or stationary targets and locating
position. It sends radio waves to the target, and

receives the waves that reflect from the target.

Transmission and reception time indicates range and

Figure (26)

distance of the target, while direction of reflected

waves indicates target location.
The main components of theradar:

Although different in size, RADARS are similar in function, figure (27) shows basic

components of the radar:
1. Oscillator: a device that generates

an electrical signal with constant
frequency and low power. Antennd %h

2. Modulator: works to carry the audio ,
Received wave

waves on the radio waves. Transmitter Receiver

g—a

3. Transmitter: works to reduce time of Transmission and

. ey
the pulsewhich reached to the modul ator, s

M onitor

sending it with high -power pulse to the | ©scillator

atena o O @
M odulator Timer Signal processor

4. Transmission and reception switch:

Figure (27)
a switch works to open and close

transmission and reception circuit.
5. Antenna: worksto transmit radar waves (microwaves or radio waves) in the form of narrow bands

directed to the target, and receives when they reflect off the target.
6. Timer: time controls the work of the main components of the radar.
7. Recelver: receives reflected waves, which gather by means of the antenna, it amplifies them and

display them on the signal processor.
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8. Signal processor: works to pick reflected signal from small moving targets, it also blocks the
reflected signal from big stationary targets.

9. Monitor: works to display waves, which reflect from the target as bright points.

4-10-2 Remote sensing

It is one of the fields of science, which provide us with
information about earth surface without physical contact
with the surface, like images from airplane or satellite.
This is done by investing electromagnetic light waves
to the end of reflected radio frequencies or emitted from

earth objects, the air or sea water that remote sensing

devices on satellites, airplanes or balloons can sense | Fiure (28)

them. See figure (28). The process of photographing and

analyzing to be ready for use in branches of knowledge

such as geology, civil engineering, meteorology,

agriculture and military applications and others.

There are two types of Remote Sensing:

1. Remote Sensing accor ding to ener gy source: astwo types of images are used:

a. Active images: it depends on an energy source installed on the satellite itself, to light the

target and receive the reflected rays from it, see figure (29).

e Sun Vg
Satellite - ' Incident i -
R Solar Radiation _ »~ =
: , 0
Reflected
Solar Radiation
Atmosphere
(n n|
oo
ool joo
ool oo
oajl |joo
oo o0l |oo
: oo o0l |oo
Forest  Water Cuplayy Road House Building

Figure (29) IlIstrates how the satellite receives the
electromagnetic waves rediated by the earth
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b. Passive Images: These depend on the source of radiation, which emit from the target

itself.

2. Remote Sensing by wavelength: The received target images can be divided according
to wavelength into three sections:
a. Visible ray images.
b. Infrared ray images.

c. Micro ray images.

Use the fields of remote sensing:

This technology is used in several fields including:

1. Discover mineral and petroleum ores.

2. Monitoring river movements, drying up of lands, lakes and controlling floods by comparing
images taken at different times.

3. Study construction projects and urban planning of cities, villages and large facilities.

4. Study natural plantsand soil quality distribution.

5. It is used military applications. Some satellites are equipped with infrared sensors, these
can detect heat emitting from trucks, planes, rockets, persons and any movement on the
earth's surface. Sensors work at any weather condition.

6. Remote sensing is used in imaging of stars and planets using digital cameras installed of

artificial satellites devoted especially scientific for space research.

4-10-3 Mobile phone

Before discovering the mobile phone, communication used to be done by radio telephones,
like the one used by police. In this system, there is one central transmission station (antenna)
in the city, and only (25) communications channel are avaible to the user, this means that a

limited number of people can use the radio telephone at the same time.
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Asfor mobile phone system, thecity isdivided
into cells, each cell has a tower provided with
transmission and reception sets, see figure
(30). Since mobile phones and transmitting
stations use low power (0.6 — 3 watt), the same
frequencies can be used in remote cells, like
the ones marked in dark color in figure (30).
This method helps millions of people use their
phones without interference since the same

frequency can be used on more than cell.

Mobile phones use over (1664) channels. The
speaker can move from cell to another while
using the phone, this means that the range of
the mobile is wide and the speaker can speak
to anyone hundreds of kilometers away without

disconnecting, see figure (31).
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Figure (30) illustrates how the city divided into
cells with communication tower

region (3) tower

region (2) }Qy\/_er
if ’:,f s

region (1) tower

Figure (31) illustrates how it possible
to transfer the receiving speaker from
one communication cell to another



Choose the correct statement for the following:

1. Displacement current (I ) is proportional to:
a. Time rate of change in magnetic field.
b. Time rate of change in electrical field.
c. Timerate of change in conduction current.
d. Time rate of change in polarization current.

2. Oscillation of free electrons in a conductor produces waves called:
a X-ray waves.
b. Gammaray waves.
c. Infrared waves.
d. Radio waves.

3. Speed of electromagnetic wave in various mediais determined by:
a. Electric permittivity of that medium only.
b. Magnetic permeability of that medium only.
c. Sum of permittivity and permeability of that medium.
d. Inverse of square root product of the permittivity and permeability for that medium.

4- Electromagnetic waves that are used in radar is.
a. Ultraviolet ray waves. b. Gammaray waves.
C. X-ray waves. d. Microwave.

5. Radio waves are generated when:
a. Flowing of direct current passes in a conductor wire.
b. Movement of an electric charge at constant velocity in a conductor wire.
c. Movement of an accelerated electric charge in a conductor wire.
d. Static electric charges in a conductor wire.

6. To get high efficiency in transmission and reception , half-wave antenna length is used
because the amount of :
a. Voltage are maximum at feeding point.
b. Voltage are minimum at feeding point.
c. Voltage and current are maximum at feeding point.
d. Voltage and current are minimum at feeding point.
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7. An électric charge can be accelerated in a conductor when affected by:
a. Static electric field.
b. Oscillated electric field.
c. Statics electric and magnetic fields.

d. Static magnetic field.

8. In Frequency Modulation (FM), we get modul ated wave with capacitance that is:
a. Constant and constant frequency too.
b. Varying and also varying frequency.
c. Constant and varying frequency.
d. Varying and constant frequency.

9. Tonosphere layer in the atmosphere reflects radio frequencies which are:
a. (2-30) MHz range.
b. (30-40) MHz range.
c. Over than (20) MHz.
d. All radio frequencies.

10. The process of transmitting and receiving of electromagnetic waves depend on:
a. Diameter of antennawire.
b. Density of antenna wire.
c. Electromagnetic oscillation circuit and antenna.
d. All above choices.

11. In radio broadcast, the acoustic detector does:
a. Transform audible sound waves into audible waves with the same frequency.
b. frequency modulation.
c. Amplitude modulation.
d. Separates audible frequencies from radio frequencies.

12. Remote sensing images, which depend on power source from the satellite, are called:
a. Passive images.
b. Active images.
c. Images of radiation emitting from the target itself.
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04 » Areall conductive wires, which have current, radiate electromagnetic waves? explain this.
@)1 » When electromagnetic rays propagate in space or in various media? what dose oscillate?

0.5 » What are the factors that determine speed of the electromagnetic waves propagation in

various media?

0151 ) |s the receipt of the radio waves during the day less range than it is during the night;
explain this?

What is the difference between active and passive images?
O/ » What is meant by the following terms: carrier wave, carried wave, modulated wave?

We often see in cinamas or television, policemen trying to locate secret wireless signal

station using adriving car nearby, the car has adevice on top of it, this device has a coil

that revolves slowly from the back of the car, explain how this device works?

Problems of chapter 4

=5 A radiois used to detect aradio station at frequency of (840) kHz, if resonance circuit

hasinductor of (0.04) mH, what is capacitance of capacitor need to detect this station?

=72 What is wavelength range covered by AM broadcasting station with frequencies are

in range from (540) kHz to (1600) kHz?

=<1» What is the minimum length of a car antenna needed to receive a signal of

frequency(100) MHz ?

=45 What is wavelength of electromagnetic waves radiated by a source with frequency

(50) Hz ?

=51)» What is frequency of the following electromagnetic waves with wavelength:

a.1.2m b. 12 m c. 120 m

An explosion occurred (4) Km away from an observer, what i stime between observer’s
seeing of the explosion and hearing the sound of the explosion? (Suppose speed of

sound is 340 m/s)
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Behavioural targets

After studying this chapter, the student should be ableto:

* Define the concept of interference in light.

* Mention the conditions of interference.

» Conduct an experiment to create a fringe of light interference.

» Recognize some of the phenomena that occur as aresult of light interference.

» compare between the diffraction and interference of light by understanding

the concepts of diffraction and interference.

* Recognize the evidence of the young double slits experiment.

* Distinguish between polarized light and unpolarized light.

* Mention some methods to obtain a polarized light.

* Define the phenomenon of scattering of light.

Scientific Terms

Interference of light waves
Young double Slits Experiment
Double Slit

Interference in thin Films
Wave Light Diffraction
Diffraction grating
Polarization of light

Polarized waves

Polarizer

Analyzer

Random directions
Polarization of Light by Reflection
Brewster angle

Scattering of Light
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I ntroduction

You have learned in your previous studies some phenomena of light. In this chapter you will
learn some more phenomena, such as Interference, diffraction and Polarization.

What are meant by these phenomena? How do they occur? Which laws describes them?

I nter ference of light waves

To understand the concepts of Interference of waves, we conduct the following activity:

Activity (1)

Interference of waves:

Tools of activity:
A ripple tank, power supply, vibrator, pecker with two tapered ends as two-point sources
(S, S, emitting circular waves propagating on the surface of water of the same wavelenght.
Activity steps:
» We get the ripple tank ready to work as it touches both sides of the pointer the surface of
the water in the container.

» When the operating the motor, we see the interference pattern on the water surface as a result
of superposition of waves generated by vibration of the symmetrical pointer sources (S, S)),
figure (1).

Now the following question

comes to mind: Do both sources
asexplained (S, S,)) in figure (1).
emit waves of the same

phase? And what is the type of

interferencewhich isproduced?

From our observation for the produced waves at the water surface, it appears that there are
two kinds of interference which are:

1. When the two waves are in same phase and same amplitude at a certain point, the two

waves will combine with each other and in this case the resulting wave amplitude will be

equal to the twice amplitude of any of the original waves.
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This kind of interference is called constructive

constructive
interference

interference, as seen in figure (2-a). This is resulted
from overlapping two crests or two troughs for two
waves resulting strengthening.

2. If the interference is a result of combination of two
sequence of waves which are out of phase and equal in
amplitudes, in which case the crest of awave overlaps
the trough of another wave, in this case the result will
be that the effect of one of the waves cancels the effect
of the other wave. This means that the amplitude of the

destructive
interference

Figure (2-b)

resulting wave will be zero. This kind of interference is
called destructive interference, as in figure (2-b).

On the basis of the above information we can say that the interference in the light wavesis
one of its general characteristics, the light interference is the phenomenon of redistribution
of light energy resulting from the superposition of two or more sequences of coherent light
waves when its propagatesin one plane at the sametime and in the same media. This will take
a place according to the principle of wave superposition. (The displacement of the resulting
wave at any instant will be equal to the sum of the two displacements for the two overlapped
waves at the same instant).

Permenent interference takes place in the following cases:

1.If the two waves are coherent.

2.1f they vibrate in the same plane and in the same media and pass trough the same point at

the same time.

It is worth mentioning that the coherent wavesin light are the waves which are:

1.Equal in frequency.

2.Equal in amplitude.

3. The phase difference between them is constant.

The optical path isthe displacement done by the light in vacuum by the same period of time
which is done in the transparent material media.

In order to calculate the optical path difference between two light emitted waves with the
same phase by the sources (s, s,) which are arriving the point (p) precisely after knowing the
type of interference produced for these waves, given that the phase difference (@ between
the waves arriving the point (p) is determined by the optical path between these waves by the
following relation: . ZTFAQ

AQ: represents the optical path difference between the two waves.

@: represents the phase difference between the two waves.
If the optical path length (1 =2.25 &) for the emitted waves by a source (s,) which arrives the point (p).
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The optical path length (, = 3.25 A for the
emitted waves from the source (s,) which
arrives the point (p), as in figure (3-a), then
the optical path difference for the two waves
A0 will be:

Al=10,-10,

Al=3.251- 2.25 -
Al =11 Figure (3-a) Constructive Interference

This means that the two emitted waves from the sources (s, s,) arive the point (p) at the
same moment, and coincide in the phase, at which time aconstructive interference takes place
at the point (p) when the phase difference (@) between them equals zero or an even numbers
of (m rad) such as ® = 0,27, 4r ,67....rac

This means that the optical path difference ( A() is either zero or an integer numbers of the
wavelength

A0=0,11,21,3,,....
On that basis the condition of constructive interferenceis given by:
Al =mA m=0,1,2,3.....

If the length of the optical path (¢, =14) for the emitted waves from the source (s) arrived
to the point (p) and the optical path length (¢, =1.51) for the emitted waves from the source
(s,) arriving the point (p).

Then the optical path difference ( A() for the two waves will be: (note figure (3-b)).

AL=0,-0,
A0 =1.51-11
A0 =0.51
INEE Y

2

Figure (3-b) Destructive Interference
That means, the two emitted waves from the two sources (s, s,) reach apoint (p) at the same

moment and are opposite in phase so destructive interference happened at point (p) when
phase difference between them, the phase difference (@) equals to odd numbers from (r rad).
ie: @ =7,3r,57....rad

That means the optical path difference (A(Q) between them in the case of destructive

interference equals an odd numbers of half wavelengths. That means:

13,3
A= 545N 5 A



So the condition for destructive interferenceis:

Ac=(m+3)2 m=0,123....

In this diagram, the sources (s,s,) are coherent emitting

waves of length (A = 0.1m), the emitted waves interfere 8
at the point (p) at the same time. What is the type of the
interference produced at this point when one of the two
waves cuts optical path of (3.2 m) and the other has optical
path of (3 m):

The solution:

To know what type of interference produced between the two waves, it requires to find (m)

S

from the two interference conditions as mentioned earlier of the following:
Al =mA
. AL
AL —(m +5 >/1
AL=0,-0,—=A0=3.2- 3
Al=0.2m The optica path differance

Al _( +1);  Firstpossibiity Question:
2 With regard to the last example,
( - % 0.1 2 = m+ % what happens when:
a. One of the waves makes optical
il 7 path of (3.2 m) and the other
This does not satisfies the condition of destructive makes optical path of (3.05 m).

interference becausethevalueof (m) must beintegers ~ b. One of the waves makes optical
numbers such as (0, 1, 2, 3, .....). path of (3.2 m) and the other

makes optical path of (2.95 m).
Al =mA m=0,1, 2, 3..... Second possihility

0.2=mX 0.F= m=2

So this satisfies the condition of a constructive interference because:

Note: this question can be solved in another way using the equation of phase difference.
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Young double dits experiment

The scientist Young was able to prove through his experiment in 1801 the nature of the light

waves as he was able to calculate the wavelength of light which was used in his experiment.
In his experiment Young used a barrier with atiny slit and monochromatic light, then the

light was projected on a barrier containing
two identical narrow dlits called (double
dit) these two dlits are situated at the same
distance from the slit of the first plate. Then
he put a screen at a distance of some meters
from the two slit barrier. The result obtained
by Young was the appearance of some
bright regions and some other dark regions
consequently and this was called the fringe,
note figure (4). Now the question is how the
bright and the dark fringes have happened in

Young’s experiment.

Screen

bright fringe
dark fringe
bright fringe
dark fringe
bright fringe
dark fringe
bright fringe
dark fringe

bright fringe

Figure (4) Young's double dlite experiment

The answer to that question relies on figure (5). Try to find out the reason for obtaining

this fringe by remembering the conditions of obtaining both the constructive and destructive

interference as you knew before. The slits (s,, s,) lighted with a monochromatic light are

coherent light sources, and the emitted waves from them will have the phase difference fixed at

all the times. This is the basic condition of the interference. The type of the interference at any

point depend on the difference between their optical path length in order to arrive that point.

Figure (5) explains the above information as we observe in the parts (a-b), bright fringe

occurs, while in part (c) a dark fringe formed. This depends on the difference in the distances

between the slits and the screen.

centeral
bright
fringe

i

bright fringe
S l

dark fringe

Figure (5) Fringe formed
The question now is the following: where would be the location of the bright and the dark
fringes on the screen? Asthe distance between the slits (d) is very short compared to their distance
from the screen (L), i.e (d << L). So the optical path difference between the rays shown in
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Figure (6) giving the following relation:

Optical path difference= d sin 0 T . 4
The condition for the constructive | ||| ,H ;/; - ﬂf > i -
interference for obtaining bright fringeis: | 7] H o l :f
MR o 0| 1 =
dsnfd =mA . -u_l_‘ :"I l!._,.-"{-.-rﬁhl
Whereas we get a dark fringe (result of I [ J
destructive interference), if:
Figure (6)

dsnéd :(m +%)/1
misaninteger number:

m=0+1+2+ 3.....
In order to calculate the distance between the center of the bright or the dark fringe from the
center of the central bright fringe (y) asin the following relation:

_y
tanﬁ—f

Since:
0: is the diffraction angle.

y: 1s the distance from the center of the bright or the dark fringe from the bright central fringe.
L: is the distance between the screen and the two slits barrier, as in figure (6).
It is important to mention that Young's experiment regarded as important from the practical
point of view in order to measure the wavelength (L) for the used monochromatic light.
As the diffraction angle 6 is small then:
tand = snd

By thenwe have: y =L tand = L sind

Then the position of the bright and the dark fringes from the center (O) can be determined as
follows:

Bright fringe:  y,, = am. (m=0,+1,£2....)

Dark fringe: ym:/i—L(m+l>, (m=0,+1,+ 2,....)
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The figure (7) explains the positions of the interference
fringes resulted on the screen. The spaces between the

adjacent fringes are called fringe spacing (Ay) given by the

following:

Ay:¥m+1'yn)1
m+1)AL mAL

Ay =g

Fringe Spacing Ay = /ITL

Remember:

1. The amount of fringe spacing (Ay) increases when the
distance between the two dlits and the screen (L) is
increases.

2. The amount of the fringe spacing (Ay) increases if the
distance between the slits (d) decreases.

3. The amount of the fringe spacing (Ay) increases when
the monochromeatic light wavelength used increasesin
Young’s experiment.

" m+ 1 .':
constructive destructive
interference interference

=112

Gl

Figure (7) Explains the positions
of the interference fringes

Perhaps you may ask? If the white light is used in

Young’s experiment. How would the colour of the central

sides white colour spectra will appear continuously.

light fringe appear on either side of the central fringe? . - :
H
The central fringe appears in white colour and on both

coloured fringes

e,
T |

Gradually each spectra of the violet colour changes to

the red colour, as in figure (8).

Figure (8)

What do you expect to happen if the two sources of the light are incoherent? Would the

constructive and destructive interference happen? In fact both constructive and destructive

interference take place consequently with avery high speed, so the eye can not follow such rapid

change, because both of the sources are emitted waves with random change phases, and a high

speed making it impossible to obtain a constant phase difference between the interfered waves at

any point of the medium. So the eye can see sustainable lighting as a result of vision persistence.

Think?

Inthecaseof using red light in thetwo dlit Young's experiment, you will observe the distances

between the interference fringe larger than what it is if you use the blue light. Why?
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B -‘

If the distance between the two dlits in Young's
experiment equals (0.2mm) and the distance screen
is (1m) from the two slits. The distance between
the third bright fringe and the central fringe is
(9.49 mm), as in figure (9). Calculate the used light
wavelength in this experiment?

The solution: Figure (9)
by applied the following relation: 1= ymd _ (9.49x 10° m( 0.% 10m)
- omL - (3)(1m)
bright fringe A=633%x 10° m
A =633nm

Think?
Doesthethird brighted fringe (m = -3) give the same wavelength?

In the given diagram, red light of wavelength (A = 664 nm) is used in the experiment of
Young. The distance between the two slits is (d = 1.2 x10-*m) and the distance between the
screen and the two slits is (L = 2.75 m). Find the distance (y) on the screen between the third
bright fringe and the central fringe.

Not thats  tan0.951= 0.0166, sin0.98F 0.01

The solution:

bright
’/ri ¥ =l frrilr?ge
We first calculate the measurement of the angle 0 centeral
for the third bright order (m = 3) de 1.2 x10°m !<i y meg (1O
. brigh
dsnd = n_vi l \\-. - frrilr?gé
1.2x 10°sind = 3x 664x 10° L=2.76m o
sind =0.016¢€
_ 6 =0.957
And from this we find:
y=L X tand
y =2.75% tan0.951
y =0.0456 m
y =4.56cm
Thisisthe distance of the bright fringe of third order from the centeral bright fringe
The question can be solved in another way by using the following law: y,, = mTL/i
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“ Interference in thin films

In our daily lives we sometimes see the floating

oil spill on the surface of the water colourful with

bright colours. We also see sometimes soap bubble
with the colours of the rainbow colours, as in the

figure (10). The cause of interference between

white light waves reflected from the front and the

back of the thin films surface.
The Interference in the thin films depends on two factors:

Figure (10) Interference in thin films

a. The thickness of the film: The waves reflected from the back surface makes a distance
more than that reflected waves from the front surface path which is equal to twice the
thickness of the film.

b. Phase shifts: The reflected waves from the front surface get a phase shifts as (x rad).

Understanding the concept of interference in thin films notice figure (11). This show that the

incident light waves on the film some of it is reflected from front surface of the thin film and
get phase shift equals (m rad) because each wave reflected from a media with refractive index
greater than the refractive index of the media which came from it, will get a shift in phase by
(180°%), The remainder of the light wave transmitted in the film and suffer refraction incide
the film, when it reflected from the back surface of the film, (with thickness t), will not suffer
phase shift, it will make extra optical path equals twice the film’s optical thickness (2nt). So
there is interference between the two opposite waves from the front surface and the back

surface according to the amount of the phase difference.

| &
Light source i

Thin films | I

Figure (11) Interference in thin films

If the optical thickness of the film (nt) equals an odd number for the quarter wavelength of

the monchromatic incident light. (1 < % A.3x % 5% % 7% % A ) the interference

will be constructive as the following relation: 1
2nt+ 7/1 =A,24,34,......
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The film appears lighted by the colour of the incident light on it: (constructive interference).

if the optical thickness for the film (nt), equals an even numbers of a quarter wavelength of the

will be destructive as the relation:
1,_1,3,5
2nt+7/1 - 2/1, 2/.1, 2/.1, .....
_n2,4,6
2nt—0,2/1, 2/1, 2/1, .....

ie: nt= O,%/l, %/1, %A, .....

The film appears dark (destructive interference).

Remember:

Wavelength of light ( A,) in any medium has refractive index (n), givenby: A, = %

Diffraction of light waves

Have you ever tried to look at a lighted lamp through two fingers of your hand when bringing
them closetogether, or you looked at the sunlight by getting your eyel ashesas close as possible
in order to see bright and dark beams respectively. This is as a result of the light diffraction

and interference. To understand the light diffraction we do the following activity:

Activity (2)

Light diffraction:

Tools of activity:

Glass plate, Pin, Black paint, , monochromatic light source.
Activity steps:

e Paint the glass plate with black paint.

e Make a thin slit in the glass plate using the tip of pin .

164



* Look through the slit to the light source. What do you
notice?
You will notice bright regins interspersed with some dark
regins and the middle region is wide and very bright.
The bright fringe gradually decreases in intensity as you
move away from the central bright fringe.
The appearance of bright and other dark regins on both

Fi 12

sides of the slit Indicate that the light deviating from its 'gure (12)
path. Notice figure (12).
The condition required to obtain either bright or dark
fringe are as follows:

 The condition for obtaining adark fringeis: 0.sird = mA

« The condition for obtaining abright fringeis: 0.sird = (m _,_%)/1
where { isthewidth of the dlit . m=+

Figure (13) shows the bright intensity of the fringe on the
screen, which is at its maximum value at the central point.
The bright intensity of the fringe decreases as it is further

from the center point.

Figure (13) the bright intensity of the
fringe on the screen

“ Diffraction grating

A diffraction grating is a useful optical device [ wavefront of planar light
to study spectra, analysis of the light sources and | |/ =1l A et
to measure the wavelength of light, it contains a '
large number of parallel grooves with equal width.
Grating can be made by printing grooves on aglass
plate in a ruling very accurate machine. The widths 2
between the grooves will be transparent asits doing | Piffraction grating

M=)

ivrre 41T

e I e Y e Y s [ e

separate slits and the groove its dark region. - [| ’
Ranging Number of the dits (line) in each S

centimeter will be between: (1000- 10000line, i.e g 1]"4

line per centimeter. ]L
Therefore, the grating constant (d) is very small r

and (d) isthe distance between every two successive

grooves, as in figure (14). Figure (14) Diffraction grating
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If diffraction grating have 5000'%? for example, then the grating constant will be:

d= (w) Thewidth of the grating
(N) Number ofslits

W

d=x

. 4 lcm _ 4
So: d—75000—2><10 cm

The difference of optical path between two rays out from any two adjacent dlits in the
diffraction grating equals (d sin 0). If this difference was equal to one wavelength () or the
integers number of the wavelengths (mA), then the waves will make as a result of'its interference
abright fringe on the screen as in the following relation: e

d snd =mA m= +1+2+ 3.....

£
1

The above relation can be used in order to calculate the | J—— = |
wavelength for amonochromatic light by using apparatus !

called (spectrometer), as in figure (15).

Example (4)

Monochromatic light from Helium-Neon laser. The wavelength of (A= 632.8nm) falls

e

Figure (15) Spectrometer

vertically over diffraction grating in which each cm contains (6000 line). Find the diffraction
angles (0), for the first and second bright fringe.
Note thats sin 49°=0.7592, sin 21.3°=0.3796

The solution:
- W
d=N
_lcm
d=6000
Grating constant d=1.667x 10cm
1. (m=1) for the bright fringe
dsnfd =mA

1.667x 10cmx shd;, = 1x632.8x 10cm

1x 632.8x 10cm
1.667x 10'cm

sind, =0.3796

sind, =
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Then:
6, = 21.3° represents the diffraction angle at the first bright fringe.

2. (m = 2) for the bright fringe

d 9néd = mA
1.667x 10'cmx shf,=2x 632.8x 10cm
sind, = 0.759z

Fromthiswe: §, = 49°. This represents the diffraction angle in the second bright fringe.

Polarization of light

When studying the diffraction and interference phenomena, you find that these phenomena
prove the wave nature of light. However, it does not prove reality of the light wave is a

longitudinal or transverse? To understand this, we conduct the following activity:

Activity (3)

Polarization of waves;

Tools of activity:
A rope which is fixed at one of the ends to a wall and a barrier with a slit.
Activity steps:
* Pass the free end of the rope through the dlit of the barrier, such that the dlit is vertical

upwards and the rope line is perpendicular to the slit.

 Tightentheropeandthen hitit sothat it
creating transverse wave which passes

through the slit as in figure (16-a). = W ; W

* Now we make the dit horizontal and g : {

tighten the rope and then hit it. The direction of I
{Ed

The direction of
oscillation rope

propagation wave
We observe that the transverse waves

cannot pass through the slit, see figure
(16-b).
You can reach the same result with the light waves, if you use a slice of tourmaline, which isa

transparent material which allows passing the light waves which vibrates electrical field in the

{ai
Figure (16)

vertical direction. This will obscure light waves which vibrates electrical field in the horizontal
direction. This happens as a result of internally absorbed. To understand this we carry out the

following activity:
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Activity (4)

Polarization of light waves

Tools of activity:
Two slices of tourmaline and a source of light.

Activity steps:

* Take a slice of tourmaline and place it on the way of the light source.

* Rotate the slice about its central and perpendicular axial. Observe if the amount of emerging

light varies.

« Put the two slices of the tourmaline as shown ynpolarized ight 1,

Q\ "f. -t
polarized
Transmission axis light

Figure (17) Polarization of light Waves

in figure (17).

* Fix one of the dlices and start rotating the
other one slowly about the light rays and
notice the sharpness of the emerging light as
shown in figure (17).

polarizer
Anal yzer

We may ask why the amount of light intensity varies when the second slice is rotated given

that it has the same material construction?
Unpolarized light is transverse waves and its electric

field vibrates in all directions. The crystallization of the
tourmalinewill havethe moleculesarranged aslong chain
which does not allow light waves to pass through, unless
the level of its electric field vibration perpendicular to
the line of the chain. Whereas it observes the rest of the
waves. This operation is called Polarization and the light
waves are called Polarized light waves.

The dlice which performs this operation the Polarizer
and the second slice is called the Analyzer.

In case of polarized light the electric field vibration for
the electromagnetic waves will bein the one direction, as
shown in figure (18-a).

In the case of unpolarazed light, the vibration of the
electric field for the electromagnetic waves will be emitted
in (Random Directions) and in parallel planes which are
perpendicular to the propagation line of the wave, asin
figure (18-b).
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It would be possible to obtain polarized light
such as (tourmaline calcite) from the one which

Transmission axis

is not polarized. Propagetion

The direction of the axis of polarized material linewave

is the direction of light polarization itself which

passes through the material, see figure (19).

To understand the effect of the polarized material
in the intensity of the light passing through, we
look at the following activity:

Advity

The polarized material and the intensity of the polarized light passing through

polarizer
Plane polarized

Unpolarized light
& g light

Figure (19)

Tools of activity:

A monochromatic light source, Two slices of tourmaline and aphotocell.
Activity steps:
* We put the light source in front of the polarizer plate. Then we put the second plate analyzer
behind it. We notice the decrease in the intensity of the light passing through the two plates.
» We start rotating the analyzer plate until the intensity of the light completely disappears.
See figure (20).

Photocell

L

polarizer

N E
Fcos @ 8

Figure (20) Illustrates the polarized material and the intensity of the polarized light

Unpolarized light Analyzer

Concludes from this:

The unpolarized light passing through the polarizer plate has been plane polarized and its
intensity decreased, when it passes through the analyzer plate, its intensity has decreased more.

When the analyzer plate is rotated at a certain position, we observe that the intensity of the
light completely disappears by looking through it. This proves that the polarized light has been
obstructed by the analyzer completely. See figure (20).
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Polarization methodsin lights:

It is possible to obtain linearly polarized light beam (plane or total) from unpolarized light
beam. The question here is, how? What are the methods used for this purpose?

That is possible by removing most of the waves from the light beam (unpolarized) except
those which has the electrical field oscillates in one single plane. Most of the commonly
used techniques in order to get polarized light by using material which transmit waves that
has oscillating electric field in a plane parallel to a certain direction which is the optical axis
and absorb waves that oscillate their electric fields in other directions. Some methods of the

polarization light are:

1. Polarization By selective absor ption
Some materials have been discovered called polarizer which polarize light by selective
absorption, these material in the form of thin plate with long hydrocarbonic chain. These
plates extend during its manufacturing where the molecules of thelong chain lineup in order
to formulate optical axis allowing the light to pass through in which its electric field become
perpendicular to its optical axis. It is worth mentioning that there are some materials called,
optical active materials, such as, (quartz crystal, turpentine liquid, sugar solution in water).
These materials have the ability to rotate polarization plane of the polarized light when it
passes through these materials with an angle called the angle of optical rotation. This angle
depends on the type, the thickness of the material, the concentration of the solution and the

wavelength of the light passing through it.

2. Polarization of light by reflection:
The scientist Ma us discovered that when light

incident on a reflected surfaces such as plane
mirrors or the surface of water in alake or glass, Unpglarized light
then the reflected light will be partially polarized /

partially polarized light

and in a plane parallel to the reflected surface ‘-‘«HH_F
plane as in figure (21). While the refracted et
light in the second mediawill be at the plane of =)
incident rays.

The degree of polarization depends on the Water

incidence angle. If the incidence angle is zero then
there will be no polarization. At the same time the
polarization will be increase by increase of the

Refracted ray

incidence angle until it reaches the tota linear Figure (21)
polarization at a certain angle called Brewster
Angle, as in figure (22).
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The refracted ray will be partidly N
‘66\

polarized and the angle between the | 4, preyster anglg g;\@\“@
reflected ray and the refracted ray equals %"’é‘d,[;é{. ; O e
90° Ve Air

) on Water
The scientit Brewster found a v,
relationship between the angle of ..J |
polarization (0) and the coefficient of
refraction of the media (n) asfollows: Transmitted light (Refracted)

(partialy polarized)
tanf,=n Figure (22)

Scattering of light

No doubt you have seen the sunrise and sunset and you have noticed the red colour of the

horizon. You may be asked: What is the reason the predominant colour at the horizon? Why
should the sky look pale blue when the sun is over the horizon during the day? Look at figure
(23).

.

Figure (23)

The reason for this is due to the scattering of light phenomenon. When the sunlight is incident
which has wavelength (1) between (400 nm — 700 nm) on the air molecules and dust particles
which has diameter (d) where (d < A), it has been found that the intensity of scattered light
is inversely proportional to the fourth power of the wavelength, i.e (%) .

According to this the wavel engths of the short waves from the sunlight (the blue light) scatter
at the rate more than the long wavelengths (which is the red light ). Look at figure (24).

Therefore when we look up to the sky we see it is blue because of the scattering of the blue
light.
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If we look at the sky in the direction of west during the sunset (we look at the sky in the east
direction at the sunrise), we see the red and orange light colouring the horizon at the sunset or

the sunrising because of the its poor scattering.

Direct sunlight @

Scattering of light
(blue light waves)

9*..3

Unscattered light waves ) )
(Red and orange light waves) ~ Scattering of blue light waves

fe—tic_tit 11 __@
& N

Figure (24) Blue light is more scattered than red light

The following table shows the extent of the light scattering by air molecules.

Colour Violet Blue Green Yelow Orange Red

Wavelength 0.40 0.48 0.52 0.58 0.60 0.70

The relative number of the
scattered waves 10 5 4 3 2 1

v/you know?

This diagram shows that the feather of some

birds are coloured in a very nice combination
of colours as aresult of the light scattering and

their feather appears in this kind of combination.
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C)

Choose the correct statement for each of the following:

1. In light diffraction from one slit, the condition that the first bright fringe (non central), is

that the width of the dlit is equal:

a. A.
A
b 2sind -
c. 34
2sind
A
d. 5

2. The colours of the soap bubbles occurs because of:
a. Interference.
b Diffraction.
c. Polarization.

d. Scattering.

3. The reason of bright and dark fringes in Young’s double slit experiment is:
a. Diffraction and interference of light waves together
b. Diffraction of light only
c. Interference of light only

d. Using two sources of light which are not coherent

4. When a green light is used in diffraction grating, the central fringe appears:
a. Yellow.
b. Red.
c. Green.

d. White.
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5. Light diffraction angle increases with:
a. Decrease of wavelength for the used light.
b. Increase of wavelength for the used light.
c. Constant wavelength for the used light.

d. All of the above.
6. If the optical path difference between two optical waves which are coherent and overlapped
equals odd numbers of half wavelength, then the following will happen:
a. Constructive Interference.
b. Scattering.

c. Polarization.

d. Destructive Interference.
7. To get permanent interference in light waves, their sources must be:
a. Coherent.
b. Incoherent.
c.Two laser sources.
d. All above the cases.
8. In Young’s double slit experiment the first bright fringe occurs on both sides of bright
central fringe which has been formed on the screen, when the difference of optical path

equals:
a. %/1.
o, )

c.2).
d. 3.

9. The pattren of interference is generated when the following happens:
a. Reflection.
b. Refraction.
c. Diftraction.
d. Polarization.
10. The thin oil films and the soap bubbles appear shiny coloured as a result of reflection and:
a. Refraction.
b. Interference.
c. Diffraction.

d. Polarization
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11. The property of the generated spectrum by diffraction grating will be
a. Bright lines very clear.
b. Expanded bright lines.
c. Non-existence of bright lines.
d. Non-existence of dark lines.
12. The unpolarized light ray which electric fields oscillates:
a. In one plane.
b. In all direction.
c. which cannot transmitted through plorized plate.
d. In spacific direction.
13. The longitudinal waves cannot show:
a. Refraction.
b. Reflection.
c. Diffraction.
d. Polarization.
14. The sky is blue because;
a. Particle of air is blue.
b. The lens of eye is blue.
c. The light scattering would be more ideal for the short wavelength.

d. The light scattering would be more ideal for the long wavelength.

15. Young’s double slits are lighted green, wavelength (5 x 10" m), the distance between the

slits is (Imm) and the distance of the screen from the slits is (2m). The distance between

the centers of two bright fringe on the screen equals
a. 0.1 mm.

b. 0.25 mm.

c. 0.4 mm.

d. | mm

Isit possible for the light from source which are incoherent to interfere? Is there any

difference between coherent and incoherent sources?

Two sources of light situated and they are side to side. The light waves are projected

on a screen. Why dose not the interference pattern appear from the superposition of

light waves from them on the screen?
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When Young's experiment is carried out under the surface of the water, how would
interference pattern be affected?

What is the condition applied in the difference in optical path between two interfered
coherent waves in case of:
a. Constructive interference.
b. Destructive interference.

m An astronaut on surface of moon see sky as black and see star clear during the daylight.
At the same time a man on the surface of earth see the sky blue and cannot see stars.
Explain why?

What happens to central bright fringe in one it diffraction, if the width of the slit is

reduced.

Problems of chapter 5

A screen is placed at a distance of (4.5 m) from the barrier with two slits. The slits are
lightened with monochromatic light with wavelength in the air (A =4901m). Fring
spacing between the center of bright fringe and bright fringe with order (m=1) equals

(4.5cm). Find the distance between two slits.

White light is distributed to its components by diffraction grating method. If grating
has (2000 line/cm), find the angle of the first order for the red light with wavelength
(A =640 nm)- [f youknow  sin7.5 "=0.128.

A beam of light projected with different angles on reflective surface. Reflected ray

becomes totally polarized when the angle of incidence is 48 ", Calculate the refractive

index of media. tan 48 =1.110.

I the critical angle of the light rays for the blue agate meterial surrounded by air is

(34.40). Calculate the polarization angle of the light rays for this material, note that
sin 34.4°=0.565 , tan 60.5 =1.77.
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CHAPTER M oder n Physics
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Behaviour al targets

After studying this chapter, the student should be ableto:

» Explain the concept of the blackbody.

» Mention Planck’s proposition (hypothesis) for quantum energy.

* Outline the benefits of some photocell applications.

* Define the concept of the work function and the threshold frequency of the
metal.

» Readlize the behavior of the particles like waves.

» Realize the behavior of the waves as the particles.

» Mention the relation between the momentum of a photon and its wavelength.

» Explain de Brogli€'s hypothesis.

* |llustrate the wave function.

» Mention the uncertainty principle.

» Solve the problems by applying mathematical relations in this chapter.

Scientific Terms

modern physics Ahaall gl juall
classical mechanics (2l (SISl elilSal)
guantum mechanics =S il
photoel ectrons 44 gual) s g IV
stopping potential (ES1]) QU KVEN
threshold frequency dgiall 23
photocell 4 g g S A
quantized slaa
wave function da gall Ala
probability Al
matter waves Lole il ge
wave properties da e al &
particle properties (AEla0) Lpapn al 53
dual behavior b RE AN
threshold wavelength Aiall da e Jsha
macroscopic world (Ea) s pad) allall

microscopic world
wave packet
work function

LAl ) Gugeal it
4 ge (Ao gana) da )

Jaid) adla
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“ I ntroduction

At the beginning of the twentieth century, radical changes took place in physics science, as
many new practical experiments led to results that do not obey the expectations of classical
(traditional) laws. Among these experiments are the experiment of black-body radiation and
the photoelectric effect. In order to explain the blackbody radiation, the scientist Planck
presented the basic ideas that led to the formulation of the quantum theory, and the scientist
Einstein assumed that light behaves like particles as well as like waves, and in order to

explain the distinctive new observations, a new concept arose that we call modern physics.

m Quantum theory (Blackbody radiation and planck’s hypothesis)

It is known that all bodies emit thermal radiation in the form of electromagnetic waves to
the surrounding medium, and they also absorb thermal radiation from this medium. At the
end of the nineteenth century it became clear that the classical theory of thermal radiation had
became inappropriate. Why?

The main and basic problem was in explaining

or understanding the wavelengths distribution of / =t

radiation from the blackbody, so what is meant Fr o

by the blackbody and how can we represent it r.e" :
practically? The blackbody is an ideal system that * L/ /‘ \
absorbs al the radiation falling on it (it is adso a \.‘h— / -
perfect radiator when it is a source of radiation) -
and as a good approximation we can represent the Figure (1)
blackbody as a process with a narrow hole inside

agap (or ahollow body). Note Figure (1) that the  Ultraviolet  visile Infrared

. (UV) region  region region
nature of the rays emitted from the narrow aperture

that Lead to the gap has been found to depend
only on the absolute temperature of the walls of
the gap. Here, the following question may come
to your mind, how does the energy distribution of
blackbody radiation change with wavelength and
absolute temperature?

Figure (2) shows the practica results of the

I ntensity

distribution of blackbody radiation energy as a o 00 1000 1 500
function of wavelength and for different absolute Wavelength (nm)
temperatures. We can notice from Figure (2) what Figure (2)

follows:
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1.The time rate of energy radiated by a blackbody per unit area (intensity) is directly
proportional to theareaunder the curve, asit wasfound that thisareaisdirectly proportional
to the fourth power of the absolute temperature (other than absolute zero) for black bodies
and is expressed in the Stefan - Boltzmann law, which is given according to the following

relation:
| =oT* WA/OU know?
Since: Molten steel radiates energy at
I: represents the intensity of radiation in unit (%). high rates, and it is an example

T: represents the absol ute temperature in kelvin units (K). of the Stefan-Boltzmann low of

0 : represents the Stefan - Boltzmann constant radiation.
0 =5.67x 10—V -

2. The wavelength distribution peak of the radiation emitted from the blackbody shifts
towards the shorter wavelength, when the absolute temperature rises (inverse proportion),
it is called the Wein Displacement Law, and it is given according to the following relation:

AnT =2.898%x 10

Since ( A,,) is the wavelength corresponding to the peak of the curve and is measured in
meters unit (m), (T) the absolute temperature of the radiating body and is measured in kelvin
unit (K).

Several attempts have been made according to the laws of classical physics to study and
interpret the electromagnetic spectrum emitted from the blackbody as a function of length
and at a certain temperature, but all failed, because classical physics assumed that the energy
emitted was continuous quantities.

This failure led the scientist Max Planck in (1900) to propose (assumed) that a blackbody
can radiate and absorb energy in specific and independent quanta of energy known as photons.
This means that energy is quantized, giving the energy of the photon (E) according to the

relation as: E = hf

(f) isthe frequency of the photon. (h) is Planck's constant and itsvalueis (6.63x 10*Js).
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Find the wavelength corresponding to the peak radiation emitted by the human body when
the skin temperature is (35°C). Suppose the human body radiates as a blackbody.

The solution: From the relation:

AnT =2.898x 10

e 2.898x 10
. m — T

.. T =35+ 273= 308(K)

By substituting in the af orementioned relation, we obtain:

Q= 2.898x 10’
© o AL 308

S An=9.409% 10 (mE 9.40Qum)
the wavelength corresponding to the peak radiation emitted from the human body.

m The photoelectric effect

In the last half of the nineteenth century, experiments P——

showed that the incident light (with a certain effective | Incident light (with a certain

] effectlvefrequency)
frequency) the surfaces of certain metals causes the / E/
emission of electrons from those surfaces, note in
figure (3). This is known as the photoelectric effect, and '%7‘

the emitted electrons are called photoelectrons. The o© =) e‘,’ @ o
scientist Hertz was the first to notice this phenomenon g ©@ ee

practically in (1887). Figure (3)

Glass cover

To explain the photoel ectric effect, a photocell isused
note figure (4), which is a vacuum tube of air with a
transparent window (or a cover) of glass, or quartz
(so that ultraviolet rays passes in addition to visible
light) and contain a metal plate (E) called the electron
emitting plate or cathode, which is connected to the

Construct Symbol

negative pole. Figure (4)
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For a direct voltage source (whose voltage can be changed) and another metal plate (C)
called the collector plate or (anode) that receives the emitted photoel ectrons and is connected

to the positive pole of the voltage source. To study of the photoelectric effect practically we
conduct the following activity:

Activity

The photoel ectric effect

Tools of activity:
Photocell, Voltmeter (V), Ammeter (A), Continuous voltage source whose voltage can be

changed, Conductor Wires, Light Source.

Activity steps:

e We connect the electrical circuit as in figure (5).

e \When placing the tube in the dark, we notice that the ammeter reading is equal to zero,
meaning that no current passes in the electrical circuit.

e\When lighting the electron-emitting plate by light with an effective frequency, we notice
the deviation of the ammeter pointer, indicating the passage of an electric current in the
electrical circuit. Thiscurrent appearsasaresult of the emission of photoel ectronsfromthe
emitter plate (negative) to be received by the collector plate (positive), so the photoelectric

current flows into the electrical circuit. Photoelectrons
e When increasing the positive voltage of the collector plate

[that is, by increasing the potential difference (AV) between
the collector and emitter plates|, we notice the increase in the
photoelectric current until it reaches its maximum constant

amount, and thus the time rate of the photoelectrons emitted

. . . Continuous voltage source whose
from the emitter plate and coming to the collector plate is a | yoitage can be Cﬂganged

constant amount, so the current flowing in the electric circuit Figure (5)
in this caseis called saturation current.
H ask: Current
€re, you may asx. High intensity
First: What happens when the intensity of the incident -
light increases (for a certain effective frequency)? _ )
) ) Low intensity
Second: What happensif the polarity of the source voltage -
IS reversed, that is, if the emitter plate is positive
and the collector plate is negative and (AV) is |~y Applied potential
negative? Stopping Gl e
: . .. potential
Third: What happens when you increase the Negativity _
Figure (6)

voltage of the collector plate gradually?

To answer these questions, note figure (6).
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First: When increasing the intensity of the incident light (for a certain effective frequency), we
notice an increase in the saturation current, for example when the intensity of the incident
light is doubled for a certain effective frequency, the saturation current doubles again.

Second: In the case of reversing the polarity of the voltage source, i.e. when the emitter plate

Is positive and the collector plate is negative and (AV) negative, then in this case the
current gradually drops to lower values because most of the photoelectrons will now
repel the negative collector plate, and only the photoelectrons will arrive which has
an energy greater than the value (eAV) to the collector plate, since (€) is the charge of
the electron.

Third: When increase the Negativity voltage of the collector plate gradually and at a certain
voltage value (V), that is, when (AV=-V ) we notice that the circuit current is equal to
zero. This voltage (V) is called the stopping potential. It can be seen experimentally
that the stopping potential does not depend on the intensity of the incident light.

The stopping potential is a measurments of maximum kinetic energy of the emitted
photoelectrons (KE)__ so: 1
(KE), . = 5 MVia = Vs

Where (m) is the electron mass, (€) is the charge of the electron and (v__ ) is the maximum

speed of the emitted photoel ectrons. The experience of the photoelectric effect revealed some

facts that could not be explained by the classical physics (the wave theory of light) is:

1. Photoelectrons do not emit if the frequency of
theincident light is lessthan a certain frequency vyyou know?
called the threshold frequency (f), which is
the minimum frequency that generates the
photoelectric emission for that metal, and it is
also a characteristic of the illuminated metal,
as each metal has a threshold frequency of its
own, this fact does not agree with the wave
theory, which predicts that the photoelectric
effect occurs at all frequencies, provided that
the intensity of the incident light is high.

2. The maximum kinetic energy of the emitted
photoelectrons (KE),  , does not depend on the
intensity of the incident light, but according
to the wave theory, the light of high intensity
carries more energy to the metal per second and
therefore the photoel ectrons emitted will have
more kinetic energy.

The spacecraft can be affected by
the photoelectric effect, as ultraviolet
rays cause spacecraft to charge with
a positive charge, and this positive
charge is discharged when the
spacecraft lands on the surface of the
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3. The maximum kinetic energy of the emitted photoelectrons increases with the increasing
frequency of theincident light. Whilethewavetheory Principle predictsthat thereisno relation
between the energy of the emitted photoelectrons and the frequency of the incident light.

4. The photoel ectrons are emitted from the metal surface instantaneously [in less than (10°s)
after lighting the surface], even if the intensity of the incident light islow. But according to
the wave theory, the photoel ectrons need some time to absorb the incident light until they
acquire sufficient kinetic energy to escape from the metal.

You may bewondering whoisthe scientist who wasableto provideasuccessful interpretation
of the photoelectric effect? In the year 1905, the scientist Einstein presented a successful
interpretation of the photoelectric effect. Herelied in hisinterpretation on Planck’s principle,
which is that electromagnetic waves are quantized. He suggested that light is a stream of
photons, and each photon has energy (E), given according to the following relation:

E=hf

Since (h) is Planck's constant and (f) is the e
frequency of the incident light (the frequency of | |cigent photon 4
the photon), and the frequency of the photon is E - .
given according to the relation: e (KE)max
f=% A
r
Since (c) is the speed of light in a vacuum and W
(1) is the wavelength of light, and according plegisrias
to Einstein's interpretation of the photoelectric Figure (7)
effect, the maximum kinetic energy of the
photoelectrons emitted by (KE) _, note Figure .Table(6-1)_
. : : . work functions for various metals
(7), is given according to the following relation:
Metal Work function (eV)
(KE),. = %mvﬁw —hfow Einstein's phgtoelectric Silver 4.73
equation .
_ o Aluminum 4.08
Since (hf) represents the energy of the incident
light and (w) represents the work function of the ~ COPper 4.70
metal, it isthe lowest energy that electron bound [ron 4.50
with the metal and is given by the relation: el 5 46
w = hf, Lead 4.14
and its value is within a few (eV) wheres St 6.35
(leV =1.6x 10*)). Table (6-1) shows the _
Zinc 4.31

work function of various metals
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And it may cometo our mindshow the scientist Einstein was able to explain the photoel ectric

effect, which classical physics could not explain? Hewas able to explain thisaccording to the
aforementioned photoel ectric equation, based on Planck's quantum theory, as follows:

1. The photoelectric effect does not occur if the incident light's frequency is less than the
threshold frequency (f ). In order for this phenomenon to occur, the energy of the incident
photon must be greater than or equal to the work function (w). The photoelectronisreleased or
emitted by the absorption of one photon. If the energy of the incident photon does not satisfy
this condition, the photoelectrons do not emit or completely liberate from the surface of the
metal, regardless of the intensity of the incident light, this fact supports the existence of the
threshold frequency, and in the case that the energy of the incident photon is equal to the work
function of the metal (or the frequency of the incident light equals the threshold frequency
of the metal), so only the photoel ectrons are released from the metal surface without gaining

kinetic energy.
2. From the relation:
(KE),.=hf-w
It can be seen that maximum kinetic energy of the

emitted photoelectrons (KE) _ depends only on Remember:

the incident light frequency and the work function | [EERIT || o0 doss ot ccaurs

(or threshold frequency) of the metal and does not The electrons liberate
o ] ) . EE from the surfaceof

depend on the incident light intensity because the T R L*?ﬁé‘ﬁ?é’# (\;vg:;om gain

absorption of one photon is responsible for the .

The photoelectric
change in the kinetic energy of the electron. ez ] S ?ﬁ?gﬂﬁ_w
3. Since the rel ation between (K E)max and (f) iS a E: Energy of theincident photon_

linear relation according to the relation: wiwerk function of the metal.
(KE),.=hf-w

since it Is noticed from the aforementioned Think?

relation that (KE), , islinearly proportional tothe | tpon Gifferent metals (ab) projecting on

frequency of the incident light (f), thus Now you eech one alight of frequency (0.85x 105 Hz).

can easlly understand why (KE) _ increases with If the threshold frequency for each of

_ them, respectively, is:
4. The photoelectronsare emitted fromthe surface = 1.14x 10°(Hz)

of the metal instantaneously, regardless of the b. 0.59x 10°°(Hz)

increase (f).

intensity of theincident light. Fromthepractical c. 153x 10°(Hz)

results that showed the linear relation between Bar wien 6 e ihes mEEls de e
the maximum kinetic energy of the emitted photoel ectric effect get? Why?
photoelectrons (KE) _ and the frequency of

the incident light (f) are shown in
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Figure (8). The intersection of the straight line in figure

KE

(8) with X-axis (that is, when (KE) __= 0), it represents
the value of the threshold frequency (f ). At frequencies
below (f ), no photoelectrons are emitted, regardless of
the intensity of the incident light, and the slope of the
straight line represents the value of Planck’'s constant

(h). If astraight line is extended and the Y-axis cut at -w

a point like (z), then the negative section of the Y-axis
represents the value of the work function of the metal,
note Figure (8).

(KE),, = hf-w

(max)

—>
o
)

Figure (8)

Thethreshold wavelength ( A, ) can also be defined as the longest wavelength that can release

photoel ectrons from the surface of a particular metal, and it is given by the following relation:

AO:f—i:%

The wavelengths longer than (A,) and falling on a metal
have awork function (w) that does not lead to the emission of
photoel ectrons.

Applications of the photoelectric effect:

There are many devices used in our daily life that depend
on the photoelectric effect, for example the photocell, by
means of which we can measure the intensity of light and

convert light energy into electrical energy, as in the solar |

cells used for street lighting, for example, see figure (9).

The photoelectric effect is also invested in digital imaging |

cameras, note figure (10), as well as in showing the recording
of music accompanying the cartoon films and other practical

applications.

> e

Figure (10)

The light of wavelength (300nm) fell on the sodium metal. If the work function for sodium

1s equal to (2.46¢eV) find:

a. The maximum kinetic energy of the emitted photoelectrons in joules units (J) firstly then

in electron-volts units, (eV) secondly.
b. Threshold wavelength of sodium.

186



knowing that Planck's constant is equal to ( 6.63x 10*(Js)), (1(ev)=1.6x10%(J)) and
the speed of light in avacuum (¢) = 3x 10°(m/s).

The solution:

a. From the relation:

(KE),, =hf-w
We have the relation:
- C
t=7

From the two previous relations, we obtain:

(KE )y =22 -w

By substituting in the previous relation, we obtain:

_ 6.63x 10**x3x 10°
(KE)na=—""300% 10°

(KE).. =6.63x 10°- 3.936< 1tJ

c (KE ) = 2.694%x 10™( J
The maximum kinetic energy of the photoelectrons emitted in units of joules.

-2.46x 1.6x 10°

_ 2.694x 10°
(KE )= 7 6% 10

The maximum kinetic energy of the photoel ectrons emitted in units of (eV).

=1.684¢eV)

b. From the relation:

_hc
AO—W

By substituting the previous relation we obtain:

A= 6.63x 10**x 3x 10°
0T 2.46x% 1.6x 10°

. A0 =5.053x 10( m= 505.8 nm
Threshold wavelength of sodium
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m Particles and waves

The photoelectric, the radiation and absorption phenomena are indicates that light behaves
like particles (photons), and there are other phenomena such as interference, diffraction and
polarization that show that light behaves like waves. Here, the following question arises:
Which of the two behaviorsis correct? Does light behave like particles or behave like waves?
In fact, the answer to this question depends on the phenomenon that is being studied. Some
experiments can be explained when the light behavior like particles, that is, the light shows
a particle characteristic, and others can be explained when the light behavior like waves,
meaning that the light shows a wave characteristic.

Light, which can gject electrons from metals, as in the photoelectric effect, meaning that
light behaves like particles, the same light can diffract, meaning that light behaves like
waves. On this basis, the modern view of the light nature takes the dual behavior, that is, the
radiation energy is transmitted in the form of photons led by a wave field, from here it must
be emphasized that in a particular case or circumstance the light appears either in the particle
or the wave characteristic, but not both at the same time, that is, the particle theory of light
and the wave theory of light complement each other.

Here the following question appears, how can mathematically explain the dual behavior of
the photon?

The energy of the photon (E) is given according to the relation:

E=hf

According to Einstein's equation in mass (m) equivalent with energy (E) (which will be
studied in alater). The energy (E) is given according to the relation:

E = mc?
As (c) isthe speed of light in a vacuum. From the two previous relations, we can get:

hf
m = ?
The previous relation shows that the photon behaves as it had (a mass). The momentum of

the photon (p) is given by the relation:
p=mc
The frequency of the photon (f) is related to the wavel ength associated with the photon

(A) by therelation:
f=%

A

188



By substituting the aforementioned relation of the photon asif it had mass (m), obtain:

_h
A_mC
or
_h
A_p

That is, the wavelength associated with a photon isinversely proportional to the momentum
of the photon. It can aso be demonstrated that the energy of the photon (E) is given according

to the relation: hc
E=0

“ Matter waves

We previously observed that light have dual behaves as particle and wave. The question now
is: Do particles also have dual behaves also? And the answer to this question was given by
the scientist Louisde Broglie. In (1923) de Broglie proposed the idea of the dual nature of the
particle (particle - wave). de Broglie assumed the following hypothesis:

(In every mechanical system that there must be waves that associated (accompanied) the

motion of matter particles).
Thisideathat the scientist came up with isacolossa

and unprecedented idea, and at that time there was no
practical evidence or confirmation of it. According
to de Broglie's hypothesis, particles matter such
as electrons are like the light that have a duality or
duality nature, that is, they behave like a particle and
a wave behaviors. Thus, the electron is associated
by a wave, this wave is not a mechanical wave or an
electromagnetic wave, but what type of associated
(accompanied) waves the movement of a particle such

as an electron?

Figure (11)

The associated waves of a particle movement are
another new type waves called matter waves, as the
particle is represented by a wave packet, i.e a wave
with a limited range in space, and the wave packet
can be obtained by adding waves of dightly different

wavelengths, see figure (11).

189



de Broglie assumed that the wavelength of the matter wave ( 4) isrelated to the momentum

of the particle (p), asit isin the case of the photon, according to the relation:

_h
A_p

since (h) is Planck's constant, if a particle has mass (m) is moving with speed amounts (V)

then the de Broglie wavel ength associated with the particleis given according to the relation:

When looking closely at the af orementioned
relation, the duality characteristic of matter
becomes clear to us, as the right side of the
relation contains the concept of particle
[mass (m) or momentum (mv)] while the
left side of the equation contains the concept
of wave [wavelength (A)]. In fact, the
wavelength associated with normal objects
inour daily life, that is,visible , macroscopic
world (such as moving football, moving cars,
etc.) is so small that its wave behavior such
as interference and diffraction cannot be
noticed, because aswell asthe small value of
Planck’s constant, its mass is relatively large
(or its momentum is relatively large) and
thus the associated de Broglie wavelength
Is very small because the relation is inverse
proportion, note Figure (12), since (A = %)
makes the wave properties of relatively large
bodies neglected, But it becomes clear when
studying the wave properties of atomic and
nuclear particles (with very small masses
and relatively smal momentum) that is, in
the (invisible) microscopic world, such as
electrons, protons and neutrons, since the
associated de Broglie wavelength these
particles can be

_h
A=y
1 A A /1 /1
Figure (12)

‘\/@you know?

The electron microscope is one of the
practical devices that depends on the
wave properties of the electrons, it is
distinguished with greater
power from the regular light microscope ,
which can distinguish details about (1000)
times smaller than those details that are

resolving

distinguish by a light microscope because
the wavelength of the used electron is
shorter than the wavelength of visible light.
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measure and study it. Figure (13) showsamodel for the wave behavior
of electrons (electron diffraction). It isworth noting that, asis the case
with light, the two particle and wave behaviors of moving objects cannot
be observed at the sametime. It isuseful to show herethat de Broglie's

equation appliesto all objectsin the universe, from the smallest, such as

the electron, to the large, such as the planets.

Find the de Broglie wavelength associated with a ball of mass (0.221kg) moving with a

Figure (13)

speed amount of (3m/s), given that Planck's constant is equal to (6.63x 10*(Js))

The solution:
h

According to the following relation: A = ]

By substitution in the aforementioned relation we obtain:

_ 6.63x 10* _ . ~
A="0291x 3 =10%(m)

The de Broglie wavelength associated the ball.

Example (4)

Find the de Broglie wavelength associated with an electron moving by speed amount
of (6 % 10°m/s), knowing that the mass of the electron is equal to (9.11x 10* k¢) and
Planck's constant is equal to 6.63x 10*(Js).

The solution:

According to the following relation:

__h
A=y

By substitution the previous relation we get:

2= 6.63x 10
9.11x 10" x 6 x 10°

5. A=0.121x 10 (m
which is the de Broglie wavelength associated the electron.
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function

An access to the under standing of quantum mechanics and wave

When using a computer, a digital camera, and personal
laptop, did you know that all these devices and many more
other work according to mechanical laws called quantum
mechanics, what is the meaning of quantum mechanics?,
ingeneral "It is a branch of physics specified to studying

the motion of objects they come in tiny bundles or

quanta'’.

In fact, the involved quantities that studied by quantum
mechanics are probabilities rather than the asserting as it
isfound in classical mechanics.

For example, according to classical mechanics, the
Bohr radius of a hydrogen atom is equal to (0.0529nm).
While this value, according to quantum mechanics, is
represents by the most probable radius (probability).
From experiments, it was found that Bohr radius is
greater or less than this value, but the most probability
value that found equal to (0.0529 nm).

Then, the shape of the atom according to classica
mechanics, see figure (14) it differs from the shape of the

atom according to quantum mechanics. see figure (15).

It isimportant to explain here that classical mechanics
is only an approximate formulafor quantum mechanics.

But what quantity is concerned with studying quantum
mechanics? This quantity is called the wave function,
which you will now know about.
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V\%/ou know?

The Schrodinger equation is
the basic equation in quantum
mechanics, as the equation of
Newton's second law of motion
Is the basic equation in classical
mechanics in the form of physics.

=AY Orbit of electron
¢ -u”,.-v"f LN

Figure (14): Theshapeof theatom according
to classical mechanics

Probability of the presence of an
electron

Nucleus

Figure (15): the shape of the atom according
to quantum mechanics



Wave function:

It is known that periodically varying quantity in water
wavesisthe height of the water surface, in sound waves
1s its pressure, and in light waves is the electric field
and magnetic field, but what is the varying quantity in
the case of matter waves? Varying quantity from matter
wavesiscalled thewavefunction andisusually denoted
by the symbol (), read as (psi). Figure (16) illustrate an
example of wave function (y) change with the X-axis.
A wavefunctionisamathematical formula, asthevalue
of the associated wave function of a moving particle
in a certain position in space and for a certain time is
related to the probability of finding the particle in that
position and time. Since the probability density (i.e. the
probability per unit volume) is to find the particle that is
described by the wave function (y) in a specific position
space and at a specific time. It is directly proportional
to the value of |y|? at that particular position and time.
Figure (17) shows an example of the wave function ()
and the probability density |y|? of aparticle.

\yr

Figure (16)

|"i"i: ﬂ.illﬁn.dn'llﬁll'u ﬁl'.l f \ IIII '| II‘|'||I II.“" Il'. h
X

v N /
VAVAVAYE

Figure (17)

If the amount of |¥|? is great, probability of particle’s existence at same position and the
same time is great. In fact, |¥|? is small, probability of particle's existence at same position
and the sametime isweak. However, the value of || can not be zero at anywhere, that means

there is probability for particle’s existence at same position and same time. This is firstly

expalined by Bornin 1927.

m Heisenberg uncertainty principle

If you were to measure the position and speed of a @/ you know?

particle at any instant, you would always be faced
with experimental uncertainties in your measurements.
According to classical mechanics, it's possible, in
principle, to make such measurements with arbitrarily
small uncertainty. However thisis not possible. In 1927
Heisenberg introduced this notion, which is now known

as the uncertainty principle.
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There is another formula for the
uncertainty principle, which links
the uncertainty of particle energy

(AE) and the uncertainty of time

taken to measure the energy (At),
which is expressed in the relation:

h
AEAIZE



Which can be defined as "It isimpossible to measure instantaneoudy (at the same time) the exact

position and linear momentum of a particle". If the uncertainty in measuring the particle’s position

is (Ax) and the uncertainty in measuring the particle’'s momentum is (Ap), then the principle of

uncertainty is given by the following relation:

h
AXADZE

Since (h) represents Planck’s constant. In our studly, it is meant
by (Ax) is the uncertainty of position component in the x-axis
direction and (Ap) is the uncertainty of linear momentum
component in the x-axis direction.

As can be seen from uncertainty principle, the smaler vaue of
(Ax), the greater value of (Ap), and vice versa, that is, whenever
the value of (Ax) is large, vaue of (Ap) is smal. The higher
measuring accuracy of ether of these two quantities, the less
we know about the other quantity, see figure (18). Also the
uncertainty of (Ax) can be considered as the error in the position
of the particle and the uncertainty of (Ap) considered asthe error
in the linear momentum of the particle.

As you known, the momentum of a particle (p) is given by the
relation:

p=mv

since (M) is the mass of the particle and (V) is the speed of the
particle. The uncertainty momentum of a particle (Ap) is given
by the relation:

Ap=mAYV

since (Av) isthe uncertainty in the particle’s speed (or the error
in the particle’s speed).

S0 when we can get the lowest (minimum) uncertainty for either
oneof thetwo quantities (Ax) or (Ap) in the uncertainty principle
relaion?

The answer is that by Multiplying these two quantities which

h

equd to (H

)i.e

AxApz%
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LLI ncident photon &'

After collision (b ﬁ'

Scattered photon
w

Recoil electron

Figure (18) An
experiment to see an electron using

idea of an

a powerful optical microscope.
(@) The electron moves to the
right before the collision with the
photon. (b) A recoil of electron
(changes its momentum) is as a
result of the collison with the

photon.



It isworth noting that the uncertainty principle, which setslimitsfor the accuracy of measuring the
position and momentum of a particle in the same time, which are limits resulting from the devices
used or methods of measurement, these limits are basic limits imposed by nature, and there is no
way to overcome them. Finally we must show that it is because of the very small value of Planck’s
constant, this explains why we do not observe the uncertainty principle in our daily life and our

everyday observations, that is, in the macroscopic world.

If the uncertainty in momentum of aball is(2 x 10° kg%). Cdlculate uncertainty inits position,
Planck’scongtant is (6.63x 10*Js).

The solution:

From the relation:

h
AXADZE

h

AXZM—AD

By substituting in the previous relation, we obtain:

6.63x 10*
AXZ 4314 2 x 107

S AX > 2.639% 10%

The uncertainty in position of aball
Thisvaueisvery smal andinfact cannot bemeasured experimentaly.
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Example (6)

The speed of an eectron is measured (6 X 103%) If the error is (0.003%) from its origina
speed, find minimum uncertainty in the position of this electron. Knowing that the mass of the

electronisequa t0 (9.11x 10 k¢) and the Planck’s congtant isequal to (6.63x 10*J s).

The solution:

The minimum uncertainty is given by the relation:

AxAp=%

From the operative of the question, (Av) isequa to:

Av:%gx6x 10°

- Av=018T
By substitution Inrelation (2) we get:
Ap=9.11x 10" x 0.1

.. Ap=1.64x 10" kdg

By subgtitution In relation (1) we get:

Ax = 6.63x 10*
4x 3.14x 1.64x 16"

S AX=3.219x 10

The minimum uncertainty in the position of this electron.
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If the uncertainty of momentum of an electronis (3.5x 10* kg%). Cdculate uncertainty of its
position. Given that Planck’s constant isequal to (6.63x 10*Js).

The solution:

According to the following relation:

h
AXADZH

h

AXZm

By subgtitution in the aforementioned relation, we get:

6.63x 10*
AXZ 1 314% 3.5¢ 10°

s AX > 1.508% 10*'m
the uncertainty of electron position.
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6?

Choose the correct phrase for each of the following:
1. At high absolute temperature, the peak wavelength distribution for the radiation emitted

from the blackbody shifts towards:
a. The longest wavelength. b. The shortest wavelength.
c. The shortest frequency. d. None of them.

2. The phrase (In every mechanical system that there must be waves that associated
(accompanied) the motion of matter particles). Thisis an expression of:
a. The uncertainty principle of Heisenberg. b. Blanck’s suggestion.

c. Lenz'slaw. d. de Broglie hypothesis.

3. Photoelectric effect can be understood on the basis of:
a. Electromagnetic Theory. b. Light waves Interference.

c. Light waves diffraction. d. None of them.

4. One of the following phenomena is regarded as one of signs which confirms that the light

has a particle behavior:
a Diffraction. b. Photoelectric effect.

c. Polarization. d. Interference.

5.Suppose that the location of a particle is accurately measured, i.e (A x=0). Then the smallest

inaccuracy in this particle’'s momentum is given by:

a_h b. _h
4Ar 21
c. Infinity. d. Zero.

Since (h) is Planck's constant.

6.If de Broglie wavelength associated to a particle with mass (m) is (A), then the kinetic

energy for the particle equals:

2mhy A?

a ) b. )
A? 2mit
h h*

C. 5 d. Ty

(h) is Planck’s constant.
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7. When the intensity of the incident light is doubled with a certain effective frequency in a
certain surface metal, one of the following amounts will be doubled:
a. The maximum kinetic energy of the emitted photoelectrons. b. Stopping potential.

¢. Photon momentum. d. Saturation current

8. Probability density to find the particle in a certain point and moment is:
a. Directly proportional with || b. Inversely proportional with V).
c. Directly proportional with [P|. d. Inversely proportional with |\|.
[Where (W) represents the wave function for the particle].

9. If de Broglie wavelength associated with the electron mass (m) moving with the speed of
(v) equals (L). If the speed is reduced to (%), the associated de Broglie wavelength will be:

a. 4. b. 2A.
c. 4. d A.
4 2

10. The phrase (It is impossible to measure instantaneously (at the same time) the exact
position and linear momentum of a particle) is an expression for:
a. Faraday’s law. b. Wien's displacement law.

c. Stefan-Boltzman law. d. Heisenberg's uncertainty principle.

11. The associated waves for a particle’'s movement like an electron is:
a. Longitudinal mechanical waves. b. Transverse mechanical waves.
c. Electromagnetic waves. d. Matter waves.

OXIY» Why did many attempts failed in order to study and explain the electromagnetic

What Is meant by the blackbody and how we represent it practically?

spectrum emitted from the blackbody as awavelength function at a given temperature,

according to the laws of classical physics?

What is the Planck's proposal concerning the radiation and absorption energy with
respect to the blackbody?
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OL1» What is meant by each of the following:
Quantum mechanics, threshold frequency of metal, Work function for the metal.

What do the following refer to:
a. High value to |¥|? for aparticle in certain place and time.
b. Low value to |¥'|*for a particle in certain place and time.
[Where (V) the wave function for the particl].

0N Justify: Usually it is preferable to use photocell with its window from made of quartz
instead of glass in photoelectric effect experiments.

Does light behave like particles or as waves?
What is the modern view of the light nature?

0)[0) It isimpossible to observe the wave nature of moving ordinary particlesin our daily

life of the macroscopic world, such as a moving car, why?

OKED A light of energy equal to (5eV) fell on an aluminum metal. Photoelectrons light
were emitted. When the same light fall on the platinum metal, no photoelectrons are
emitted. Explain that if you are given that the work function for the aluminum metal is
(4.08eV) and the work function for the Platinum metal is (6.35eV).

0)7» What is the quantitaty that the quantum mechanics is interested in its studying and
what does it mean?

@)) Explain why we do not notice the uncertainty principlein our daily life and our normal

daily observations in the macroscopic world, for example, football feet moving?

O)E2) When the ultra-violet rays falls on the metal disk of the electroscope with negative
charge, we see that the two leaves not saperated first. And as these rays continue to fall
on the metal disk the leaveswill saperated thistime. Explain the reason for that, if you
know that the energy for ultra-violet rays which isfalls on the disc is greater than the

work function for the metal part of the disc.
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Problems of chapter 6

Hint:

Planck’s constant = 6.63x 10*Js
Electron Mass= 9.11x 10* kg

Electron charge= 1.6x 10°C

1(eV) = 1.6x 10

The speed of light in vacuum (c) = 3x 10°T

If you know that the wavelength corresponding to the peak emitted radiation by the
distant star is (480nm), what is the Temperature of its surface? Consider the star

radiates as a blackbody.

Assume that the Planck’s constant is now equals to (66 J.s). What will de Broglie
wavelength associated with a person has (80kg) mass and running with speed of
(1.1m/9)?

A photon wavelength (3nm). Calculate the amount of its momentum?

Light with wavelength of (300nm) fallson ametal surface. If the threshold wavelength
for thismetal is equal to (500nm). Find the stopping potential in order to stop emitted

photoel ectron with maximum kinetic energy?

The emitted photoel ectronsfrom ametal surface stopswhen increases the wavel ength
of light falling on it with (600nm). If the surface of the metal islightened by light with
wave length of (300nm). What is the maximum kinetic energy in the photoel ectrons
emit from the surface of the metal measured by the units joules (J) first and the units

of the electron — volts (eV) second?

Light of wavelength (10'm) falls on the surface of metal with work function

equal to (1.67x 10 .). Then photoelectrons emitted from the surface. Find:

a. The maximum speed for the photoel ectrons emitted from the surface of the metal.

b. De Broglie's wavelength associated to the photoel ectrons emitted with maximum
Speed.
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A light with frequency of (0.6 x 10°Hz) falsonthe surface of ametal. It isfound that
The stopping potential of the emitted photoel ectrons with maximum kinetic energy is
equal to (0.18 V). While another light fell on the surface of the same metal which has
(1.6 10°Hz) frequancy, it is found that the stopping potentia is equal to (4.324V).
Find the value of Planck’s constant.

Find the de Broglie'swavel ength associated with an el ectron that isaccel erated through
potential difference of (100V)?

An electron moves at the speed of (663m/s). Find:
a. De Broglie's wavelength associated to the electron
b. Minimum error in the electron position, if the error in its speed is (0.05% ) of its

original speed.

A proton with kineticenergy (1.6 x 10™ ). If theuncertainty initsmomentum is (5%)
of itsoriginal momentum, what is the minimum uncertainty in its position? Where the

mass of the proton is (1.67x 10*' kg).

Find the speed of an electron which enables the associated de Broglie's wavelength
equals the X- ray wavelength with frequency (3.25x 10Hz ).

Suppose the uncertainty in a particles position of mass (m) and its speed (v) is equa

to the de Broglie's wavelength associated to it. Prove that:
AV 1

v T Ar

Where (Av) is the uncertainty in the particle’s speed.
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CHAPTER Solid-State Electronics

7
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Behaviour al targets

After studying this chapter, the student should be ableto:

 Explain the concept of electronic orbits and energy levels.

» Mention the concept of the valence shell and valence electrons.
» Compare between conductors and semiconductors.
 Explain the concept of energy bandsin solids.

* Define the intrinsic semiconductors.

» Compare between the electron current and the hole current.
» Demonstrate extrinsic semiconductors (impurity).

* Mention PN-diode.

* Define the concept of biasing potential for a diode.

* list some types of the diode.

* Define the concept of the transistor.

* List some uses of the transistor.

* [llustrate the concept of integrated circuits.

Scientific Terms

Energy Levels aadall b glisa
Conductors Ol gall
Insulators J )l sl
Semiconductors gl sluil
Energy Bands EES PPN
Conduction Band Jra gl 4a 3
Valence Band FECH| PR
Forbidden Energy Gap 3 ) ghanal) 48U 3 ja8
Covalent Bond daaliall 3 paV!
Valence Electron A o g i<l
Donor Atom dailall 5,
Acceptor Atom alyal) 5l
Electron-Hole Pair 3gad -5 Sl = 530
Doping gl
Depletion Region <l iy dshic
pn diode Sl
Junction (slall) (384l
Forward Bias =LY Sl
Reverse Bias Sall jhasy)
rectifier p saall
Light-Emitting Diode s puall e ll) ALY
The Photodiode (gl AUl
Transistor s 33yl
Integrated circuits Alaiall ) gal)
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“ I ntroduction

Electronics are used in all fields of science years ago, and
it has been developing growing so fast. Many electronic
devices are made like radio, Television, loud speakers, electric
power supplies, electronic detectors, electric signal devices,
electronic voltmeter, cathode —ray oscilloscopes, broadcasting
and receiving devices, Radar and so many electronic devices
used in medicine , engineering, astronomy, chemistry, biology

and remote sensing devices.

All of these devices depend on crystal diodes, transistors and

integrated circuits to operate. See figure (1). ' o
Figure (1)

m Electronic orbitsand energy levels

You might ask? What shells whose electrons participates in chemical reactions and

determines electrical properties of matter?
The electron which revolve in the outer shells farthest from the

Energy
nucleus has greater energy, and bound to nucleus with minimum t_._,_

h’“&_
attractive force (the nucleus is positive charge and electrons are \u\
negative) compared to electrons in the inner shells close to the

nucleus. _“a\

Electrons with higher energy occupy the outer shells far from G ,};. T

the nucleus of that atom. The outer shell is called Valence shell, | =" /
Nucleus Orbit (1)

see figure (2). Electron in this shell is called valence electron. Orbit (2)

This means that valence electrons are the ones that participate in Fi
igure (2)

chemical reactions and determine el ectronic properties of matter.

Remember:

e The secondary outer shell that is far from the nuclens is called the valence shell, and the
electrous that occupy this shell are called the valence electrons.

® Valence electrons have more energy and are very weakly bound with the nucleus of their
atom compared to the electrons closest to the nucleus.

e Valence electrons participate in chemical reaction that determine the electronic properties
of matter.
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To illustrate the process of releasing an electron from an atom and it from attraction
force of the nucleus. See figure (3), which shows a one-dimensional diagram of energy
levels in hydrogen atom. The vertical axis (y) represents energy (E) measured in (eV)

on negative scale compared to zero level (E=0) B Zero level energy (E=0)
nergy e
which is the highest level of atom energy, because t :E'_
i Allowed
the electron is bind to the nucleus by attractive T energy
= e levels
force. -
.!:r_ &
Thelowest amount of energy that an electron can rrnas first
Pus
: : : - energy
have in hydrogen atom is (-13.6eV), this means :1;__ gap
| ==
when this electron gains (+13.6eV) energy, it G oy ..
T-;__' The lowest possible energy for
escape from the hydrogen atom (at the ground e an dectron of hydrogen atom
(-13.6)
state). This applies only to single atom.

Figure (3) [For reference only (not required)]

“ Conductors, insulators and semiconductors

What are the characteristics of conductors, insulators and semiconductors materials?

A conductor is a material that allows flow of electric current through it, electric charges
move freely in conductors like (copper, silver, gold and aluminum). Conductors have one
valence electron very weakly bound to the nucleus. These electrons are easily escape from the
nucleus and becomes free moving (free electrons). Therefore, conductors have plenty of free
electrons, an electronic current arises through the conductor by placing appropriate potential
difference on its sides due to the movement of these electrons in one direction. Specific
resistance of conductors is about (108-10°Qm).

Insulators is a material that do not allow electric current to flow through it in normal
conditions. Valence electrons of insulators are strongly bound to the nucleus. Specific
resistance of insulators is about (10'°-10'°Qm).

Asfor semiconductors material, that electric charges move less freely than conductors. The
specific electrical resistance of semiconductors ranges between that of the specific resistance

of conductors and insulators in electric conductivity, which is around (10-°-102Qm).
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“ Energy bandsin solid materials

If electrons of a single atom revolve around the nucleus in specific orbits, each orbit has a

specific energy level, then, how energy levels would be in solid materials, which are made of

massive numbers of atoms?

Looking closely at figure (4), which illustrates
effect of overlapping energy levelsin conductors.
Electrons of any atom are affected by electrons
of neighboring atom in same material. As aresult
of this interaction between neighboring atoms in
the same material, the energy levels are divided to
allowed external secondary shells, which are very
close to each other in form of bands. Each band
has secondary energy levelsthat are very closeto

cach other, forming what are called Energy bands.

o

Figure (4) The energy bands [For reference only
(not required)]

There are two types of energy bands, which

determine electronic properties of the material: See | - =
= —t, Eénp:_y
figure (5). = [ ~pa-
e First band, called Valence Band It contains low -
Wide
allowed energy levels, partially or completely full 4| forbidden
gy partially pletely s
of electrons and cannot be empty. Its electrons
L L & Fp
are called valence electrons, they cannot move | ® '.". - F“g;j'ﬁ;ce
among neighboring atoms because they are so e T electrons
close to the nucleus and bound to the nucleus Figure (5) Energy bands

with relatively large forces.

e Second band called Conduction band, it contains high allowed energy levels, higher than

allowed energy levels of valence band. Its electrons are called conduction electrons, these

conduction electrons can move freely to participate in electric conduction.

207



e Forbidden energy gap This gap neither has allowed energy levels (nor it allowed electrons
to occupied it). Each electron must gain energy form outer source in order to move from
valence band to conduction band through forbidden energy gap. This outer energy source
(thermal, light or effect of an electric field), this amount must be not less than the amount
of forbidden energy gap.

You might ask, What are the characteristics of energy bands in insulators, conductors and

semiconductors?

To answer this question, see figure (6) which shows typical diagram of energy bands in

insulators, conductors and semiconductors, see figure (6):

a. Energy bands in Conductors (metals for example):

1. Valence bands overlap with conduction bands.

2. No forbidden energy gap between valence bands and conduction bands.

Consequently, valence electrons are | E"®'% Energy Energy

'

free to move through conductors, ' 1
thus, these metals have high electrical

s ‘Conducion band

conductivity.

3. Electrical conductivity of metal Enerly o Condction hardt
decreases when their temperature
) ) ] ) Energy gap
increases due to increase in their gy .
electrical resistance (due to increase _— e
time rate of vibrational energy of , \
9 “ Insulator " Semiconductor© Conductors
atoms and molecules).
Figure (6)

b. Energy bandsin insulators: see figure (6).
1. Valence band isfull of valence electrons.
2. Conduction band is empty of electrons.
3. Forbidden energy gap isrelatively wide.

It appears that the insulator has no electrical conductivity because the forbidden energy gap
in the insulator is relatively wide (around 5eV) or more, electrons in valence band cannot
pass forbidden energy gap and move to conduction band when the supplied energy is less
than forbidden energy gap. As a result, valence band remains full of valence electrons while
conduction band is empty.

It is worth noting that placing a huge electric field or heat onto the insulator might lead to

collapse of the insulator and flow of a very little current through insulator.
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c. Energy bands in semiconductors: see figure (6).

At very low temperature (at zero Kelvin 0k), and absence of light, intrinsic semiconductors
behave like insulators, therefore, at these conditions:

1. Valence band are full of valence electrons.

2. Conduction band is empty of electrons.

3. Forbidden energy gap is narrow relative to insulators.

m Intrinsic semiconductors

Germanium (Ge) and Silicon (Si) are the most commonly used =
semiconductorsin electronics applications. Each atom contains - @ -
four valence electrons, therefore each silicon atom (Si) bind by T
o~ - -

four valence electrons with four neighboring silicon atoms, see

figure (7).Thus, we have eight valence electrons, each pair of + @ -
which constitute covalent bond between each two neighboring =
atoms in silicon crystal. This makes the crystal chemically Figure (7)
balanced.
. o Energy
Figure (8) shows energy bands of intrinsic silicon
atoms at zero Kelvin (OK). S
Forbidden energy gap

How can make intrinsic semiconductor (like

Valnoow haml

silicon) have electric conductivity by thermal

effect?

To answer this question, when the temperature

of the intrinsic semiconductor increases to room
temperature (300K), wvalence electrons gain Secteas ﬁ

sufficient energy to break some of covalent bonds _
Figure (8) Energy bands of

from the source of (thermal energy) that enables intrinsic silicon at zero Kelvin.

them to move from valence -
Energy A free electron

r O /
/5

band to conduction band

Conduction

through forbidden energy gap. | b

e

Then these electrons are freein Forbidden energy gap

¥

: o 0
movement through conduction | “asne R @ 0T o

band. See figure (9). Electron-hole pair % _’,/

ABJous rweyL
ABJous wey L

AbRAARRR Rk

Figure (9)
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When these electrons move from valence to conduction band, each moving electron leaves
behind an empty space in valence band, this spot is called (hole) which acts as a positive
charge. At this point, free electrons generated in conduction band and equal numbers of holes
in valence band, and with this process is generated the so-called electron-hole pair.

With continuation of thermal, more electron-hole pair is generated. Thus, time rate for
generating the electron-hole pair increases when the intrinsic semiconductor temperature
increases. As the number of free electrons moving from vaence band to conduction band
increase the number of positive holes increases. What that means?

It mean, there is a decrease in specific resistance of semiconductor when its temperature

iNncreases.

Time rate of generating (electron-hole) pairsin intrinsic semiconductor depends on:

1. Temperature of semiconductor. 2. Type of semiconductor material.

The forbidden energy gap decreases in intrinsic silicon when temperature increases above
zero Kelvin to room temperature (300K), the amount will be (1.1eV for intrinsic silicon) and
(0.72 eV for intrinsic Germanium).

It is worth noting that, at room temperature (300K), for the intrinsic semiconductor: the
concentration of positive holes generated in valence band is equal to free electrons in
conduction bond.

Electrons-holes current:

Figure (10) shows effect of imposing an electric field on the sides of intrinsic semiconductor
crystal like silicon at room temperature (300K). Look at the figure (10) and answer the
following:

* Does the electric current flow through the intrinsic semiconductor (S1)?

e Ifyes, then what is the type of this current?

Energy
When an electric field is imposed on the sides | £
e A SEEGIT R .
of intrinsic silicon crystal at room temperature, Conduction

: . Electron conduction band
free electrons are attracted easily to the positive

side. As a result of free eectron movement

in the intrinsic semiconductor material it Energy gap

creates a current is caled electron current.

Another current is created in valence band, it jace=bad

: — . @ Q@ @ 9 @
is caled holes current, the direction of positive S

. . . . . Electric field [
holes inside the crystal is toward the direction ..._t_.._E
of the electric field while the electrons move in Figure (10)
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the opposite direction of the electric field applied,

Holes direction of Electrons direction of
this means that holes move in the opposite direction i Rl 7 /
of the electrons. See figure (11). “-.)__,j ﬁjj "*-..}:j"-..}ﬁ

The total current flowing through the intrinsic o e \ | ° |
semiconductor is the sum of electrons currents and N " ~ — “"*~-+ =*"u' -

holes current. Both electrons and holes are called Figure (11)

Charge carriers.

You may wonder, what determines occupancy of electrons at a given level of allowed energy
of their electrons?

Occupying €electrons at an allowed energy level is compared to a particular level called
Fermi Level. Fermi level is the highest allowed energy level that an electron can occupy at
absolute zero (OK).

In conductors, at zero Kelvin, Fermi level is lies above the region which full of electrons in
conduction band. The energy level occupied by these electronsis below Fermi level.

As for intrinsic semiconductors, Fermi level lies ' = ~_ Energy levels
# — empty from
in the middle of the forbidden energy gap between ||rermi | - =} clectons
level at
conduction band and valence band, see figure (12). || absolute h\}
g | B,
When the intrinsic semiconductor is doped
l""'.E_n;rgy levels
with impurities, Fermi level shifts either above s—as—as—a filldvih
—88—88—% Jcctons
* s e @

or below, and this shift depends on the type of

impurity added (we will deal with that later). f;f‘ll;f e(r .1 ﬁ; Sg‘;;ﬁfgntgjgt’;’:;ﬁ"“ of fermi level

“ Extrinsic semiconductors

If the thermal effect on semiconductors increases electrical conductivity, why resort to doping

with trivalent or pentavalent?

To answer this question, controlling electrical conductivity of the intrinsic semiconductor
is not possible by thermal effect method, therefore, it requires a better way to control its
electrical conductivity by adding atoms of pentavalent or trivalent elements called impurities.
Impurities are added carefully and accurately (with rate of one to 108 approximately) at room
temperature and at very low ratesin an intrinsic semiconductor crystal. Thisprocessis called
doping.

Doping can control electrical conductivity of semiconductors and increase it significantly due
to increase in charge carriers (electrons and holes) in the crystal compared to thermal effect.
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(N-type) Semiconductor:

To get an N-type semiconductor crystal, an intrinsic
semiconductor crystal (silicon or Germanium) should
be doped by a pentavalent atom (Antimony Sb for
example). It should be carefully and controllably
doped at room temperature.

Consequently, each atom an impurity displaces a
silicon atom from the crystalline structure and binds
with four neighboring silicon atoms. This binding
process is done by four valence electrons out of the
five electrons of the impurity, as for the fifth valence

electron, it is left free in the crystalline structure. See
figure (13).

& Free valance €electron
of antimony atom

Lt s
-o@e
=

Figure (13) N - type semiconductor crystal.

L]

Free electrons participate in the electrical conductivity process of the doped semiconductor,

this type of pentavalent impurity is called Donor atom. It becomes a positive ion that binds
strongly with the crystalline structure. It is not acharge carrier because it does not participate

in the electrical conductivity of the doped semiconductor.

These donor atoms increase concentration of
free electrons in conduction band, and decrease
concentration of positive holes in valence bond
(originally generated by thermal effect). Therefore,
donor atoms add a new energy level called donor
level, which lies within forbidden energy gap and
exactly below conduction band. See figure (14).

Donor level is occupied by electrons released by
donor atoms and gives its electrons to conduction
band.

High concentration

Energy #. of electrons
(ev) B __ i
sensnifse

= STICSTE T

Fermi level La Lok s ol
"h‘.u. PR, =

Conduction
band
i

Donor level _F_‘j"'"""""'"""“""'" Forbidden

L ow concentration

of holes
a8 B &

energy
gap

Valence
“#— bonds

(N-type) Semiconductor

As a result, Fermi level rises and becomes close to
conduction band.

* |t isworth noting that el ectronsrel eased by pentaval ent impuritiesleave no holesin valence

band when move to conduction bond,(as in thermal effect). Therefore, the concentration of

Figure (14)

electrons in conduction band is larger than concentration of holes is valence bond. Thus,

electrons are called Majority Carriers, because they are generated from doping and thermal

effect processes. As for positive holes, they are called Minority carriers because they are

generated by thermal effect.

In conclusion, we get a (N-type) semiconductor crystal.
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But, why a semiconductor crystal after doped by pentavalent impurities, is called N-type
semiconductor? Or a negative crystal? Isthis crystal charge negative?

They are called (N-type) because Majority Carriers of the charge are the electrons, while the
minority carriers are the positive holes.

It is worth noting that net total charge of (N-type) crystal is zero, i.e. electrically neutral,

because it has an equal number of negative charges to that of the positive charges.

(P-type) Semiconductor

To get a (P-type) semiconductor crystal, it requires doping (carefully and controllably) of
an intrinsic semiconductor (silicon or germanium) with trivalent impurities (like Boron B)
atoms at room temperature. Therefore, each impurity atom displaces a silicon atom of the
crystalline structure and bind with three neighboring silicon atoms.

But, the trivalent impurity leaves a covalent bond
lacking one electron, see figure (15). Therefore,

a hole is generated in the silicon crystal, which A hole from

B boron atom

is doped by trivalent impurity and each atom of

trivalent impurity accepts an electron from the
valance electrons to bind four covalent bond
with four silicon atom and for this reson trivalent 7 e
impurity called Acceptor atom, like trivalent 1 o )
LY
Mg’

impurity (Boron, aluminum and Indium).

In doping silicon with trivalent impurities (like Figure (13) P - type semiconductor crysta

Boron), the impurity becomes a negative ion, after

accepting one electron from the silicon atom in Low
concentration
the crystalline structure, it will be negative ion. F'-I:HJT of electrgns
; ; ; ; sty Conduction
The negative ion is not a charge carrier because  band
it binds with the crystalline structure strongly by L
Forbidden
(covalent bonds). It does not participatein electrical Acceptor level energy
gap
conductivity of the doped semiconductor. Fermi level \h—
-_.".. .................
These acceptor atoms add a new energy level Hfigmoncentration| SR \/ol ence
of holes - bond
called Acceptor level, which lies within the —
forbidden energy gap and directly above valence (P-type) Semiconductor

band, therefore, Fermi level drops and becomes Figure (16)

close to valence band. See figure (16).
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It is worth noting that the trivalent impurity causes a hole in valence band when accepts
one electron of valence electrons, (no transfer of extra electrons into conduction band as in
thermal effect). As aresult, holes will be concentrated in valence band more than concentration
of electrons in conduction band, so, the holes in valence band are called majority carriers
while electrons in conduction band are called Minority carriers. Hence, we have (P-type)

semiconductor crystal.

But, why a semiconductor crystal after doped by trivalent impurities (like Boron), is called
(P-type)? or the positive crystal? is this crystal charge positive?
They are called (P-type) because Majority Carriers of the charge are the positive holes in

valence band, while the minority carriers of the charge are the electrons in conduction band.

The total charge of (P-type) crystal is zero,
Remember:

1.e. electrically neutral, because it has an equal

Theenergy gap of intrinsic semiconductor:

number of negative charges (free electrons in ,
e At zero absolute degree is (1.2¢V) for

conduction band and negative ions of trivalent silicon and (0.78eV)) for germanium.

impurities) equals to positive charges (holes in ' ¢ At the laboratory temperature of (300K)
valence band). (1.1eV) for silicon and (0.72eV) for

germanium.
Ea PN diode

In electrical and electronic circuits, we need a means

to control direction of the current or to change or to

improve output signals shape, thus, the (PN diode) |
crystal is used. Figure (17) shows different types of
crystallinediodesusein electronicsdevices. Thecrystal
(PN- diode) is obtained by doping a semiconductor
crystal (silicon or germanium) with two types of

impurities, one is trivalent (like boron), so we get

a semiconductor region of the (P-type), the other is

pentavalent (antimony). Figure (17)
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So we get a semiconductor region of (N-type), the
connection region is coated with ametal material SO | e P-tYPe N-Type 01
that conductive wires can be connected to the (PN) H Zis -mF
crystal diode and the external circuit, see figure (18). == " \}‘q:::: —
The surface that separates the two regions is called lf 2 i
junction. Holss Junction Electrons
We know that the majority charge carriers in the Figure (18) PN-diode crystalline

(N-type) material are electrons, and the minority

charge carriers in the (N-type) material are the Depletion region

positive holes.

By observing figure (19), we find that the free
electronsin (N) region closethe (PN) junction spread
(osmosis) to (PN) region, generating positive ions in
(N) region, holes move from (P) regionto (N) region

* PoR o J & TEgon

through the junction, generating negative ions in (P)

| Potentia

region. Then, electrons combine with holes near the —1 bamer'|~—

junction. Figure (19)

This process causes a thin region on the two sides of the junction containing positive ions in
(N) region and negative ionsin (P) region, and is devoid of charge carriers, this region is called
Depletion region.

Electrons spread through the (PN) junction stops when there is an equilibrium state.

What is the explanation for this?

The continous electrons spread through (PN) junction generate more positive ions and
negative ions on both sides of the (PN) junction at depletion region. This creates an electric
field (represented by red arrows) in figure (19), the electric potential difference resulting from
this filed prevents additional electrons from passing the (PN) junction, so, electrons stop
spreading process, this is called potential barrier.

The potential barrier in the (PN-diode) depends on the type of semiconductor, rate of doped
impurities, and temperature of the material.

Potential barrier in (PN-diode) at room temperature (300K) is (0.7V) for silicon, and (0.3V)
for germanium.

“ Biasing potential for PN-diode

Weknow that spread of electronsthrough the (PN) junction stopswhen thereisan equilibrium

state. Thisrequiresacertain electrical potential difference called Biasing potential. To provide
practical conditions for the electronic device used, there are two ways of (PN)junction bias:

forward bias method and reverse bias method.
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a. Forward bias method:

Theend of (PN-diode) is connected to the two terminals
of a battery (conductive wires and a resistance R) to
determine the amount current flow through the diode
and to avoid diode damage, see figure (20) and (21).
The positive terminal of the battery is connected to (P)
region of the diode, the negative terminal of the battery
is connected to (N) region of the diode, the potential
difference on the ends of diode should be greater than
that on the (PN) junction.

What happensto the (PN) diode when in forward bias?

Free electrons in (N) region (majority carrier of the
charge in N region), repulse with the negative terminal of
the battery heading toward the junction, gaining enough
energy from the battery to pass the electric potential
barrier and cross the (PN) junction to (P) region. At the
same time, holes in (P) region (majority carriers of the
charge in P region) repulse with the positive terminal of
the battery toward the junction, gaining enough energy to
pass the potential barrier and cross the (PN) junction to
(N) region. Thus, depletion region narrows and potential
barrier on (PN) junction decreases, see figure (22),
because the direction of the electric field on the diode is
opposite to direction of the electric field on the potential
barrier and even greater than it. The (PN) junction
resistance decrease and huge current flows through it,

this current is called Forward Current.

b. Rever se bias method:

The end of (PN-diode) are connected to the two
terminals of a battery (through conductive wires and
a resistance R) see figure (23) and (24). The negative
terminal of the battery is connected to (P) region of
the diode and the positive termina of the battery is
connected to (N) region of the diode. What happens to
the (PN-diode) when reversely biased?

Free electrons in (N) region are attracted to the
positive terminal of the battery moving away
from the (PN) junction and at the same time,
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current
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P Depletion regionp

Figure (22)

Reverse bias method

_#

Negative polarity 1
avery small reverse
current

Figure (23)
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Figure (24) Reverse bias




holes in (P) region are attracted to the

negativeterminal of the battery moving away

p  Depletion region N

from (PN) junction, see figure (25).
Thus, depletion region increases as well as the

potential barrier on (PN) junction, because the

direction of the applied electric field on the

diode is toward the direction of the electric field Figure (25)
on the (PN) junction, hence, the resistance of
the diode increases. For this reason, a very small .

current flows (can be neglected) through the "’.H“‘“H
P-typecrystal @~ M N-typecrystal

(PN-diode), this current is called Reverse

Current. The (PN-diode) is expressed in figure Figure (26)

(26)

Figure (27) illustrates a diagram of an electric circuit with (PN-diode) connected in two
methods.

Figure (27-a) illustrates a diagram of an - + -

_+,.i_ H

electric circuit with (PN-diode) connected in T HE ik

forward bias method (notice the flow of an P 3"‘ i é

electric carrent in the circut). ¥ Vaias Matiag
G j|+

Figure (27-b) illustrates a diagram of an -_"“ — |

electric circuit with (PN-diode) connected @y by

in reverse bias method (notice there is no

Figure (27)

electric current flow in the circut).

Change in the amount of current flow in
the crystal diode with voltage of the diodein
forward and reverse bias can be represented

coordinately. When voltage is increased in

forward bias the amount of forward current

increases, see figure (28). If polarity of

applied voltage is reversed (reverse bias

voltage), the flowing current through the

crystal diode is almost zero. Figure (28) [For reference only (not required)]
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W/OU know?

Depletion region (between Pregion and N region) in the crystalline (PN-diode) isconsidered
adielectric between the ends of a capacitor.

e When the crystalline (PN-diode) is connected in forward bias method, depletion region narrows,

the thickness of dielectric will be thin and thus increases
in the amount of capacitance of the capacitor between the
two region due to decrease in distance between the plates

according to the relation: A
—c 0 H

The capacitive reactance decreases and thus potential
difference on the sides of the junction also decreases. This
can be observed when connected a voltmeter between the

ends of a diode, the voltmeter indicates a small potential
difference on the ends of the forward biased diode. See
figure on the right.

e Whenthecrystalline (PN-diode) isconnectedinreversebias

WULLIEHTH
S Vy W

method, depletion region widens, the dielectric becomes
thicker, and this decreases in amount of capacitance of
capacitor between the two regions.

The capacitive reactance increases and, also the potential
difference on the sides of the junction increases. This can

also be observed by connecting a voltmeter to the diode, == "=n+ L

the voltmeter indicates a huge potential difference on the

ends of the reversely biased diode. See figure on the right.

ﬂ Some types of diodes

We have aready known that the energy source needed to generate (electron-hole) pairsin
semiconductors is thermal energy, mostly provided through room temperature. However, is
it possible use light energy or electromagnetic radiation for the same purposes? can light
control electric conductivity of semiconductors and (PN-diode)?

Light energy (photon energy) falling on the (PN-diode) can be converted into electrical
energy. Diodes which used for this purposes are of two types, the first is photosensitive diode
and the second photovoltaic diode (solar cell).

218



e Photosensitive diode:

This diode is connected in reverse bias method before exposed the light on it. See figure

(29), so the current will be very weak and neglected (which is the electrons and holes current

generated by thermal effect), this means that current in the diode circuit is zero when there is

no light effect in the diode.

This diode converts light energy into
electrical energy. When the (PN-diode)
is exposed to light, see figure (30).

New charge carriers are generated
depending on the intensity of incident
light. It has been practically proven
that amount of current in the
photosensitive diode circuit is directly
proportional with the intensity of
incident light.

This type of diodes is used in light

detectors and light intensity meter.

e Photovoltaic diode or solar cell

Laght ©OFF

N

Llgglen CH

e
Figure (29) The  Figure (3().).The _
photosensitive (PN) diode photosensitive (PN) diode

before the light is incident
onit.

The current is not flow in its
circuit, notice the ammeter
(The current is zero).

when the light isincident on

it.

The current is flow in its
circuit, notice the ammeter
(indicating the current flow)

This diode converts light energy into electric energy. It symbolized as in the figure (31).

This diode is connected in reverse bias method before exposed light

on the PN-junction region. The photon, which has energy equal to or
greater than (1.1eV), can generate electron-hole pair in silicon and the
photon which has energy equal to or greater than (0.72eV) can generate
electron-hole pair in germanium. This diode generates electromotive

force between its ends when exposed to incident light, it amounts is

(0.5V) in silicon and (0.1V) in germanium.

=
2

Photodiode

Figure (31) Symbol
of PN-diode solar
cell

This diode is used artificial satellites as a power source, these cells

can be connected in series combination to increase potential, while

connected in parallel combination to increase power.
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e Light Emitting Diode (LED)

This diode converts electrical energy into light Holes current
energy; it is connected in forward bias method, [_- Rﬁiﬁce
see figure (32). When an external electric potential sl
difference is applied between its two ends, a current ‘ -
flows in its circuit because of recombination between | Light Light
electrons and holes, energy is released when electrons . ]
fall in the holes; this energy is manifested as heat |
in the crystalline structure. If the diode was made Electrons current
of gallium arsenide (GaAs), energy will be released Figure (32)

when electrons fall in the holes as light energy.
These diodes emit light in different colors (red, yellow and green) according to the material it is

made of. There are other diodes, which emit infrared ray.

Intensity of light from light emitting diode increases when the amount of
flowing forward current of the crystalline diode in its circuit increases. Light
emitting diodesare used in digital calculators and clocksto show the numbers
clearly. Digital screensusethe concept of diodesin theform of seven segment.

The illuminated number can be shown from (0-9) by distributing the electric

current on the designated diode, see figure (33). Figure (33)

e Current rectifier diode:
This diode rectifies the alternating current into rectifier current in one direction, when the diode
is connected to an dternating voltage source; one-haf of the waves (the positive polarity) makes

it in forward bias, allowing the current to pass through the circuit. See figure (34).

PN Diode

input alternating current

. & T

| e s

aal
Output rectified current with
haf wave

Figure (34)
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For the other half —wave, it makes the diode bias in reverse, then, it does not allow current flow

inthecircuit.

We conclude that this diode converts the alternate current into a rectified half~-wave current.

" you know?
You can get a rectified full- L) ' ' A
. el o _;&" ".r'
wave current by using more %ﬂ g”@ ‘ e
(PN- diodes), see adjacent SRE G e 5 i
ﬁgure' I-'r. - x"..l'l-r - .-'l.\,-'r.l--x'l"'l"r. -1-'.?". ..-'.'.I. . 'l.ll- ..-'.-. 3 _.-'-. -' 1‘.‘.". % L '
It is a device consisting of three regions made of a -
] =
semiconductor (silicon or germanium) separated by j.'c '\

two junctions. The three regions are symbolized by:

Emitter (E), Base (B), and Collector (C) .the emitter

is doped with a high rate of impurities, the base is T‘I |
E

doped with a low rate of impurities, as for the collector

b
. . . . .. Three crystals of -
regions, it has medium amount of impurities. There are thetransistor PNP Transistor
symbol

two types of transistors, the first type PNP- transistor
yp ’ yP ’ Figure (35)

see figure (35), the second i1s NPN-transistor, see figure

(36).

Since the emitter supplies the charge carriers, thus, it

isalwaysin forward bias.

While the collector attracts these carriers through the

base, thus, it is always in reverse biased. Three crystals of NPN Transistor
the transistor symbol
Figure (36)
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PNP-transistor

It consists of two region of a semiconductor type (P), one is the emitter,
the other is the collector, separated by a relatively thin region of (N—type)
called the base, and the three region are the poles of the transistor, see
figure (37).

Do you want to know type of charge carriers, which perform the electrical
conduction in the (PNP) transistor? What isthe rel ation between emitting
current and collector current?

The answer is, the holes move from the emitter to the collector through

the (PNP) transistor (they are mgority carriers).

NPN-Transistor

It consists of two region (N-type) semiconductor, one is called the
emitter and the other is called the collector, separated by a relatively thin
region of (P-type) called the base, the three regions are the poles of the

transistor, see figure (38).

Do you want to know type of charge carriers, which perform the
electrical conduction in the (NPN) transistor?

What is the relation between emitting current and collector current?

The answer is, the electrons are move from the emitter to the collector

through the (NPN) transistor (they are majority carriers).

Remember:

PNP-Transistor

c
E :
E
c
P
B N
P
E

Figure (37)

NPN-Transistor

: C
H
E
C
N
L P
N
E

Figure (38)

e The collector current (1 ) isalwayslessthan the emitter current (1) asmuch asbase current

(I;), because of the recombination at the base region between the holes and electrons.

Thus (I=1.- 1)

® Base current is very small compared to emitter current (I_), because the base region is thin

and has less percentage by impurity doping.

e Ifthe base current (I,) for example equals (1%) of the emitter current (I_), then the collector

current (I ) is about (99%) of the emitter current.
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V\%/ou know?

PNP transistor can represent
connecting two (PN-diodes) in
reverse directions, as well as the
case of NPN transistor, as in the

adjacent figure.

[]

Collector
P

Base

=

I NPN transistor |

A NPN transistor Isrepresent by
two PN junctions diodesin rever sed

connection

p
+
N -
Base
P
Emitter e

A PNPtransistor isrepresent by
two PN junctionsdiodesin rever sed
connection

Using the transistor as an amplifier

The basic function of the transistor is amplifying the siguals entering, these amplifiers are:

Common base (grounded base) — PNP amplifier, common-emitter pnp amplifier. Choosing

type and shape of transistor for a particular application depend on input impedance and output

Impedance.

Common —base pnp-amplifier (grounded base):

Amplification in a transistor depends on low-power input circuit control over the high-energy

output circuit.

Figure (39) represents a diagram of an amplifier circuit using common-base PNP-transistor

(grounded base), we find that the (emitter base) junction is in forward bias, while (base-

collector) junction isin reverse bias.

o
1

T ) i

|
4

A

I

s 3
Theinput signal of the Amplifier circuit using common base
emitter circuit PNP trasister (grounded base)

The output signal form the
collector circuit is amplified
in the same phase with the
input signal in the emitter
circuit (phase differnt
between them=zero).

Figure (39) Common-base PNP amplifier [For reference only (not required)]
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It is characterized by:

® |nput circuit (emitter-base circuit) with a small impedance (because the emitter —base
junction is in forward bias), and an output circuit (collector base circuit) with avery large
Impedance (because collector-base junction isin reverse bias).

e Bias Voltage a very small input circuit, while output circuit bias voltage is high. Thus

voltage gain isvery high:

output voltagé Vi)
input voltageé \,)

Voltagegain(Ay) =

e Current gain isless than integer one.
Current gain is the ratio of output current (collector circuit current | ) to input current
(emitter current | ):

Currentgain(a) = :—Z
e Power gain:

P

Powe gain(G) = 5=

Powe gain( G) = Currentgain(« ) x Voltagegain(Av)

e The output signal has the same phase of the input signal. What is the explanation for this?

The reason for thisis that collector current changes in the direction of the emitter current

itself.

Common-emitter (ground emitter) PNP amplifier:

i

X Y= q
Tl
-
The input signal of the] Amplifier circuit using common emitter The output signal form
emitter circuit (grounded emitter) PNP tranister the collector circuit s

amplified and  opposite
phase of the input signa of
the emitter circuit (phasg
differnt between them=180°)

Figure (40) Common-emitter PNP amplifier [For reference only (not required)]

224




From the abservation figure (40), which shows a diagram of an amplifier circuit using the
Common- emitter pnp transistor (grounded emitter), we find:

The base has negative potential relative to the emitter, while the collector has a negative
potential relative to both emitter and base. When an alternating signal voltage between the
two ends of input circuit, it will change potential of the base. It is found that any small
change in base potential will significantly change (collector-base) current circuit. Since this
current flows through a load of high resistance (R)), it generates a high potential difference
through the load resistance, which represents the potential difference of the output signal.

The figure (40) also shows that output signal from the collector circuit is out of phase with
the input signal in the emitter signal (phase difference=180°). What is the explanation for
this?

The answer is:

The positive half of the input voltage signal decreases forward bias voltage of (emitter-
base) junction, thus, the flowing current in the (collector-base) circuit decreases, which
flows in the load (R ). Consequently, the potential difference decreases through the load,
this makes the output signal negative. As for the negative half of the input signal, it causes
increase in forward bias voltage of the (emitter-base) junction, which renders the signal
potential positive.

Common-emitter (grounded emitter) PNP-amplifier circuit is characterized by:

e The current gain is the high output current (collector circuit current | ) is greater than the

input current (base current 1), because:

Current gain Is the ratio of output current (collector current circuit [ ) to input current
(base current 1,)).

Currentgain(a ) = :—;
e Voltage gain (A,) is high (output voltage is greater than input voltage).

_ output voltagé V.
~ input voltagé \,)

Voltagegain(Ay )

e Power gain (G) isvery high (power gain equals voltage gain (A,)) X current gain (& ).
Powe gain( G) = Currentgain(« ) x Voltagegain(Av)

Powe gain( G) = IF;_’“‘

® The output signal is out of phase with input signal phase diffrence (180°), the reason is

that collector current changesin reverse direction to that of the base current.
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In a common-base (grounded-base) amplifier transistor circuit, if the emitter current is
(I:=3mA), collector current (I_=2.94mA), input resistance (R, =500Q) and output resistance
(R,,=400KQ), then calculate:

1. Current gain (&) 2. Voltage gain (A,)
lc _ 2.94x 10 A .
a= —E == 3% 10 - 0.98 Current gain

Vin=1eR, =(3%x10°A)(500Q) = 1.5V
Vou=1Rou=(2.94x 1G A( 400000)
Vou=1176V

Vau _ 1176V .
Av =~ =BV =784 voltage gain

In a common-base (grounded-base) amplifier transistor circuit, if power gain is (G = 768),

voltage gainis (A, =784) and emitter current (| = 3 x 10° A), find base current (I;).

The solution:

powergain(G) = a x Ay

768=a X 784

g =168 _
.a=420=0098

P
d—lE

|

098= 35 10°A

2. 1.=2.94x 10° A Caollector current

g =1le-1¢

=3x10°A-2.94%x 10° A
ls =0.06x 10° A  Basecurrent
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m Integrated circuits

It is a small device used to control electric signals in many electronic devices like computer,

televisions, cell phone, some parts of cars, CD’s, and spaceships. See figure (41)

Figure (41)

The integrated circuits contain thousands of complex elements, which are manufactured in a
single process. It is made of a small chip of silicon wafer; these elements include crystal diodes,

transistors, resistors, and capacitors to form electronic systems for a particular function.

Manufacturing integrated circuits depend on what is called diffused
planar process, where all the manufacturing steps are performed on

one surface of silicon chip. Manufacturing an integrated circuit is

basically done by producing three major layers, see figure (42):

1. Substrate layer (P-type): itistheprocessof growinga
cylindricalsilicon crystal then cutitinto wafers, called
substrate. This layer is a (P-type) semiconductor. It

represents the body of the integrated circuit. (Insulating layer) sio, Laver

2. Epitaxial layer (N-type): thislayer ismadeby placing e e ]
silicon chipsin athermal oven and exposed to gas (it _ _N
is a mixture of silicon atoms, and pentavalent donor w m
atoms on the chips). This mixture forms athin layer -{m;ﬁ:ﬂ
of semiconductor of (N-type), called epitaxial layer. Figure (42)
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3. The insulating layer: after growing the epitaxial layer (N) on the substrate (P), the chips are
placed in a special thermal oven containing oxygen, water vapor at a given temperature,

thus, silicon dioxide (SiO,) isformed asthe insulting layer.

‘/S/OU know?
IS ready to be processed in manufacturing the

components of the integrated circuit. This chip of initegrated circuits
isvery small and contain millions

After manufacturing these three layers, the wafer

Integrated circuits differ from regular electric

. . _ o of transistors.
circuits (separated circuits). The integrated circuits

are small, consumes power are little, fast, light
weight and cheap. Furthermore, the integrated
circuits do many functions usually done by regular

electric circuits.
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C)

Choose the correct statement for each of the following:

1. A crystalline PN-diode is forward bias, if the forward voltage is increased, then the forward
current:
a Increases. b. Decreases. c. Remains stable. d.Increases then decreases.
2. When potential barrier is increased in crystalline PN-diode is forward biased, the amount
of the forward current:
a Increases. b. Decreases. c. Remains stable. d. Increases then decreases.
3. Free electrons in intrinsic semiconductor at room temperature occupy:
a Vaenceband. b. Forbidden energy gap. c. Conduction band  d. Acceptor level.

4. Electron-hole pairs are generated in intrinsic semiconductor by:

a Recombination. b. lonization. c. Doping. d. Thermal effect.
5. Flowing current in intrinsic semiconductor is the result of:

a. Free electrons only. b. Holes only.

c. Negativeions. d. Both electrons and holes.

6. In (N-type) semiconductor and at room temperature:
a. Number of free electrons in conduction band equals number of holesin valence band.
b. Number of free electronsin conduction band is greater than number of holesin valence
band.
c. Number of free electrons in conduction band is less than number of holes in valence
band.
d. All of the above, depending on type of impurity.
7. Depletion region is generated in (PN-diode) by:

a. Recombination. b. osmosis. C. ionization. d. All previous possibilties
(a,bandc)
8. The PN-diode of light emitting diode (LED), emits light when:
a Forward biased b. Reverse biased.
c. The potential barrier across the junction is large. d. It is at room temperature.
9. Emitting current (I.) in transistor circuit is aways:
a. Greater than base current. b. Less than base current.
c. More than collector current. d. Answers (c & a)
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10. Depletion in crystal diode at (N) region contains only:
a. Freeelectrons. b. Holes. c. Positiveions. d. Negativeions.
11. Silicon acts as insulator when:
a. Pure. b- In the dark. c. Atabsolute zero.  d. All of the three choices (a, b, ¢).
12. Time rate for generating electron-hole pair increases in semiconductor by:
a. Adding pentavalent impurities.  b. Adding trivalent impurities.
C. Increase in temperature. d. None of the above.
13. Base region in the transistor is:
a. Wide and less impurities. b. Wide and many impurities.
c. Thin and less impuirities. d. Thin and many impurities.

14. Current gain (¢ ) in PNP-common emitter amplifier is :

a le b, le c. le d. le
© I © B I E
15. Phase difference between output signal and input signal of common —base PNP amplifier is:
a Zero b. 90° c. 180° d. 270°
16. Current gain (¢ ) in the common base amplifier PNP transistor circuit is:
a le b le c. le d le
I B I E I B I E

17. In semiconductor N-type and at (0K), Fermi level lies at:
a. Below donor level.
b. Middle distance between bottom of conduction band and donor level.
c. In the middle of energy gap.

d. Middle distance between vaence band and donor level.

18. Fermi level is:
a. Average of all energy levels. b. Energy level at the top valence band.
c. Higher energy level occupied at (0°) C.  d. Higher energy level occupied at OK.

Write True or false, correct the false without changing underlined:
1. (N-type) silicon crystal has negative charge.

2. Depletion region in PN-diode contains positive ions in P region and negative ionsin N

region.
3. Electric conductivity in intrinsic semiconductor increases when temperture rises.
4. Light emitting diode is biased in forward method.
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5._Forbidden energy gap in germanium is(1.1eV) at (300K).

6. Potentia barrier in crystal diode increases when biased in forward mehod.

7. The emitter in transistor is aways in forward bias

8. In conductors at OK the energy levels below Fermi level are occupied by electrons.

9. Power gain in common-base PNP amplifier is very large.
10. Electron-hole pairs are generated in semiconductor because of recombination between

electrons and holes.
11. Baseregion in transistor is always thin and low impurities.

12. In NPN-transistor of the common base, the emitter current is larger than the collector current.

13. In NPN-transistor of the common emitter, input and output signals have the same phase.
14. P-Type germanium crystal, the holes are the majority charge carriers.

EED What is the difference between the following:

1. Positive 1ons and hole in semiconductors.

2. Light emitting diode and photosensitive diode.

3. N-type semiconductor and P-Type semiconductor in terms of:
a Typeof doped impurity. b. Maority charge carriersand minority charge carriers.
c. Thelevel generated by each impurity and its position.

4. Emitter and collector in transistor in terms of :
a. Collecting current carriers or transmitting.  b. Bias method.

c. Junction impedance. d. Rate of impurities.

m Explain the reasons of the followings.

a. Generating of depletion region in PN crystalline diode?

b. Junction impedance (collector-base) in transistor is high, while emitter-base junction
impedance is low?

c. At absolute zero and in the dark, the conduction band in intrinsic semiconductor is
empty of electrons?

d. Huge current flows in crystalline PN-diode circuit when forward bias voltage increases?

e. Photosensitive PN-diode is reverse biased before exposed to light?

f. The positive ion, which is generated when a donor impurity is added to intrinsic

semiconductor, is not a charge carrier?
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Deﬁne the followings:

1. Fermi level.

2. Donor level and how it generates.

3. Depletion region in PN-diode, and how it generates.
4. Hole in semiconductor, and how it generates.

5. Electron-hole pair and how it generates.

m\Nhat does the amount of the followings depend on?

a Potential barrier in PN-diode crystalline.

b. The rate of creating electron-hole pair in an intrinsic semiconductor?

c. Number of free electrons moving from valence band to conduction band in n-type
semiconductor at constant temperature.

d. Flowing current in photosensitive PN-diode.
What happens to the alternating current if it is connected to a PN-diode?
mAfter doping a semiconductor (like silicon) by trivalent impurities (like Boron), what is

the resultant crystal. Does it have positive charge? or negative? or electrically neutral ?

m In common emitter transistor circuit, if the emitter current is (I_=0.4mA) and base current
is (I,=40uA), input resistance (R, =100L2), output resistance (R_,=50k€). Calculate:
1. Current gain (& ). 2. Voltage gain (A,). 3. Power gain (G).

In common emitter transistor circuit; calculate the current gain ( ¢ ), emitter current
(1p), if the base current is (I,=50nA) and collector current (I.=3.65mA).
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Behavioural targets

After studying this chapter, the student should be ableto:
» Explain the development of an atomic model.
» Define Bohr's model of the atom.
* Mention the items of Bohr’s model.
» Give areason for the failure of the Rutherford model of the atom.
» Know the spectrum of the hydrogen atom.
* Know energy levels.
* List the types of spectra.
» Demonstrate how to generate X-rays.
» Demonstrate the Compton Effect.
» Solve mathematical problems.
* Know what the laser and the maser.
* Mention Boltzmann’s law.
 Define the inversion population.
» know the mechanism of laser action.
* List thetypes of lasers.

Scientific Terms

Bohr's model of the atom 30 g9 73 gl
Energy Levels ) b gliea
Excited state Zie (5 glsa
Ground state =2 (5 gia
Spectrum of Hydrogen Atom e 9ol 353 cada
Spectra A
Continuous Spectrum el Canlall
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Laser ‘)‘);\m
Induced Absorption Siaall abaial)
Spontaneous emission kil iy
Stimulated emission Odaal) &)
Pumping gzl
Excimer Laser alsSYI 5
Solid-state L aser lall A 5l
Boltzmann Distribution Cle il g1 ) 58
Population inversion o sSaall a4l
Gas Lasers Aol @l ol
Ruby Laser < 8Ll 3l
Four-Level system 6 sial) el ) 4a glata
Three-Level system 5 siuwal) AN da glaia

234



“ I ntroduction

Scientists were interested in studying the atomic structure of matter; Thompson proposed
amodel describing the atom as a tiny ball with a positive charge and negative electrons are
distributed inside in such away that it becomes electrically neutral. Then, other models were
proposed based on more observations and information on nature and structure of matter, and
nature of electric charge. Rutherford, Dalton and Bohr proposed these models. By the end of
ninteenth century, most spectral studieswere focused on Hydrogen atom as the simplest atom
in structure. Thus, any model placed at the atom should explain all the facts and information
about the behavior of the atom.

m Energy levelsand Bohr's model

In 1911 Rutherford proposed a model of atom. He assumed
that the atom is a positive nucleus at the center of the atom

. . . . Electron
with electrons revolving around it, see figure (1). This model

failed for the following reasons:

1. When electrons revolve around the nucleus in the atom, it
always changes its direction; therefore, it is an accelerated
particle. According to classica electromagnetic theory;
any charge moving with certain acceleration emits
electromagnetic radiation, so, the electron moving around Cong
the nucleus must lose some of its energy while circling, avelength
i.e. itislosing energy continuously aslong asit is moving.
Then, it endsin aspiral movement approaching the nucleus
in ashort time, and then the atomic structure collapses, see
figure (2).

2. When electron energy decreases gradually, a continuous
spectrum is generated, while experiments show that
Hydrogen atom spectrum is line spectrum.

In fact, none of these things happens, because atoms still exist and can still emit radiation
with a specia and a unique wavelengths. Besides, at Standard Temperature and Pressure
(STP), atom is a stable structure and does not emit radiation unless heated or exposed electric
potential difference in vacuum tubes.

Figure (1) Rutherford amodel of
atom

Short
wavelength

Figure (2)

The stable status of electrons in atom remained a clue; scientists kept searching and
investigating on non-collapse of atom. Then, light spectra emitting from excited atoms were
studied, quantum theory is discovered too, so, Bohr proposed 1913 a new model of the
atomic structure. He hypothesizes:
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1. Negative-charge electrons revolve around nucleus
in acertain allowed orbits representing energy levels
without radiating energy, see figure (3). An electron
haslowest energy if itisin closer level to the nucleus,
then, the atom is stable. An electron must have proper

energy and momentum to remain at this level.

2. The atom is electrically neutral when the charge of
the electrons equal the positive charge of nucleus.

3. The atom does not radiate energy because of electron
revolving in stationary orbits, and the atom is stable.

4. When an electron gains energy, it jumps from its
stability level (E) into higher energy level (E)), then
the atom is excited and it moves back to its stability
when the el ectron goesback to stability level, emitting
photons with frequency (f). See figures (4, 5)....it is
expressed as follows:

i.e hf =E- E

h: Planck constant=6.63x 10*Js

f: frequency.

5. Coulomb's law of electric charges and Newton’s
second law of mechanics are applied in atomic
structure. See figure (6).

6. An electron has angular momentum (L= mvr) in its

stationary orbit that equals integers from (h/2m)

Ln=n<%>
mynr, = n(%)

n=1,2,3,4,5, ... it is represent principal quantum
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m Hydrogen atom spectrum

Bohr studied spectrum of hydrogen atom because it is

the simplest form, it has one electron only. Bohr came . -
- Eg

with many observations and conclusions, which were the

ited
foundations of histheory of hydrogen atom. pr—— e);tcge

When Hydrogen atom is excited, its electron moves

T T

from low-energy level to ahigher energy level. It does not N i o

remain at the high energy level only for a small period, '

— ground state

about (108s), then it moves down to low-energy level.

The lowest energy level (E,) is called ground state, while Figure (7) Energy levels
higher levelsE,, E,, E,....... are called excited states. See
figure (7).
All energies of these levels are negative; therefore, the electron has no sufficient energy to
escape from the atom.
-8 eV
Balmer series =LA Y
(U.v) Baschen series T
— T (Infrared) = 1A] ¥

LY

Brackett series = Laley

Lyman series) - (Infrared)
() Pfund series

. __'__.-(Infrared)

! I |1 l"\- w =1 ]
i 5 LS i
1 e o) Fi
b A
' il F
N \\_—'f‘,-/ p
a am3

x\\_r‘/ - 1BV
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Figure (8) Energy levels of hydrogen atom

1. When the electron of hydrogen atom moves from high-energy levels to first energy level
(E,), where n=1, it produces lyman series, it is frequancies range lies in the ultraviolet
region (UV-region). It is an invisible series, see figure (8).

2. When the electron of hydrogen atom moves from high-energy levels to second energy
level, (E,) where n=2, , it produces Balmer series, it isfrequenciesliesin the visibleregion

and extends to ultraviol et region.
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3. When the electron of hydrogen atom moves from high-energy levelsto third energy level,
(E,) where n=3, it produces Paschen series, its frequencies range liesin the infrared region
Itisaninvisible series.

4. When the electron of hydrogen atom moves from high-energy levels to fourth energy
level, (E,) where n=4, it produces Brackett series, its frequencies range liesin the infrared
region It isan invisible series.

5. When the electron of hydrogen atom returns from high-energy levels to fifth energy level,
(E,) where n=5, it produces Pfund series, its frequencies range liesin the infrared region It
isan invisible series.

“oi spctra

When sunlight isincident on a glass prism for example, it analysis into seven components,

which are called Spectrum. This phenomenon is observed by Newton in late seventeenth
Century. The series of light frequencies resulting from the white light when analyzed by a
prism is called (spectrum). Study and explanation of atomic spectrum of matter, structure
of atoms and molecules are the most important studies that led to discovery of atomic and

molecular structure, by analyzing light emitting from these matters and their spectrausing the

spectroscope. See figure (9).

Figure (9)
The most light sources used in studying spectra are:

1. Thermal sources. which are sources that radiate light as a result of their of increasing
temperature like sun, Tungsten lamps and el ectrical arches.

2. Sources which depend on electrical discharge through in gases, like electrical discharge

tubes at low pressure.
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Types of spectra

One might wonder, what are the types of Spectra?

What is the difference between a spectrum and others, and how to get both?

To answer this question, let us do the following activity:

Activity

Types of spectra

Tools of activity:

A glass prism, a barrier with a dlit to obtain the paralel light falls on the prism, a white

screen, discharge tubes (like neon, hydrogen, or mercury vapor), electric capillary lamp and

an electric source.
Activity steps:

e The hydrogen tube is connected to the electric
circuit to glow, see figure (10).

e The glass prism is placed in the path of the light
emitting band from the hydrogen gas tube. Then
change the position and incident angle of the
emitted beam to obtain the best spectrum on the
screen.

e Note shape and color of spectrum on the screen.

e Repeat the previous steps using other gas tubes,
electric capillary lamp.

e Note the shape and color of the different spectra on
the screen.

We conclude that spectrum resulting from analyzing

radiations emitting from other gases differ according

to the type of gas.

There are two types of Spectra:
1. Emission Spectra.

2. Absorption Spectra. See figure (11).
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Figure (10)
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1. Emission Spectra: they are spectra of incandescent materials, which are:

a. Continuous spectrum: this spectrum is obtained from incandescent solid and liquid
incandescent material or incandescent gas under high pressure. Figure (12) illustrates a
continuous spectrum with awide range of frequencies.

Spectrum emitting from white tungsten capillary lamp is a continuous spectrum; it consists

of awide range of a continuous wavelengths within visible range.

incandescent source

that emits a continuous -
spectrum \ Continuous spectrum

Figure (12) Continuous spectrum

b. Line spectrum: this spectrum is obtained from incandescent gases and vapors under normal
or low pressure, see figure (13).which illustrates a set of bright colorful lines on a black

background, each of which represents particular wavel ength.

incandescent and
permeable gases Prism
vapors

"n

The bright line spectrum of Sodium consists of two bright yellow lines very close to each

line emission spectrum

Figure (13) Line spectrum

other, at the yellow region of the visible spectrum. If the spectroscope is not accurate, the
yellow lines might appear as one line. As for line spectrum of hydrogen; it consists of four

bright lines (red, green, dark blue and purple). See figure (14).
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Continuous spectrum

{Ma} Sodium

{H} Hydrogen

Figure (14) [For refrence only (not required)]

It is found that each element has its own line spectrum, i.e. line spectrum is a basic and
distinctive characteristic of atoms. The study of spectra has led to developing detection
methods of an unknown element in a certain material or the components of alloys. This can
be done taking a sample of that material and vaporizeit in acarbon arch to make it glow, then
its line spectrum is recorded by the spectroscope and compared with standard spectra of each

element.
c. Band spectrum: it is a spectrum, which contains a band or a number of bands on a black
background. Each band consists of convergent lines; it is a characteristic feature of

molecular structure materials. It can be obtained from glowing molecular materials like
Carbon dioxide gasin a discharge tube, which contains Barium salts, or Calcium salts that

are glowing by Carbonic arch.
2. Absorption Spectra: it is a continuous spectrum punctuated by lines or dark bands. When

light passes through non-incandescent vapor (or permeable material) it absorbs from the
continuous spectrum wavelengthsit emitsif it wasincandescent. Then we get the absorption

spectrum. see Figure (15).

Non-incandescent
and permeable gas
vapors Absorption Spectrum

- ] .
w e z
Incandescent source

that emits a continuous
spectrum

Figure (15) Absorption Spectrum
It is noted that the gaseous atmosphere, which surrounds the sun absorbs a portion of its

continuous spectrum (it absorbs wavelengths emits if it were it incandescent). Fraunhofer
noticed black linesin the continuous spectrum of the sun, called Fraunhofer lines, named after

the scientist Fraunhofer who discovered about (600) lines of it.
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The reason behind the black lines in the sun is that
the gases around the sun and in the atmosphere of
the earth that are less incandescent than the gases of
the interior of the sun absorb from the continuous
spectrum of the sun the wavelengths that these gases
emit if they were incandescent, this is caled line
absorption spectrum of the sun, and from these lines
it is possible to know the gases that absorb this light.
See figure (16).

W//OU know?

Theheliumelementwasdiscovered
from the linear absorption spectrum
of the sun before it was discoverd
on the surface of the earth.

—

Fraunhofer lines

Figure (16) Line absorption spectrum of the sun

X-ray was accidentally discovered in 1895 by
Roentgen while working on electricity of gases
and electric conduction of electrons inside partially
discharged tubes.

X-ray are invisible electromagnetic waves with a
very short wavelength (0.001-10) nm. They are not
affected by electric or magnetic fields because they
are not charged particles. The X-ray can be obtained
by using a vacuum glass tube, see figure (17).

Thistube hastwo poles, oneis negative (Cathode); a
filament which emits electrons when heated. The other
pole is positive (Anode); it is a metal target, which
inclines by a certain angle toward the movement of
accelerated electrons. This collision causes high hesat;
therefore, the anode target is made of a material of
high melting point like Tungsten and Molybdenum.
It is d'so made of a material of large atomic number
to increase efficiency of X-ray. Some techniques are

used to cool down the anode due to high hest.
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Figure (17) X-ray generator

%ou know?

Wilhelm  Roentgen  professor
discovered X-rays and because he
was ignorant of their nature, he
called these rays an (X-ray).




Typesof X-ray Spectrum

X-ray is areverse of photoelectric effect because it is
generated to transform energy of accelerated electrons
emitting from cathode and falling on the target into
X-ray photons. Figure (18) illustrates typical X-ray
spectrum, which resultsfrom collision of electrons with
target, hence, intensity of X-ray isdirectly proportional
with number of emitted photons at a given wavel ength.
X-ray spectrum consists of two types: Continuous
spectrum and line spectrum.

Intesity of X-ray beam for wavelength unit

Q.02

Characteristic

o044 Q06 008 010
Wavelength nim

Figure (18)

1. A sharp line spectrum X-ray: also called (Characteristic X -ray spectrum). When accel erated

electrons are fall on the atom of the target material, these electrons extract one of the

electrons from inner levels of the target material and leave the atom permanently and

ionization state occurs. This electron might go up into a higher energy level, and becomes

excited. In both cases; the atom becomes anxiety (excited) and attempts to return to

stability. When an electron falls from a high-energy level (with high energy) to the energy

level from which the electron was extracted, energy is emitted in the form of an X-ray

photons. Its energy is the energy difference between levelsE , E that is:

hf = E - E,

This spectrum is a characteristic feature of target atom material.

2. Continuous spectrum X-ray: This spectrum results from the collision of accelerated

electrons with the atom of target material. This collison slows down their movement

because of the electric field nuclei of target material. Because of this slowdown, electrons

lose their energy and appear as X-ray photons with different frequencies.

Maximum frequency of an X-ray photons depends on potential difference (V) applied at

the sides of X-ray tube, which accel erates the electron and gives it maximum Kinetic energy

(KE, ) according to the following relation:
KE =eV

KE, .. Maximum kinetic energy of €lectron.
e: Electron charge.
V: Potentia difference.

243



When electrons collide with target, this energy istransformed into radiation energy of X-ray
photon (X-ray quantum).
Then we havethisrelation: (KE) . =Ve

Form previous relation we have the following:

hfmax =Ve= fmax = %

f . Maximum frequency of photon.

A...- Minimum wavelength, see figure (18).
c
fma = Tm

From both relations above, we have the following:

._Cc _Ve
“Amn h
“ Amin = \l}_g

Applications of X-ray is used in the following fields:

1. Medical field: X-ray givesaclear image of bones, which appear as light color, and tissues
appear as dark color in radiographs. It is used to diagnose tooth decay, fractures, specify
location shrapnel and bulletsin the body, aswell as detection and treatment of some tumors
in the body. See figure (19).

X-ray is also used to sterile Medical

equipments like plastic surgical gloves
and syringes. These equipments

damage when exposed to excessive

heat, therefore, they cannot be sterilized

igure () Some application of X-ray [Fo refrence only (not required)]
2. Industrial field: it is used to detect dents and cracks in metal molds and wood used in
building boats. Studies on absorption spectrum helped in making X-ray one of the ways of
detecting and analyzing component elements of various materials. It is also used in study

of solids and crystalline structures.
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3. Security Field: X-ray isused in checking passengers
luggage in airports, see figure (20).

It is also used in identifying the methods of

painters and distinguishing between real paintings

and fake paintings, because colors used in old

paintings contain many metalic compounds, which

absorb X-ray while modern paintings are organic

) Figure (20)
compounds, which absorb less X-ray.
n Compton effect
Compton concluded that when a band of X-rays
(photons) of a given wavelength (A) is incident on Scf;llttfred 4
photon
a target metal of pure graphite, rays will scatter
with different angles. Scattered ray has a longer A
wavelength (A') than that of the original ray (A) igﬁi)c:g?]t :cat;r':glrleng
for the incident ray. Change in wavelength (A' -)) W"t_ 3 o
arget ¥,
increases with the increase in scattering angle (0) x
: : ()
and an electron emit on the other side of the target, ", free electron

see figure (21). Figure (21) Compton effect

Compton explained this phenomenon saying that the incident photon on graphite target
collideswith afree electron from the target material, losing some of itsenergy. After collision,
this electron gains an amount of kinetic energy, enabling it to travel and leave target material
(The photon acts as particles).

He assumed that the collision between the photon and the free electron is elastic scattering,
it follows laws of momentum conservation and energy conservation.

According to Compton Effect:

Increase in wavelength of scattered X-ray photons by free el ectrons of target atom, compared

to wavelength of incident photons depends on scattering angle (0) only according to the

following relation: h

A-A :m—ec(l-CI)89)
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Since:

A': wavelength of scattered photon.

A: wavelength of incident photon.

h: Planck's constant= 6.63x 10*Js.

m,: Electron mass= 9.11x 10™ k.

c: Speed of light in vacuum= 3 x 10°m/s.

0: photon scattering angle.

h/ m ¢ Represents Compton wavelength which equals (0.24x 10" m).

It is worth noting that Compton Effect is an important proof particle behavior of

electromagnetic waves, which Maxwell theory failed to explain.

What is the amount of increase in wavelength of a scattered photon (in Compton Effect) if
scattered at (60°) angle? If:

Planck's constant= 6.63x 10*Js

Speed of light in vacuum= 3 x 10°m/s.

Electron mass= 9.11x 10* kc.

The solution:

AA=A -2 = (1- o)

— 3 - 6.63X% 1@4
AA= A -A= 9973 107 % 3% 10° (L - 0S60)
. 6.63x 10% 1
M= -A=gi o xax o\t 2)

AA=A-A=1.2%x 10° nm the amount of increase in wavelength of photon.
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If the potential difference between poles of X-ray tube is (1.24x 10 V), to generate the
shortest wavelength on a graphite target in (Compton Effect), if X-ray scattering angle is
(90°). What is the wavelength of scattered X-ray?

The solution:

hfma( = (KE )max = eV
fo- eV _ 1.6x 10”x( 1.24x 10
N 6.63x 10*Js

fo =2.99% 10°Hz ~ 3 % 10**Hz

1 = c _ 3x10°

= =33 10" =1x10"m

Amn=0.1X 10° m incident X-ray wavelength
X-2= 2 (1- o9
A -01%x10°m=(0.24x 10" m(1-cosd")
A -0.1x10°m=(0.24x 10" m(1-0)
A=0.24x 10" m+ 0.x 10 m

A =0.0024x 10 m+ 0.X 10 m
=0.1024x 10 m

A"=0.1024nm  Scattered X-ray wavelength.

8-8 L aser and maser

Laser has become an important element in many technological products like Compact
disks, electronics, and accurate distance measurements, especially celestial objects, and
communications. Dentists machines and welding machines also use laser. but what is laser?
Why it is different from other light sources?

laser is named as the first letter of the words that give the idea of the mechanism of action

laser as an acronym for
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Light Amplification by Stimulated Emission of Radiation

It means the amplifaction of light by stimulated emission of radiation

v/you know?

designed the first Laser device in 1960 using ruby ~— Scientist Towns was able to

Albert Einstein was the firstin 1917 set the theoretical

foundation of stimulated emission. T.H. Maiman

design the first device to amplify
microwaves using  stimulated
AsforMaser, itisnamedof: MicrowaveAmplification emission technology, which is an

by Stimulated Emission of Radiation. ammouia maser in 1954.

m Properties of laser

L aser enjoysthefollowing features:

crystal. It is called ruby laser.

1. Monochromatic wavelength (monochromaticity): It has one wavelength. Laser beam

has the purest spectrum of al light
sources light emitting from other
sources has awide of wavelengths.

See figure (22). Figure (22)
2. Coherency: The waves of a laser

beam havethesamephase, direction

and energy. Thus, two waves Can [ sy
constructive  interference.  See

figure (23).

This can be observed when laser ray isdirected onto

a barrier, it appears as small speckle dot, see figure

(24).

Figure (24) represents the interference
of the laser beams.
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3. Directionality: laser wavesremain parallel for along distance with alittle divergence from
each other. This means that laser beams relatively maintain intensity while normal light
waves propagate randomly in all directions, see figure (25). If a laser beam wave is sent to
the moon (384000 km) from earth, with sufficient intensity, it spreads a spot of light on the
surface of the moon around (1 Km). whilenormal light, if sent to the moon, hypothetically,

the diameter of spreads light on the moon’s surface around (4376 km).

H“-. T _,=F
+— —= light lamp
t""....- : ."'*-;,

Directionality — [[ICEC== s ———

Figure (25)

4. Brightness: Energy of laser beam waves concentrate in
a small space because they do not diverge, therefore,
laser beam has a very high brightness, see figure
(26). Laser beam can be million times brighter than

sunlight. For example, intensity of emitted rays from

normal tungsten lamp with power (100 watt) equals
(2000watt/cm?) while intensity of laser with the same Figure (26) laser brightness
amount is (2x10%watt/cm?), i.e. million times higher

than Tungsten lamp.

m M echanism of laser action

One might ask:

» What are conditions for generating laser?

» What are transmission, which happen between excited energy level and ground level?
* What are the transmission, which generate laser? and under what conditions?

* Arethese transmission necessary to emission laser beam?

To answer these questions. See figure (27-a-b-c)
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Assume an atomic system of two- energy levels, and three types of electron transmission:

1. Induced Absor ption:
It isthe transmission of the atom from low-energy level (E)) to an excited -energy level (E))

by absorbing a photon whose energy is equal to the difference between these two levels, see
figure (27-a).

i.e. E,- E, =hf
before after an excited aom in the energy
o —E, 3 —a _E, level (E,) after absorbing a photon
o T - - i W® g,
L) TR !i’mr{n Nore whose energy
T E— E'I o J oy 'E:l.--' F e E-] hf = EZ-El

Figure (27-a) Induced Absorption

2. Spontaneous emission:

When the atom reaches higher-energy level (excited state), it tends to back to stability. So it
spontaneously goes back to stability after a short period of time (period of excited state) to the
ground state. thisprocessisaccompanied by photon emissionwhoseenergy isequa tothedifference
betweenlevels( E, - E, =hf ) thistransmission is called Spontaneous emission, see figure (27-b).

Spontaneoudy emitted photons are different in terms of phase, direction and energy. See figure
(28).

before ' after Spontaneous emission
—aE Ak

et Es 1y s
Figure (27-b) Spontaneous emission %A

Atorﬁ

Figure (28) Spontaneously
emitted photons are different
in phase and direction.

(5 None

3. Stimulated Emission:
When a photon affects an excited atom at energy level (E,), the Photon energy isequal to energy
difference between E, and lower energy level E,. The Photon stimulates the unstable electron to
decline (descent) to level E,. An identical photon is emitted, it has the same energy, frequency,

phase and direction. i.e. two coherent photons are obtained, See figures (27-¢), (29).

250




Stimulated emission
‘AYAAA™

before after M

hf E, —E A

(£} - VLA

pm— —d E kf !

. Ty v _,_,—-"'_'-._'-

Radiation  Matter Matter Radiation | Excitedaiom

Figure (27-c) Stimulated Emission

Figure (29) Two coherent
photons in stimulated emission

Boltzmann distribution and population inversion

If we have a system of (moleculesatomsor ions) in a state of
thermal equilibrium, most atomswill bein low-energy levels,

few of them will be excited at higher energy levels, see figure e E;—
(30).
Thismeansthat population or number of atomsand molecules —Rosgss22 F,
in the ground state (N,) islarger than the number of atoms and
moleculesin higher energy level (N,), see figure (31). Figure (30)
i.e. N,>N, Energy
Boltzmann found a mathematical relation illustrates the
distribution of atoms or molecules in energy levels, this N,
equation is named after him and caled Boltzmann law |E:
according to the following relation: a
N _ g 4E-E)] o
Since >
k: Boltzmann's constant. Figure (31)
T: temperature (Kelvin). Energy
N,: number of atomsin higher energy level. Fi :1‘ 1
N,: number of atoms in ground state of energy level. | i .
E,: high energy level. Y "
E,: lowest energy level. _ o M
For exampl e, suppose an atomic system of 100 atoms, | T @
the normal distribution of atoms can be illustrated
according to Boltzmann distribution of this system, as number of the atoms

in figure (32).
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The figure shows that lower levels (E,) have greater number of atoms (25 atoms), while

higher levels (E,) have less number of atoms (1 atom).
Population I nversion: N8fnsans e

If the atomic system is not thermal equilabrium, the
number of atoms in higher levels is greater than those 1] E_1
in low-energy levels. This is contrary to Boltzmann

Figure (33)

distribution, see figure (33), meaning that the distribution
of atoms in this case is inversed, it is called Population | —o%
Inversion, see figure (34). This process increases +
probability of stimulated emission, it is the basis of |E. :
producing laser. It happens when there is sufficient pump E, -
intensity,it is achieved by the presence of an energy level —
with a relatively longer lifetime and this level is called theatogs
the M etastabl e state. Figure (34) Population Inversion

If energy difference between the two levelsis equal to (KT) at room temperature, calculate

the number of atoms (N,) by significance of (N,)?

The solution:

%ﬁ:exp (E; - El)]
N, _ kT
N, - 8- [kT

N,

N, = exp(-1)

N,

Nl_e :>N2 O37N1

This means that, in normal conditions, the number of atoms (N,) inlevel (E)) isgreater than

number of atoms (N,) inlevel (E)) (N, >N,) .
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Example (4)

Prove mathematically that population inversion is not achieved when thermal energy (kT) is
equal to incident photon energy.

The solution:

N—i:e l_(Eli'—rEl)l .................. 1
[ 2
KT = hf = s 3
oo [}

N—j=exp<-1)

N,

- =0.37— N.= 0.37N
1

.". N2 < N Thus, population inversion is not achieved.

Remember:

1. To generate laser, the number of atoms at excited state must be greater than in the low
energy levels, this processis called population inversion.

2. stimulated emission cannot be reached without spontaneous emission occuring first.

3. Photons which are obtained from spontaneous emission that emits parallel to the optical
axis within the active medium that stimulate the excited atoms and produce stimulate
emission (laser production).

m Construction of laser

The diagram shown in figure (35), shows the most

/Zeedback mechanisr\

2R 00

excitation mechanism

important components required in laser devices:
1. Active medium.

2. Optical resonator.

Joxuw 3unodgar Ajenied

| fully reflecting mirror

3. Pumping technique.

Figure (35) Laser construction diagram
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1. Active medium: It is atoms, molecules or ions of matter whether its gaseous, liquid or
solid state at which population inversion can takes place when the active medium is excited
enough.

2. Optical resonator: A cavity with particular re;zgzng

design consisting of two mirrors, the active | mirror
medium is placed between them. The mirrors ke v
are facing each other; one of them reflects light -

totally, while the second is partially reflecting

Pumping energy active
medium

= e
™ partially
reflecting

light (reflection depends on wavelength of irror

generated laser), the incident ray on one of the
mirrors reflects parallel to the optical axis of the
two mirrors then incidents on the other mirror,
then it reflects back and forth inside the optical . "

resonator. In each reflection, stimulated emission
happens, thus number of photons generated by
stimulated emission increase enormously which

causes amplification. Partial reflection mirror
alows permeability of some incident light
outside the optical resonator, asfor the remaining

light, it is reflected back again to perpetuating
amplification process. See figure (36)

3. Pumping technique: It is a technique by which atom
energy is prepared for use in the active medium by
transforming it from stability state to excitation state.
Pumping energy is obtained to excite the stable atomsin
medium so that proper population inversion is achieved.
This population inversion ensures generating laser.

There are three types of Pumping techniques:

a. Optical Pumping: it is used to generate lasers, which
work within the visible or infrared region closeto visible
spectrum, like ruby laser and Neodymium laser.

As flashing or continuous lights are used with high )

illumination power to excite the active medium, the

=LA T

walls of flashing lamps are made of quartz material

and filled with different gases depending on the type of

active medium, and they arein different shapes, spiral or Figure (37)

straight, see figure (37).
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There is another technique for optical pumping in which a specific laser beam is used to
make this beam excited the active medium to achieve population inversion and obtain a
wavelength laser that differs from the pumping laser beam.

b. Electrical pumping technique: this technique uses electrical discharge the gas placed
inside the electric discharge tube. A high potential difference is applied between its sides
of the tube, accelerated electrons collide with gas atoms or molecules. This process excites
the electrons and transition them into higher energy level. This technique is often used in
gas lasers. Thistechniqueis also used in producing semiconductor laser.

c. Chemical pumping technique: in this technique, the chemical reaction between
components of active medium is the source of providing energy to generate laser. This
technique does not require an external power source.

m L aser levels systems

Laser levels systems can be classified according to energy levels, which participate to

achieve population inversion of the active medium in to two types:
1. Three- level system.
2. Four-level system.

1. Three-level System: In this system, three energy

levels are involved. These levels are: ground state

of energy (E,), intermediate state of energy (E) |g. Excited state
(metastable state), and excited state of energy (E,), see | _ =t trangrtri]g‘ast e Sete
figure (38).
: > Wy-

When most atoms or molecules are in the ground | < lBeer emission
state of energy (E,), this means that the active medium %
is in a stable state. But, when the active medium is | g ground state
excited by any of the pumping techniques, these atoms

or molecules will be excited to (E). The lifetime of 9 (38) Threelevel System

this process is short, around (108s). To generate laser,
there should be sufficient pumping energy to achieve

population inversion.

These atoms soon descend spontaneously from (E,) level to metastable state (E))
by therma emission. The lifetime of this process is longer, around (10°s), which
gathers atoms in level (E) larger than level (E,), thus population inversion is achieved
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between these levels. stimulated emission of laser happens. These systems require high
pumping energy so that the number of excited atoms increases and becomes larger then

ground state. Consequently, population inversion is achieved.

2. Four-level systems:

Excited state
In this system, four levels are involved (E,, E,, E,, E)). 2
) ) E metastable state
In this process, ground state atoms (E,) are pumped into . T T Y8
excited state (E,) of energy. See figure (39), then, these c laser emission
atoms soon fall to energy level (E,). Thus, atoms gather
o 2 fast decay
at energy level (E)) (Metastate state in this system). g (non-radiated)
Then, population inversion is achieved between levels 2
(E,) and (E,), with aminimum number of atoms at |evel E, ground state

(E,), whilelevel (E,) isamost empty because of the fast Figure (39) Four-level systems
fall of atoms. This system requires less pumping energy
to achieve population inversion compared to three-level

system.

Question:

Which is better for generating alaser the three-level system or the four-level system? why?

m Types of laser

Laser has different types according to active medium, for example, Helium Neon laser (He-

Ne leaser) means that the active medium isamix of helium and neon, while ruby laser means

the resulting material is ruby laser and so on. Let us consider laser types:

1. Solid —state laser: like ruby laser and neodymium
laser.

2. Gas laser: like Helium-Neon laser and carbon dioxide
laser, see figure (40).

3. Excimer laser: are useful and important type

of molecular lasers which utilize transfers

Figure (40) gas laser

between two different electrons states. Lasers

from noble gases like xenon, Krypton,
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argon with Halogen atom to form halide gas like (ArF, KrF, XeCl), these gases produce
laser with ultra-violet wavelengths.

4. Dye laser: they are lasers in which the active medium is liquid state from solution
compounds of organic dye like dissolved Rhodamine 6G in a liquid such as methyl alcohol
of ethyl alcohoal. It produces laser of controllable wavelength.

5. Semiconductor laser: like Gallium arsenide laser.

6.Chemical Laser: It isthe laser, in which population inversion is achieved by the chemical

reaction directly like Deuterium fluoride laser.

Gaslasers:
Gas lasers are the most common in industry, some of which have low power
(0.5-50) mW like He-Ne Laser. Some of which have high power (ImW-60kW),

like carbon dioxide laser. Wavelength of these lasers ranges between ultraviolet,

visible light and infrared ray. Externa energy is | fully reflecting mirror partially
Cathode

reflecting

pumped into the active medium is electric pumping, Gas tube

whereby freeelectronsbetween thetwo electric poles
are accelerated during thier movement and collide

with gases, thus excited into higher energy level.

Generally, gaslaser systems have three components,

Power supply

see figure (41): Figure (41) Gas laser components

1. Discharge tube: contains the active gas medium.

2. Power supply: helps achieve excitement of active medium through electric poles.

3. Optical resonator: helps to increase population inversion in the active medium by means

of feedback.

Lasers can be classified into three classes according to the state of active medium:
1. Atomic lasers: like He-Ne laser and He-Cd | aser.
2. Ionic Lasers like argon ion laser (Ar*) and Krypton ion laser (Kr*).

3. Molecular lasers like carbon dioxide |aser.
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He-Ne Laser

Helium —Neon laser was discovered at the end of the year
(1960) by Javan. It is an atomic laser. See figure (42), the
active medium of this laser is consists of gases mixture
(Helium and Neon) in a glass tube with a specific ratio
and (8-12) Torr pressure. Neon atoms are responsible for
generating laser, while Helium atoms have assisting role
in exciting Neon atoms. The gas active medium is usually
pumped by means of electric discharge, imposing (2-4) kV

high voltage on the sides of glass tube. See figure (43). Figure (42)

When electric discharge happens inside the tube. Helium atoms absorb the resulting energy
from collision of accelerated electrons and helium atoms move from stability state to excite
metastabl e states, this can be represented as follows:

represented as follows:

Since:

* OUtpUt
e, + He — He +e * |aser

o Anode T#
e, accelerated electronbeforecollision. Cathode
o fU||¥ FI partially
e,: electron after collision. reflecting  poywer supply  Resistor reflecting
mirror mirror

He': excited helium atom. Figure (43)

Excited —Metastabl e states of helium atoms are similar to excited state of neon atoms, which
lead to collision between them. This excites Neon atoms and moves them into excited state;
this can be represented as follows:

He + Ne — Ne” +He

Hence, population inversion of Neon atoms happens which leads to stimulated emission, and the

atom moves to metastable state. Thus, four laser lines are obtained (632.8) nm, (339, 543, 1153) nm,

see figure (44)

K s — i
collision energy =
/632,80,

4 :Wdl
\H"H.
—
Excited electron
Helium Neon ground state

Figure (44) [For refrence only (not required)]
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Carbon Dioxide Laser:

This laser was discovered in 1964; it is the most efficient gas laser as it efficiency reaches
about (30%) and has greater output power. It is a molecular laser. The active medium of
this laser is a mixture two of carbon dioxide, nitrogen gas and helium gas with a specific
ratio. This laser is pumped by electric discharge technique, it emits two laser lines with
wavelengths (9.6) um and (10.6) um .

Solid Lasers:

Ruby Laser:

Ruby laser was the first laser made in 1960. Its consist of a solid cylindrical crystal of ruby,
see figure (45). It contains Aluminum Oxide (Al O,) doped with Chrome lons Cr® (5%) of the
total weight with active ions around (10%?/ md). It works under three-level system. Pumping

is done by flash lamp, see figure (46).

High intensity flash tube lamp

§: N
fully partial Iy
reflecting reflecting mirror
mirror
| supply of
flash tube
'— lamp
Figure (45) Figure (46)

Neodymium Yag laser:
The active medium of this laser consists of yttrium aluminum oxide (Y Al.O,) with
neodymium ionsimpurities (Nd*) not exceed (1.5%).1t works under four-level system inside

the crystal. Three different laser lines are obtained ( 914.2nm, 1060nm, 1359nm).
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Semiconductor Lasers:

The active medium of these lasers is made of donor and acceptor semiconductor materials.
Conduction band represents higher laser level while valence band represents lower —{aser
level. Pumping isthrough electric current. It moves electrons and holes between these bands,

see figure (47).

upper metal contacts

*._ Active
midium

emission region

Figure (47)

When aproper voltageisplaced with forward biasonthe active material of the semiconductor
(P-N) used to generate laser, the flowing current increases gradually starting from zero.
A spontaneous emission happens at the beginning with wide spectrum, then width of the
spectrum decreases when the flowing current increases due to laser action (when it passes
threshold current). The spectrum line become very thin at a value larger than the threshold
current, see figure (48). It is worth noting that in such lasers, population inversion happens
when the holes in valence bands increase and electrons increase in conduction band.

Gallium Arsenide (GaAs) isasemiconductor used as a base to manufacture semiconductors.

This laser emits in the infrared region, around (850) um wavelength.

output stimulated
intensity “~emission
rays

spontaneous
emission
) f
Threshold current
Figure (48)

- Current
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m Some application of laser

1. Industrial Applications: laser is an effective tool in_

manufacture and a refine of many electronic parts like
resistors, capacitors, transistors, and integrated circuits
masks, punching and welding of metals. Laser is important
in microelectronics because it encloses heat in a tiny spot
without touching other components and neighboring parts.

Laser is aso used in welding solid materials, active and

elements, which have high fusibility not to mention precision Figure (49)

in making. It sends a condensed and concentrated band.
It can drill a (5) um diameter hole in (200) ps the hardest

elements (diamond, ruby and titanium) without affecting

nature of matter. See figure (49).
2. Directionality of laser beam and distant travel in straight

lines can be utilized in many areas like surveying and
construction of buildings, building, massive mechanical
and structural designs and huge industries. It is also
used to discover deviations on dams and bridges. It is

used successfully in extending pipes, digging canals and

tunnels, see figure (50). Figure (50)

3. Many lasers are used in measuring environment pollution:
like using ruby laser to detect and mesure carbon dioxide,
water vapor and phosphorus dioxide.

4. Laser is used in holography: this imaging system is the
best technique to obtain stereoscopic images closer to the
truth with high resolution and three-dimensional (length,
width and hight), isrecorded asthe amplitude of lightwave

reflected from the object and its phase appears in three

dimensions on the eye retina, while normal imaging is

Figure (51)

recorded the intensity of ray only. See figure (51).
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5. Full control of wavelength and frequency of laser makes it a promising tool in nuclear

sciences in separating radioactive isotopes and fusion nuclear reactions.

6. Laser recognizes codes: whether in writing,
commercial codes or hidden logos, laser recognizes
them. Its fine ray moves around the symbols and
detect reflecting beams by means of special devices.
If connected on the computer, these devices can

automatically be programmed to detect or copy this

information. See figure (52).
7. Laser engraving machine can carve and engrave the three-dimensional laser engraving
machine is used in engraving, sculpting, and making souvenirs such as carving on glass
and crystal, awards, medals, souvenir gifts (birthday gifts, graduation gifts, and travel
photos), crystal pendants, necklaces, wedding photos, footprints and hands for newborns

.. etc.

8. Commercia applications: laser is used in billboard signs, laser printers and compact disc

players. See figure (53).

Figure (53) Some commercial applications for the laser beam.

9. Laser Communications: laser is used directly in the air for close and limited distance
communications. For example, it 1s used to televise images for a distance up to (20) Km
because the phenomena of absorption and dispersion of laser beam when passes through
dirt and other particles in the atmosphere, therefore, outer space is the best place to send

|aser beams.
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Laser is also used in transfer of information on a distance by means of fiber optics.
Communications by fiber optics is very suitable by means of implication and detection,

see figure (54).

Receiver
Laser

Figure (54) Fiber optics.
10. Laser isused in applied research laboratories, see figure (55)

Figure (55) Applied Research Laboratories for the laser beam.
11. Military uses: it is used in guidance, tracking and measuring distances by means of
distance tracker, the wavelength (YACs) or Carbon dioxide laser, because they can

penetrate in the atmosphere, see figure (56).

Sattalite

Mirror

Figure (56) Some military applications for the laser beam.
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Choose the correct statement for each of the following;:
1. Bohr’s model of atom shows that:
a. Gaseous elements have identical atomic spectra.
b. Glowing solid elements have identical atomic spectra.

c. Glowing liquid elements have identical atomic spectra.

d. Each element has its own atomic spectrum.

2. When an atom is excited by a continuous radioacting energy then the atom:
a. Absorbsall radioacting energy. b. Absorbsthe suitable energy to exciteits atoms.

c. Absorbs energy continuoudly. d. None of the above.

3. We get Lyman series in hydrogen spectrum when:
a. The electron of hydrogen atom transmitted from (E,, E,, E,, E)) energy levels to first
energy level.
b. The electron of hydrogen atom transmitted from (E,, E,, E,, E,) energy levelsto second
energy level.
c. Theelectron of hydrogen atom transmitted from high energy levelsto third energy level.

4. In natural state of matter and according to Boltzmann distribution:
a. Most atoms are in high energy levels.
b. Most atoms arein low energy levels.
c. Number of atomsin ground state is less than that in high energy level.

d. Number of excited atoms is greater than those in the ground state.

5. A hydrogen atom spectrum is:
a. Continuous. b. Line absorption.
C. Line. d. Band.

6. Increase in wavelength of scattered X-ray photons by free electrons depend on:
a. The wavelngth of incident photon.
b.Speed of light.
c. Electron mass.
d. Scattering angle.
e. Type of metal.
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7. Pumping power is high when laser system works under:
a. Three-level system. b. Two-level system.
c. Four-level system. d. Any number of the levels

8. Electric pumping is used when the state of active mediumis:
a. Solid. b. Gas. c. Liquid. d. Any active medium.

9. Laser action happen when there is an emission of:
a. Spontaneous and stimulated b. Stimulated and spontaneous.

c. Spontaneous only . d. Stimulated only .

10. Measuring range using laser depends on one of its properties which:
a. Coherency. b. Polarization

c. Monochromatic wavelength. d. Directionality.

Give the reason of the following:

1. Wavelengths in absorption spectrum of an element is exist in emission spectrum
aso.

2. Laser is preferably used in cutting, welding and drilling.

3. Compton Effect is one of the evidence of particle behavior of electromagnetic ray.

4. In producing X-ray , target material is made of high-melting point material.

What are basics of |aser action?
How can we obtain population inversion?

What are properties of laser beam?
m What are the typies of gaseous lasers?

What isholography and what isthefeaturesthat differ fromnormal photography?
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Problems of chapter 8

) Calculate the electron angular momentum of hydrogen atom when it is in the first orbit

and when it isin the second orbit again?

=725 What is the amount of energy in (€V) unit for a photon whose wavelength is

(4.5x 10" m)?
=<1 Calculate number of atoms in the higher energy level at room temperature if the

number of atoms at ground state is (500)?

=45 What is frequency of emitting photon when the electron of a hydrogen atom trasmit
from (E,= -0.85¢V) energy level to (E = -3.4€V) energy level?

=1 What is maximum kinetic energy of an electron and itsvelocity in X-ray tubeat (30kV)
potential difference.

What is the amount of maximum frequency of generated X-ray photon if potential
difference (40kV) is placed on sides of the tube.

What is the increase in scattered photon wavelength (in Compton Effect) if scattered
at (90°) angleif:

Planck constant = 6.63x 10*Js

Electron mass= 9.11x 10* k¢

Speed of light in vacuum = 3 x 10°m/s

m What isthe difference between ground state of energy and the next level (higher level)
in (eV) units for an atomic system in thermal equilibrium. If room temperature is
(16°C). if Boltzmann's constant (k = 1.38x 107°Jk)

25 If the difference between stable level (ground state) and the next (higher level) is

(0.025eV) of an atomic system in thermal equilibrium at room temperature. Find

temperature of that room in Celsiu. if Boltzmann's constant (k =1.38x 10%°Jk)
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Behavioural targets

After studying this chapter, the student should be ableto:
* |llustrate the relation between classical physics and relativistic physics.

 Define the concept of the inertial frames of reference.
» Compare between Galilean transformations and Lorentz transformations.
» Show the effect of particle velocity in measuring the physical dimensions
of objects.
* [llustrate the Lorentz factor (y) is in terms of the velocity of moving objects.
* Mention some important applications of relativity theory:
- Time dilation.
- Length contraction.
- Relativistic mass.
» Mention a mathematical relation for equivalent mass, momentum, and

energy.

Scientific Terms

Relativity il
Inertial frames of Reference L) geadll syl L]
Observe <31l
Galilean Transformations shlle =l gas
Lorentz Factor S0,5 Jele
Lorentz Transformations BRIt APes:
Time Dilation e L
Length Contraction (Jskll GaleSal) Jshll Lus
Relativistic Mass Lol 48
Mass Energy Equivalence Bl sl 581
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“ I ntroduction

Classical physics is concerned with the objects that move at
velocities much less than the speed of light in vacuum, which
obeys by Newton laws, as for the objects that move with very
high velocity, almost close to speed of light, they follow laws
of relativity theory.

The special relativity theory, proposed by Einstein 1905, is

considered one of the most dramatic theories ever; it caused
so many changes on the concepts of classical physics, nature
of nuclear particles and some cosmic phenomena.

The relativity theory depends on the concept of frames of reference. Reference frame is
simply the position at which someone observes an event at a given time. This person is called
(observer), who observes events and does the measurements.

According to relativity theory, observing a given event in space accurately is done by
identifying its position and time using four coordinates (X, y, z, t). (X, y, z) are position
coordinates, and (t) it is time coordinate, at which the measurement is done.

For example, when a physical event is described,

we use a frame of reference called (S), when these y y Event
objects move at a constant velocity relative to each = < —:{—
other, these moving frames are called inertial frames

of reference. Figure (1) shows frames of reference ———
(S) and (S'). They are matched at the moment the / 7 X'
measurement starts, move the frame of reference (S') 2 z

at a constant velocity (v) compared to the frame of Figure (1)

references (S) toward the x-axis.

One might ask: How classic theory and relativity

theory conceive the relative movement?

To answer this question: assume an observer at a
given reference frame is observing an event in another
frame of reference moving in a constant velocity

relative to its frame of reference, see figure (2). The

classical mechanics assumes that time measured for

Figure (2) The person in constant frame
) ) (s) observer another person in movement
and measuring time goes along the same rate frames (s).

the event itself 1s in both 1nertial frames of references,

regardless of movement velocity of reference frames,
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i.e. the time interval between two consecutive events must be one for both observers.
Although this assumption seems obvious according to classical theory, it seems incorrect
when the velocity of the object is close or comparable to the speed of light, in this case,

hypotheses of relativity theory must be adopted.

m Einstein’s two hypothesisin special theory of relativity

The special theory of relativity relies on two principles:
1. Laws of physics must be the same in all inertial frames of reference. This means:
measurements in a frame of reference in a state of rest must give same result if it takes

place within another frame of reference with a constant velocity relative to the first.

@/ you know?

(¢=3 X 108m/s) in all inertial frames of references Albert Einstein puplished his

2. Speed of light in vacuum is constant

regardless of observer's velocity or speed of ~gpecial theory of relativity in
light source. 1905, when he was twenty-six
This hypothesis is an important conclusion to = years old, in 1915 he published his
the famous experiment conducted by Michelson- = general theory of relativity, which

Morley in 1887, which proved that speed of light ~dealt with the topic of cosmic

. . N . ravitation and introduced the
i1s constant when moves in all directions, since g

) ) o ) term space-time, which expresses
there is no ether (ether is an invisible hypothetical . P _ P
) o ‘ the interconnectedness of time and
medium thought to exist in space. It is thought of ..
space. He won the Nobel Prize in

as the medium in which light travels). trsies i 1821 farsis iniempreiiton

of the photoelectric phenomenon.

m Galilean transformations and L orentz factor

When an event moves in space at a constant velocity (for example towards X- axis), to
measure this event, classical physics used Galilean transformations which based on three

basic conditions according to relation between frames of reference (S, S') which are:

1 2 3
parallel axie: Velocity of Time ig
’ referance constant In
X/ X frame S' is al inertial
y/7y constant referance frames
z /N7 Yy =Tonstan t/t
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Then, Einstein adopted other transformations, which are Lorentz transformations, Lorentz
proved, by studying movement of physical particles in electromagnetic field, that velocity
of particles has a significant effect in measuring physical dimensions of the object. He also
proved that there is a correction factor must be adopted relation to coordinates of frames of
reference (S, S').

The correction factor is called Lorentz factor (y) and expressed by:

y = L = Table (1): represents (y) value in
/1_% term of V/c.
V : Velocity of particle, c: Speed of light in vacuum. Vi Y
_ _ _ 0.0010 1. 000 000 5
Table (1): Represents (y) value in term of various velocity, 0.010 1.000 05
also, figure (4) shows a diagram of (y) values in term of | .10 1.005
various velocities. 0.20 1.021
0.30 1.048
20 0.40 1.091
" 0.50 1.155
=18 ' ' ' ' 0.60 1.250
1I,10_ _ | | L4 | _ 0.70 1.400
» | 0.80 1.667
= | ' ' 0.90 2.294
(1) — 5% -2-’.5 0I5 vaoms 092 2932
0.94 2.931
Figure (4) shows a diagram of (y) values for various 0.96 3.571
velocities. When the velocity closed to speed of light 0.98 5.025
o 0.99 7.089
we see the values of (y) approach to infinity. 0.995 10.01
0.999 22.37

@Aou know?

The figure below shows a truck driver observing a ball thrown in air vertically, as for the
outside observer, it is completely different, the movement of the ball looks as in the curve
shown on the right side.

1 Ll

X o | (> T

o—0 j-ﬂ-*-—-r o—o0
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m The most important consequences of the spacial theory of relativity

In classical physics, measurement of physical quantities like length, time and mass does
not depend on the movement or rest of the observer who performs of measurement. As for
physics of relativity theory, objects moving at speed closed to speed of light will change in
these amounts for the (non-moving) rest observer.

Relativity laws below can be applied to velocities of moving objects even if they are almost
the speed of light. Some applications of relativity theory will be addressed: Time dilation,
length contraction, and relative mass and equivalence of mass, moment and energy, whose
values change according to the velocity of object.

9-4-1 Timedilation

In classical mechanics, time of the physical event does not depend on the movement of the
observer. As for the physics of special relativity theory, time of the event varies according
to position of the observer. Time recorded by a moving observer differs from time recorded

by a rest observer. The relation between time recorded by a moving observer with the same
to

2

Y
1-%-
R

t : time of event recorded by a moving observer at » .

velocity of that of the event (t) is:  t=

same velocity of event.

t: time recorded by a rest observer. T {oe] '
Figure (5) shows that time recorded by a moving
¥

observer at same velocity of event is less than time L‘

recorded by a rest observer (the event is moving for

L

L}

the observer). Figure (5) Time of event recorded by

arest observer.

An astronaut travelled at constant velocity (0.99¢) (very close to speed of light) then back

to earth after spending (5 years according to his own calendar in his spaceship). Calculate his

age by earth terms:

The solution:

Applying relative time equation:

= 7& = 5 =
t= \/z =t (0.99cY 35.4year
- CZ l' C2

1.e: 5 years spent on travel equals (35.4) years spent with his peers on earth.

272



The closest star to the solar system is Centauri, which is (4.3 light years) from earth.

Find:

1. Velocity of a spaceship to reach this star in (7.448 year), as measured by spacemen themselves.

2. Time interval measured by earth people.

Considering that speed of light in vacuum is (3 X 108m/s), y =

(LY): means light years.

The solution:

(1)
y=——2% _=1155
LY
C2
L - =1.334
o
1 _4
T =3
e
VZ
3:4-4(—2)
2
4(z)=1
v:i_1
¢ 4
v _1
c 2

y=05c= 0.5¢ 3 0f

—=1.155
S
2

t = t. .

o
t=ty

=7.448x 1.155
t = 8.6year Time interval measured by earth
people

Another way to solve the question:

(=X __43LY

v~ 15x 10
t_ 4.3x3x 10°x 365x% 24x 3600

- 1.5x 10
. 40.68x 10° m
1.5x 10

t=2.712x 10 s
(. 2.712x 10

365x 24x 3600
t = 8.6year

Yy =1.5x%x 1¢m/s the velocity of sapceship.
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9-4-2 Length contraction

Now we know that time interval are not constant
) , . T
intervals, but measurements vary acoording to e
the varies of moving reference frames at which
measurement is done, this also applies to lengths |,
too. L

Measuring a particular length in a constant

reference frame different from the measurements | :

if reference frame is moving. Moving objects for a Figure (6) Length contraction
rest observer will contract (shrink in length) toward
the direction of movement, see figure (6).

This means that maximum length can be measured when the object at rest. Length of a
moving object (L) compared to rest length (L ) is expressed as follows:

2

V
L=L.,/1-—
C2
Because the values in the root is always less than one, then the relative length (L) is always

less than the real length (L ).

A spaceship length is (50m) on earth, what length it will be when its moving with velocity
of (0.9¢)?

The solution:

Applying relative length law:
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Example (4)

An object length is (4m) at rest, calculate its length that measured by a rest observer when

the object is moving at a velocity equals to (0.7) of speed of light i.e (0.7¢)?

The solution:

Applying relative length law:

L=4,/1- (0'072(:)2 =4x0.71= 2.85m

Question:
Suppose this object is moving at a velocity of (600km/h). What length it will be when

measured by rest observer?

9-4-3 Relativistic mass
Another important results of the special theory of relativit is: consider mass as a function of
velocity, meaning that mass is not invariat quantity, it is a variable amount according to it's

velocity. Change of mass can be calculated according to the following relation:

m = 7m°yz
\/ 1- ra Remember:
m_: mass of object at rest (rest mass). The rest mass of photon equals to

m: mass of moving object at velocity (V) | zero.

(relativistic mass).

We conclude from the aforementioned relation that relativistic mass is greater than the rest

mass, 1.6 mass of moving object increases with it's velocity.

When velocity of object is low compred to speed of light (V << ¢), then:

(m = m ) that is, the change in mass can not be observed, as in the example:
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An object of mass is (1kg), calculate its mass in the following three cases:
a. If it's velocity is (1000m/s).

b. If it's velocity is (0.9¢).

c. If it's velocity is (0.99c¢).

The solution:

Applying relativistic mass law in three cases:

Me

VZ
1-4
g

m=

We find that the mass of the object becomes :

a) m= 1'?03 = 1.000000000005 kg
\/1' (3>< 108)2
1kg
= =9 -5 o040k
b) m 109 9 g
1kg

c)m= W = 7.0888 kg

We conclude from the aforementioned results that in small velocity compared to speed of
light, no change or no increase in mass can be obesrved, as for velocities close to the speed of
light, it is different and this has been proven in nuclear physics.

It is worth noting that nuclear physics has participated in validating these laws, one of the
most important concrete experiments is the nuclear radiation field, which are the particles
released from some radioactive materials such as Uranium and Radium, which are infinitesimal
material particles which move at velocity close to speed of light, increasing their mass in

accordance with the aforementioned equation.
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m M ass ener gy equivalence

Einstien managed to introduce his well-known equation: E = mc?

This equation stipulates that a very tiny amount of mass gives enormous of energy. Energy
resulting from a certain mass equals product of this mass multiplied by square of the speed of
light,which produces a very large energy.

This equation explained the energy and long life of stars, these stars lose a very small amount
of their matter and give energy that can extend to the universe.

Humans utilised this concept and equation to build and operate nuclear reactors, and nuclear
weapons.They both rely on the concept of nuclear fission. The fissile nucleaus can release
(200MeV) of energy, equivalent to (3.2 X 107J), this released energy is the result from the
consumption (3.56 X 10-2*kg) of the matter only.

Example (6)

What is the amount of energy obtained when one gram is completely transformed into
energy? How many months is this energy efficient? If the average consumption is (1000kwh)

per month, how many months is this energy efficient?

The solution:

Using the law E = m¢?
E=1x10°x% (3x 10)?=9x10%J
This amount is a very large and can be compared by amount of consumed electric energy
by Iraqi household. If consumption rate is (1000kwh) per month, this equals (3.6 X 10°]).
Dividing the produced energy by consumed energy, we get the number of equivalent months,
e
9 x 10"
3.6x 10

This means that energy resulting from transformation of one gram of matter into energy, this

= 2.5x 10 months

will sustain the household for more than two thousand years as an electrical operation.

Vyou know?

The ratio of what the sun loses in one second of its mass is (2.191x10') only and this
equates to more than four billion kilograms (4.2x10° kg). This produced energy is sufficient

for the electricity consumption of all countries of the world for a period of one million years.
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“ Relativistic mechanics

We might wonder how other physical concepts are effected by the relativity theory? Like

total energy, kinetic energy, and moments.
The theory of relativity emphasizes the necessity to change formulas and laws of most
classical physics concepts for objects moving at very high velocity amount relative to formulas

and laws:

9-6-1 Relativistic linear momentum
Relativistic linear momentum (P ) of a particle with a relativistic mass (m) is moving with

a velocity (v) is given the follwing relation:

Pa=nmv =—=—=  Relativistic Linear Momentum

(m) is the relativistic mass of the object.

(v) is the velocity at which the object is moving and (m,) is rest mass of the object.

9-6-2 Relativistic kinetic energy

The amount of relativistic Kinetic energy (KE),, as Einstein demonstrated equals the difference
between total relativitic energy of the particle moving at velocity () and rest energy of the
particale at (m_c?) 1.e. kinetic energy 1s not equal to (% mv?) as is the case in classical mechanics

rather, it is equal to relativistic energy after subtracting the rest energy .i.e:

(KE)w =mc&-m- ¢

(KE)w = ( 1 - 1)m. Relativistic kinetic energy
vice
Since:
(KE),,: represents the relativistic kinetic energy of the particle.
mc?: represents the total relativistic energy of particle moving at (v).

m_c*: represents the rest energy of the particle.
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9-6-3 Total relativistic ener gy
Total relativistic energy (E, ) for a particle moving at a velocity (v) is equal to the sum of

relativistic kinetic energy (KE) , and rest energy (m_c?) of that particle.

EreI: (KE)reI ‘|‘mOCZ

Substituting the amount of relativistic kinetic energy mentioned earlier, we get:

m, ¢
(B)rer = Ve Total relativistic energy
1-—=
C

We notice that in the case of a rest particle (its velocity equal zero) at any frame of reference,
the total relativistic energy of the particle equals (E = m c¢?). We conclude from Einstein’s

relation that total relativistic energy of the rest particle equals its rest energy.

9-6-4 Equivalence of energy and momentum

Applying the relativistic relations of total energy and linear momentum:

_ m, Vv
Pe=—F——— (E)er = _m.c =
1_V_ 1_V_
V c? c’

The following relation can be found:
(Erel)2 - (Prel)2 ¢+ m20C4

This equation is specifically used in studying nuclei and atoms. Electron units are often

used Electron-Volt units (eV) or their multiples (MeV =10° eV). As for momentum is

%) units. Other units are also used (%—\2/) or ( Méazv

expressed (% ) to express

mass.
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6?

Choose the correct answer in the following :

1. Which of the following quantities is constant according to relativity theory:

a. Speed of light. b. Time. c. Mass. d. Length.

2. A spaceship with a velocity (0.9¢) (0.9 of speed of light) sends a light beam, the relative
velocity of this beam, which is observed by the crew of another spaceship parallel traveling
to the first spaceship and in the same direction.

a. 0.9c. b. 1.8c. c 1.6¢c. d.c.

3. According to Einstein's theory of special relativity:
a. Time and place are correlated.
b. Energy and mass are correlated.
c. Time and energy are correlated.

d. Energy and mass are uncorrelated.

4. According to Einstein's theory of special relativity, all laws of physics are one in the
frames of measurement whose velocity:
a. Uniform acceleration. b. Uniform and constant.

c. Non- uniform and oscillating. d. Rotational.

5. Relativistic kinetic energy is equal to:

a %my2 b- %mcz. c.(m-m )c*. d. (v>-c*)m,.

6. Total relativistic energy is equal to:
a. m>-m_c>.
b. Pc-m c2.
c.(P,)?c’+m?ch,

d. m ¢+ (KE) ,
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7. According to Einstein’s well-known equation of mass energy equivalence:
a. E=m?c. b. E=c’m?2

c. E =mc?. d. E= mc

8. A clock is ticking once each second, if the clock length 1s (10cm) when in rest state, if this
clock moved with velocity (0.8c) compared to its length to a rest observer, the observer
measures the ticking of the clock and length of clock as :

a. Greater than (1s) and longer than (10cm).
b. Less than (1s) and longer than (10cm).
3. Greater than (1s) and shorter than (10cm).
4. Less than (1s) and shorter than (10cm).

9. A rod was placed parallel to the X- axis, then the rod moved parallel to this axis too with
velocity (0.8c). The apparent length of the rod is (Im) then its length in a rest reference
frame will be:

a. 0.5m. b. 1.666m. c. 0.7m. d. 0.8m.

10. If you were in a rocket moving with velocity of (0.7c) towards a star, what is the velocity
will get you to the light of that star:
a. Less than c.
b. Greater than c.

c. At speed of light in vacuum.

A particle moving at uniform constant velocity (v = 0.6¢c), what is the ratio

between relativistic momentum (P ) and classical momentum (P _)?

OX1» What is the main difference between Galilean transformations and relativity

transformations?

Some would say matter can neither be created nor destroyed, do you think this

1s true?

281



Problems of chapter 9

One gram of Hydrogen combine with eight grams of oxygen, they formed about nine
grams of water giving (2.86 X 10°J) energy. Calculate the amount of transformed
mass as a result of this reaction.

If the amount of energy produced from the sun per one second is (3.77 X 10*® W), find
the amount of the lost mass from the sun in one second.

A astronauts sending a massage to the observation station on earth informing them that
they will sleep for an hour, then they will continue communicating with them directly.
If the velocity of spaceship is (0.7c) relative to the earth, find the time taken by the
astronaut sleeping measured by the observers in the observation station on earth.

A ruler length (1m) is move with half speed of the light in the direction of its length.
What is the length of the ruler relative to an observer settled on the surface of the

earth?

If the lenght of the spaceship is (25m) on the surface of the earth at rest and the lenght
of the spaceship become (15m) according to rest observer, when it reachs a velocity of
(v). Find the velocity of this spaceship.

ﬂ What is the increase in the mass of proton. (m_= 1.67 X 10*’kg) if its velocity is (0.9¢).

What is velocity required in order to increase the mass of an object by (10%) of its

rest mass?

m Prove that the percentage increase in the mass of an object as (15.47%), if the object
moves at a half speed of light.

m An object length of (2m) moves at a certain velocity of (v). If an observer is at rest
relative to the object which measured its length and found it equal to (0.8m). Find the
velocity of the moving object.

What is the velocity of a particle with a relative kinetic energy equals eight times of
its rest mass energy.

What is the velocity of an electron if the relative kinetic energy equals (1.0MeV),
knowing that the mass of the electron is (9.11 X 10°'kg). (IMeV = 1.6 X 10" J).

A spaceship with velocity of (0.999¢), left the earth to the centauri star back and forth
which is at a distance of (4.3 X 10'*m) from the earth. Calculate the interval time of
(going to the star and coming back to earth) which in measured by a fixed clock in the
spaceship. Compare this time with the interval time measured by a clock on the earth.
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CHAPTER Nuclear physics
10

Contents

10-1 Introduction.

10-2 Structureand propertiesof thenucleus
10-3 Nuclear binding energy.

10-4 Radioactive decay.

10-4-1 Alpha decay.

10-4-2 Beta decay.

10-4-3 Gamma decay.
10-5 Nuclear reactions.
10-6 Nuclear fission.
10-7 Nuclear fusion.
10-8 Hazards and beneficials of nuclear

radiation.



Behavioural targets

After studying this chapter, the student should be ableto:

» Mention the main properties of the nucleus.

» Mention some characteristics of nuclear force.

* Define the concept of nuclear binding energy.

 Explain the spontaneous decay of some nucle by apha decay.

» Know the types of spontaneous decay for some nuclel by beta decay.
 Explain the spontaneous decay of some nuclel by gamma decay.
» Know about the nuclear reaction energy.

* Realize the importance of neutrons' reaction with the nucleus.

* Explain the concept of nuclear fission.

* Explain the concept of nuclear fusion.

» Mention the benefits of nuclear radiation.

» Name the hazards of nuclear radiation.

* Solve various mathematical problems.

Scientific Terms

Atomic number &) 2aal)
Antineutrino s 53 enil) liaa
Antielectron O SV aleas
Daughter nucleus (il ) 3l 510 31 il
Chain reaction Judodial) Jelal)
Radius of nucleus 3) il ylad Caal
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Average binding energy per nucleon O5lS g JSV A 5 5al) Jay ) A8 Jaee
Nuclear force 4550l 5 gall
Mass defect S (Gl ) il
(proton-proton) cycle (Osfs - Oss 0 )38
Parent nucleus Y1 3) il
Nuclear reaction energy 35 Jelal) dilk
Nneutrino s i gill
Mass number SLSI 2asl)
Positron SES:BEN

Natural background radiation

g::\,\.u\ gﬂﬂ\ Lﬁj}.ﬂ\ g lalY)
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m I ntroduction

One might ask, why we study nuclear physics? Is this

Proton
branch of knowledge important for humans? One might

ask too about the energy in that small part of the atom

called nucleus. See figure (1), which late turned out to be ML

stored mass energy. This nuclear energy is used for

Figure (1) Nucleus atom
peaceful purposes, (as in transforming nuclear energy

to electric energy), see figure (2), or for non- peaceful
purposes (as in nuclear weapons production). note figure
(3). Talking about nuclear energy might raise other |

guestions, to answer these questions, we need to know

how nuclear physics arose.
Figure (2) A nuclear reactor to produce

(1896) is considered birth date of nuclear physics, French €lectrical energy
Scientist Henry Becquerel discovered natural radioactivity
in Uranium compounds. In (1911) Rutherford proposed
the nuclear model of the atom. He assumed that positive

charges concentrate in a tiny space at the center of the

atoms called nucleus, see figure (4).

Figure (3)

Then discoveries continued later, which opened new

horizons not only for nuclear physics but also many

Nucleus
disciplines like medicine, industry and agriculture. In this
chapter, we will study some features of nucleus and some
of its applications. J“'
Electron
Figure (4) Atom
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Structure and propertiesof the nucleus

Many scientiststried to discover components of the
nucleus. It consists of positively charged particles
called protons, and neutral charge particles called
neutrons (zero charge), the proton and neutron is
called nucleon. This means the nucleus consists of
nucleons. The proton is symbolized by (iH) or (p),
in some cases (1p), the neutron is symbolized (gn)
or (n).The number of protonsin the nucleusis called
the atomic number (Z) , the number of neutrons in
nucleus is called neutron number (N). As for total
of protons and neutrons in nucleus, it is called mass
number (A).It is expressed as:

A=Z+N

The mass number (A) is written on the upper left of
nucleus symbol (X), asfollow:

2X

For example, aluminum nucleus, the atomic number
is (Z=13), mass number (A=27), so it symbolized by
(22Al), see figure (5).

(Al refersto symbol of auminum nucleus. Applying
the relation (A = Z+N), the number of neutrons in
aluminum nucleus (N) is (14) neutrons.

Also, you have learned what is meant by
isotopes, they are nuclei which are equa in
atomic number and different in neutron number
(or mass number) for example: (SLi, iLi, 5Li)
are three isotopes of Lithium see figure (6). So,
what about nucleus mass? It represents (99.9%)

of atom mass. Is How aom nucleus mass
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%ou know?

Leptons and quarks are
elementary particles of matter, the
electronisaleptons, while protons
and neutrons are made of quarks.
From the properties of quarks is
that they carry a part of the charge
(e), quarks differ from one anther
in their mass. For example, a
proton contains two up quarks (u)
or (up) and one down quark (d) or
(down). While a neutron contains
two down quark and one up quark.
See figure. For your information
that the charge of up quark (u)
IS ( +%e), and the charge down
quark (d) is (—5e).

i : Proton
v a
@ Neutron

{ Massnumber ) 2

7
{ Atomic numbery JAl

Nucleus
symbol

Figure (5)




measured? They are measured by accurate devices like mass
spectrometer. Masses of atom nucleus are measured by atomic
mass unit (amu) or symboliced by (u) instead of kilogram, which
IS nhot appropriate to measure atomic and tiny nuclear masses
that equal:

lamu = 1u=1.66 x 10?7 kg

Since the nucleus containsthe (A) nucleons, and Nucleon mass
is close to mass of (1u), then approximate mass of nucleus is
(m') which equals (Axu).

The nucleus is often described as heavy, medium or light
according to mass number (or mass) whether big, medium or
small respectively. In this chapter, when we discuss masses of
balanced atoms, nuclel and particles (like proton, neutron and

aphaparticle....etc), we mean rest masses.

.n. oLi

sLi

sLi

Figure (6)

Think?

Can you distinguish
the color that represents
proton and the color that
represents neutron in the
figure (6)?

Nuclear physics scientists often express mass with equivalent energy. Equivalent energy of

mass can be found by using Einstein’s relation of equivalent mass (m) with energy (E) asthe

relation:
E= mc?

c: Speed of light in vacuum which equals (3x10% m/s). i.e. the relation between mass and

energy is equivalent. Mass can be converted into energy and inverseistrue.

So, the equivalent energy of mass (1u) isfound equal to (931MeV). According to relation of

energy- mass equivalence, the following relation can be expressed as:

Now after discussing mass of nucleus, how can
we find the nucleus charge? Since neutron charge
is zero, the nucleus charge equals total of proton
charges. So, the nucleus of any atom is positive
and its amount of charge (q) equals (+Ze) whereby
(Z) is atomic number of the nucleus and (+e) is the

proton charge = (1.6 x 10 C).i.e:
g=~2Ze
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Remember:

IMeV=10°eV = 1.6 X 10*3]



Find the amount of charge for gold nucleus (*%Au ), if you know that proton charge is
(1.6 x 10 C).

The solution:

We have the relation: g=Ze
and for the nucleus (23Au ); so (Z=79)
Substituting in previous relation, we have:
-.g=79x%x 1.6x 10°
.0 =126.4x 10° C thegold nucleus charge.

Now that we learned briefly what is meant by mass and

\/@you know?

Although the neutron has a

charge of nucleus. What about nucleus volume? How can

radius and volume of nuclear be known? The answer is:

: . neutral charge (its charge is
first attempt to estimate volume of nucleus and radius was ge g

zero), it hasamagnetic moment.
done by Rutherford by apha particle scattering of gold

atom nuclei and similar experiments, that most nuclel

atomes are spherical (in this chapter, we will assume that
the shape is spherical). He discovered that nucleus radius
(R) is directly proportional to cubic root of mass number

(A). See figure (7). i.e: give by the following relation ship:

(R « A3) and expressed asfollows: N

Nucleus radius

R = roA% Figure (7)
(r, ) is a constant amount called radius constant and equals (1.2 10" m).
Nuclear dimensions range around (10'°m), which has very tiny dimensions. Thus, it is
important to use a length unit called Femtometers or Fermi (F) ,thus:
1Fermi =1F =10 m
Thisrelation can be expressed in meter unit (m) and (F) Fermi unit, as follows:

R

1.2x 10°A3 (m)
1.2A% (F)
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Find radius of copper nucleus (55Cu) in: a. meter (m), b. Fermi (F).
The solution:

a. To find radius by meter (m) the following rule applies:
R=1.2x 10° &

As for copper nucleus (5iCu), then (A= 64), and by substituting in previous relation we

have:

R=1.2x 10°( 64°= 1.Xx 16% 64

S R=1.2x 10°X 4= 4.8< 16 n itisthe nucleus radius by meter
b. To find radius by Fermi (F), we have:

F=10"m
S R=4.8F itisthenucleusradius by Fermi

[Also we can find nucleus radius by Fermi (F), by using the relation (R = 1.2A3), check
it yourself and compart the result of your calculation with the result of the step (b) for this

example].

Volume of the nucleus (V) can be found by applying the following relation (assuming that
shape of nucleusis spherical shape with aradius (R)):

V = %n R = %m%A

To find approximate density of nucleus (0 ), thisrelationisapplied (o = r\n/ ), (m") : represents

approximate mass of nucleus (Axu). Approximate density of nucleus (2.3 x 10‘7%) isand
compared to water density (103%), the nucleus density is around (2.3x 10*) times the

density of water, and it is avery huge amount.
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m Nuclear binding ener gy

We know that similar charges repul se and since the nucleus contains neutral charge neutrons
and positively charged protons (except for normal hydrogen nucleus and its isotopes which
contain one proton only). Why these protons do not repulse despite similar charges? If so,
will the nucleus disassemble? If this is not the case, how the nucleus maintains stability
and bondage? What binds the nucleons together? The answer is. there must be a nuclear
attraction force that binds the nucleons of the nucleus. This strong nuclear force is one of the
four basic forces in nature; the nuclear force is the strongest in nature. From the properties

of nuclear force is short-range and does not depend on charge.

Nuclear binding energy (E,):
It isthe released energy when an appropriate |({i#s ~ Magnesium nucleus

number of protonsand neutronsgather toform A
anucleus (or energy required to disassemble
the nucleus into protons and neutrons). Mass
of nucleus does not equal its component
protons and neutrons when separated its

o Proton 124§
always less than the sum of the individual Neutron 1@

masses of protons and neutrons, see figure Figure (8)

(8). This difference in mass (Am) is called
mass defect, and it is equivalent to nuclear “ 2 H
|

binding energy (E,) according to Einstein’s

(mass-energy) equivalence relation: Figure (9)
E, =Amc?

For example, by measuring mass of Deuteron nucleus (2H ), which consists of one proton
and one neutron, see figure (9). It is found to equal (2.013553u) which is less than the total
mass of the proton (1.007276u) and Neutron mass (1.008665u), which equals (2.015941u)
when separated. Thus the difference in mass or defect mass (Am) is equals (0.002388u) We
can find the nuclear binding energy (E,) in (Mev) units as follows:

Eb = Amc?
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Substituting in previous relation, (c¢? = 931%), we get:

E,=0.002388 x 931 =2.223 (MeV).

Practicaly, it is better to use atom masses instead of nuclei masses, the mass defect (Am) is
expressed as.

Am=7ZM_ +Nm -M

M, mass of Hydrogen atom.

M: mass of specific atom.

Z: Atomic number.

N: Neutron number

mn:Neutron mass.

Thus, the nuclear binding energy of the nucleus will be:
E,= (ZM, + Nm_- M) c?

Since atomic masses are measured by (u) unit, the nuclear binding energy unit (E,) is measured

by (MeV), thus (¢* = 931MSV ).

Quotient of nuclear binding energy (E,) by mass number (A) is called average nuclear binding

energy per nucleon (E,’), and expressed as follows:

Eb/:%

How (E,) vaue change when the mass

number of nuclei changes (A)?

Figure (10) showschangein (E,") with (A),
the figure shows that the curve is generally

constant except for light nuclei like Deuteron

Average nuclear binding energy per nucleon

(2H) and heavy nuclei like lead nuclei

i j
] W Al i [T 1]

(%28pp). It also shows that medium nuclei Mass number
Figure (10)
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have the larger values of (E, ) like Iron nucleus ( 3Fe), thus, medium nuclei are usually the
most stable. Light and heavy nuclei can be more stable if a nuclear reaction can change them
into medium nuclei. In other words, under convenient circumstances, heavy nuclei become more
stable if fission to medium nuclei and vice versa, if light nuclei fused to form heavier nuclei,

they become more stable too. In both cases, energy will be released. You will know later in detail

about nuclear reactions of fission and fusion in sections (10-6) and (10-7).

Find nuclear binding energy for Nitrogen Nucleus ( 1?N) in (MeV) unit, if the mass of

the atom (2N )is (14.003074u) and mass of hydrogen is (1.007825u) and neutron mass is

(1.008665u).Find the average nuclear binding energy per nucleon too.

The solution:

We havetherdation: E,=(ZMy+Nm,- M)c?
Since the masses are expressed in (u) unit, then:

(c2= 931MeV)

S Ey=(ZMu+Nm,- M) x 931(MeV)
Asfor (" N)nucleus: Z=7 A=14N=A-2=14-7=7
Substituting these values in previous relation, we get:

E,=[7x1.007825+ 7 1.008665 14.0030[/4 !
. E»=0.112356< 93%F 104.60%1eV)

Thisisthe nuclear binding energy.
[note that defect mass (Am) in this example is (0.112356u)]

. =_ Es _ 104.603_ MeV
< Bo = A~ 14 ~ 7'472( nucleon)

In addition, we canwrite:  E,'= 7.47A MeV)

which is average nuclear binding energy per nucleon.
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Radioactive decay

Some nuclel are unstable (radioactive), then they seek to be stable through decay. There are

three magjor types of decay:
10-4-1 Alpha decay:

If we ask this question: When does unstable nuclel undergo spontaneous al pha decay? See

figure (11-a). The answer is: when the mass and volume of a nucleus are relatively big. Thus,
emission of alpha particle from these nuclei helps to achieve larger stability by reducing
volume and mass. Asyou previously studied, alpha particle is helium nucleus, which contains
two protons and neutrons (3He) or (& ). See figure (11-b), it has a positive charge (+2e).

In Alphadecay, (asisthe case in other radioactive decay)
the original nucleus before decay is usually called parent
nucleus, the produced nucleus after decay iscalled daughter
nucleus.

The following equation shows a nuclear equation for a
nucleus in alpha decay:

200 2 +  iHe
(parent nucleus) (daughter nucleus) (alpha particle)

(plutonium nucleus) (uranium nucleus)

Note figure (12).

What does alpha decay do to mass number and atomic
number of parent nucleus? The mass number decreases by
four, and the atomic number decreases by two (see previous
nuclear equation).

Also, note that when the atomic number changes, nucleus
of the element al so changesto anucleus of another element.
This is true of other types of decay and nuclear reaction.
except Gamma decay, how can we find decay energy for a
nucleus in alpha decay?

Assuming that the mass of parent nucleus is(Mp) (initially
at rest), massof thedaughter nucleus(M ) and alphaparticle
(M,), then, alpha decay energy (Q ) is expressed as.

Qa:[MP'Md'Ma]C2
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Figure (11-a)

‘He=a

Figure (11-b)

Before decay
wPu

&

After decay

r— I

@i iHe)

Figure (12)



When atomic mass measured by (u) unit, scince (c2 = 931%) then the unit of (Q ), inthis
caseis(MeV). The necessary condition for a nucleus spontaneously decay by (alphadecay) is
that the value of energy decay of (Q ) must be positivei.e. (Q >0). Itisworth noting that alpha
particle ( with less mass compared to daughter nucleus) will have speed and kinetic energy
larger than that of the daughter nucleus according to law of (mass-energy) conservation, and

law of linear momentum conservation.

Example (4)

Prove that Radium nucleus( 23R a) achieves spontaneous decay condition to Radon nucleus
(*2Rn) by means of apha decay. Write the nuclear equation of decay, if the atomic masses

of each:
%Ra =226. 025406 (v),

. Before decay
8RN =222.017574 (U.),
‘He = 4.002603(u).
After decay
The solution:
@ -
The nuclear equation of decay is: (;He)
BRa — %Rn +  3He
Parent nucleus Daughter nucleus  a- particle
Spontaneous decay condition is that value of decay energy (Q)) is positive
We have the relation: Q.=[M,-M4-M.]c?

Since masses here arein (u) units, then ¢2 = 931%

5 Q.=[M,-My-M .| x 931(MeV)
Substituting in previous relation, we have:

Q. =[226.025406 222.017574 4.0024063

- Q,=5229x 10x 93E 4.868eV)

Since (Q ) valueis positive, i.e. (Q > 0)
.*. Spontaneous decay condition is achieved.

294



10-4-2 Beta decay:

It is the second spontaneous radioactive decay through
which some nuclel can reach stability. There are three
ways where some nuclei can be spontaneously by beta
decayed:

1. Emission of negative beta particle ( or electron) (-)
or (Je), it is a negative charge (-€), this process is
called negative beta decay. See figure (13).

2. Emission of positive beta particle (or positron) (B+)
or (%), itisapositive charge (+€) . This processis
called positive beta decay, see figure (14). A positron
is a particle which has all properties of electron, but,
it has positive charge, (it is called anti-electron).

3. A nucleus captures one of internal orbital electrons of
the atom; this processis called electron capture.

Positive Beta decay is accompanied by emission of a
particle called Neutrino (its charge and rest mass s zero)

(3v), or (V). The atomic number and mass number
are zero. While negative beta decay is accompanied by
emission of a particle called antineutrino particle (3 ), or
(y ).The atomic number and mass number of this particle
IS zero too, (see nuclear decay equations).

One might ask: the nucleus has no electrons or
positrons in the first place, how can it emit electron
or positron? Where did they come from? The answer
is when the nucleus emits the electron, it results
from decay of a neutrons in the nucleus into proton,
electron and anti-neutrino, see figure (15). This decay

is expressed by the following nuclear equation:
on—1p+ B +ov, (B = i)
Thisdecay happensbecausetheratio of neutronsto protons
in the nuclear islarger than required to achieve stability.
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Parent nucleus
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Figure (13)

Before decay

Parent nucleus

After decay @

Daughter nucleus

Posm ve beta
particle

Neutron Proton Neutrino
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Figure (14)
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But when the nucleus emits the positron, it results from decay of a proton in the nucleusin
to neutron, positron and neutrino, this decay is expressed by the following nuclear equation:
ipP—-on+B +ov, (B =

This decay happens because the ratio of neutrons to protons in the nucleus is smaller than

ge)

requiredtoachievestability. Bel ow, someexamplesof threenucl ear equati onsof spontaneously

decayed nuclei by beta decay:

%5CU— %Zn+ B + v (Negative beta decay)
YN — BC+ 3" +v (Positive beta decay)

4Ca+ %e — 4K+ (Electron capture)

10-4-3 Gamma decay:

Some nuclei are often in an excited state, i.e. they
have extra energy after undergoing alpha or beta decay,
how can such nuclei reach stability spontaneously? The
answer is. such nuclel can reach stability by Gamma
decay (the third spontaneous radioactive decay) and
reach more stability by emitting gamma ray, see figure
(16-a). If the nucleus moved from ahigh-energy level to
alow-energy level, gammaray (Photon) will emit. The
photon energy equals the difference between levels.
Gammaray, is electromagnetic ray (photons) with high
energy and frequency, its rest mass and charge is zero,
they are denoted by the symbol (y) or ( 87’ ), becausethe
atomic number and mass number is zero.

The following equation shows a nuclear equation of a
nucleus in gamma decay:

“aPu

(parent nucleus)

WPU o+ Yy

(daughter nucleus)

—

(Gammaray)

(plutonium excited (plutonium nucleus)

nucleus)
(x) sign means that the nucleus is in an excited state,
see figure (16-b).
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Think?

From observing the adjacent
examples nuclear
equations, the nuclei that have
radioactive
decay by betadecay, canyou know
what the decay of the negative
beta, the positive beta and the
electronic capture do to the values
of the mass number and atomic

of three

been spontaneous

number for the parent nucleus?

Figure (16-a)

Before decay

W Pu’

s Pu

After decay

[ —— @ LTS
¥ - ray

Figure (16-b)




Asit is shown previously in nuclear decay equation for Plutonium excited nucleus (22pyy ),
the mass number and atomic number remain constant in gamma decay. The relation of gamma
energy or photon energy (E) in frequency (f) isasfollows:

E =hf

h: Planck’s constant equals: (6.63x 10*Js)

f = % , Whereby () is photon wavelength, and (c) is speed of light in vacuum.

Nuclear reactions

We have noticed earlier that structure of nucleus changes when the nucleus undergoes
spontaneous radioactive decay by alpha decay or beta decay according to earlier nuclear
eguations. You might ask, can the structure of the nucleus be changed when thrown by nuclear
particles with particular energy? The answer is, yes. Rutherford was the first to prove that an

induced nuclear reaction is possible, see figure (17) And as the nuclear reaction below:

—

H

(Proton)

1;1N

(Nitrogen nucleus)

1; O +

(Oxygen nucleus)

sJHe +
(Alpha particle)

In case of nuclear equations, sum of atomic numbers and mass numbers must be equal at
both sides of the nuclear equation, i.e. that is nuclear equation must be balanced, as shown,
for examplein the previous nuclear reaction equation. Thus, we note that the nuclear reaction
is the one, which makes changes in properties and structure of target nucleus. For example,
when Nitrogen nucleus (N ) is thrown by a neutron particle (3n), we can obtain Carbon

nucleus (%¢C) and proton particle (1H ), see figure (18).

_."*+;.§' _..,;':‘§+ . “‘*+;_:§_p.}3+ -
| 14 17 1 1“ 14 14 1
Figure (17) Figure (18)
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It isworth noting that nuclear reactions must obey
the laws of conservation:
a. (Energy — mass) conservation law.
b. Linear momentum conservation law.
c. Angular momentum conservation law.
d. Electric charge conservation law (or atomic
number conservation law).
e. Nucleons number conservation law (or mass

number conservation law).

Nuclear reaction energy

Valueof energy of nuclear reaction (Q) canbefound
as follows: assume a nuclear reaction whereby the
target nucleus (X) (usually static at the beginning)
whose mass (M), is thrown by the projectile (a)
whose massis (M ) to produce anucleus (Y) whose
mass is (M) and the particle (b) whose mass is
(M,), hence, this reaction can be expressed by the
following equation:

a+tX—>Y+b
The value of nuclear reaction energy (Q) can be

found from the relation:

Q=[(M_tM)) - (M, +M,)]c?
Or Q=[M_+M _-M -M,]c?
When the atomic masses are measured by (u) unit,

then (c2 = 931MSV ), the unit of (Q) is (MeV). For
example if (Q) value is positive (Q>0), then the

nuclear reaction is called exoergic reaction.

If (Q) vaue is negative, (Q<0) then the nuclear
reaction is called endoergic reaction.
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Remember:

Alpha particles have the greatest
ability toionizematerials, followed by
negative beta particles, and the least
powerful ones is gamma rays. While
for material penetration, Gammarays
have the greatest ability to penetrate
materials, followed by negative beta
particles, and the least of them are
alpha particles (that usually do not
penetrate clothing and human skin).

Paper Aluminum Lead

Alpha particles are deflected by the
effect of an electric field or a magnetic
field in a direction indicating that
aphaparticleshave apositive charge.
Negative beta particles are deflected
in a direction indicating that they
have negative charge, while gamma
rays are not deflected by an electric
feild or a magnetic field.

magnetic field — L s
of 'z I| 1

perpendicular t
the paper

Radioactive
inlead shield =%




It is worth noting that neutrons are important

projectiles in nuclear reactions, see figure (19), ' : R .
2 4 —t * T
because neutron charge is zero, therefore it can

penetrate into the nucleus easily (easier than ln zauu 239

alpha particles or protons) because there is no

. . Foure (19
repulsive electrical coulomb between the neutron 'gure (19)

and the nucleus.

In the following nuclear reaction:
zHe+*%N — %O +iH
Find nuclear reaction energy by (MeV) then show the type of reaction, considering that the

atomic masses are:
YN = 14.003074u) , iHe=4.002603 v

0 =16.999132u) , iH=1.00782% U

The solution:

From the nuclear reaction:

:He + 5N - %O+ IH
Projectile target nucleus  resulting nucleus resulting particle
(@ . (X) (Y) (b)
Alphapartical  Nitrogen nucleus  Oxygen nucleus Proton

Nuclear reaction energy (Q) can be found from the relation:

Q:[Ma+Mx'MY'Mbk2

Since masses here are given in (u) unit, then (c* = 931@)
Q:[Ma+Mx'My'M b]X 931(MeV)

Considering the nuclear reaction equation and substituting in previous equation, we have:

Q =(4.002603 +14.003074 - 16.999132 - 1.007825) x 931(MeV)
..Q=(-0.001280) x 931 =-1.192(MeV)

Since(Q) valueisnegative (Q<0), .. Thereactionisendoergic.
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m Nuclear fission

We often hear about massive energy released by nuclear fission

in its peaceful and non- peaceful uses. What is meant by nuclear

i@ Proton
‘ Neutron

Slow neutron

fission? It is a nuclear reaction in which a heavy nucleus (like

Uranium nucleus( %5V ) isdivided into two nucleusof light masses, 3

by throwing (projecting) this heavy nucleus with dow neutron ‘ '
(thermal neutron) of small energy (0.025eV), see figure (20). @

Figure (20)
The result of nuclear fission is new radioactive nuclei and a number of neutrons (typically

two or three) as well as massive energy. You might ask where did this massive energy come
from? The answer is, this massive energy comes from the fact that sum of resulting masses
Is less than sum of reacting masses. Thus, the missing (lost) mass turns to massive energy
according to Einstein relation of equivalence of (mass- energy). For example: (200MeV)

energy releases when one Uranium nucleus fission (%5U).

Thus, therel eased energy from nuclear
Uranium nucleusis compound and excited.

fission is much larger than that of ":. P
released from the chemical reactions. N .
For example: Uranium nucleus fission n “

"y

(23U) by a dow Neutron, in the

following reaction, see figure (21). "'E-.u

In+25U  25U° - “Ba+2Kr +3in Figure (21) [For reference only (not required)]

The symbol (28U*) means that the uranium
nucleus is compound and excited.

Chain Nuclear reaction:

The reaction at which uranium (*:U) nuclel is
fission is called chain nuclear reaction, see figure
(22).

If the chained nuclear reaction is not controlled, iy ;- :‘i 5o

L . B

it will cause massive explosion and huge amount Figure (22) [For reference only (not required)]
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of energy. Nuclear bomb (commonly atomic bomb
also called fission bomb see figure (23) was made
according to this case. Man managed to control
chain nuclear reaction. The first controlled chain
nuclear reaction was done by the scientist Fermi and
his associates in the first nuclear reactor in Chicago

in USA (1942), figure (24), shows the core diagram

of the first reactor. The nuclear reactor is a series of

Figure (23)

systems which control chain fission nuclear reaction

: : _ .
of the nuclear fuel (like Uranium 25U of Plutonium gi= sraphiite mocerator

Control rod

2%Pu) and the resulting energy. Nuclear reactors are
now largely used for peaceful purposesand el ectrical

energy, see figure (25-a,b)

Natural uranium fuel

Figure (24)

Figure (25-a)

| Shkeata Eleciricd Ir.-H'-W;'I:I
. b oW
Lol wiset [ Tarbine Elecirical generator
s |

wader codler

Water pamp For coal

Figure (25-b) components of a nuclear reactor to generate electricity

[For reference only (not required)]
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Nuclear fusion

Have you ever wondered how the sun can have al this
massive energy, which reaches the earth? The truth is that
this massive energy result from a nuclear reaction called
nuclear fusion, which will be discussed now:

Nuclear Fusion:

It is nuclear reaction whereby, two small nuclei (light
mass), are fused to form a heavier nucleus. See figure
(26). The mass of the heavier nucleus is less than sum of
masses of both original light nuclei. Difference in mass
converts to released energy according Einstein relation
of (mass-energy) equivalence. According to this, the sun
is considered a huge thermal fusion reactor to produce
energy. What are the processes and nuclear reactions to
produce such huge energy in the sun? Chain reactions
of normal Hydrogen nuclel fusion (protons) to produce
helium (3He), are the main processes in the core of the
sun (wherethetemperatureis 1.5x 10 K), withinaseries
called (proton-proton) cycle. Nuclear fusion releases
larger energy than that of nuclear fission for equal masses
of nuclear fuels. This concept is applied in militarily to
produce the Hydrogen bomb, see figure (27). It is more
fatal and lethal than the fission bomb. This kind of fusion
bombs is uncontrollable reaction. However, what the
controlled fusion reaction is called? Controlled Fusion
nuclear reaction is called the inexhaustible energy source
because the source for this reaction is Hydrogen (it is
abundant and available in water on earth). Nuclear fusion
is considered a source of clean energy, because helium

is non-radiant by-product, unlike radioactive reactants
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Figure (26)

Figure (27)

@ you know?

Thereisanother nuclear fusion
reactions called carbon cycle
(carbon fusion) and occurs in
the stars that its temperature is
higher than the temperature of
the sun core.
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in nuclear fission. There are many difficulties to achieve nuclear fusion, the major difficulty
is repulsive electrical coulomb force between protons and reacting nuclei when the distance
between them is short. To enable protons overcome repulsive electrical coulomb force, the
nuclear reaction temperature must be very high (about 10°K), whereby the medium to bear
such heat becomes plasma (the fourth state of matter). There is currently no material that can
handle such heat. Due to technical difficulties, there is no real advantage from fusion nuclear
reaction for peaceful purposes. Scientists now seek to discover new ways to contain reacting
plasma needed in nuclear fusion like using the magnetic field to enclose plasma in a container
but away from the walls (like tokamak device), see figure (28). If a controlled fusion nuclear
reaction is attainable, fusion nuclear reactors will be the future of this energy. Figure (29)

shows one of prototypes for a fusion nuclear reactor.

Toroidal

magnetic

field coil
\

Part of energy for the accelerator

Pressurized
liquid reactor

ABjeus 211193

Lithium blanket

Extraction

Deuterium
and Tritium

Figure (28) [For reference only (not required)] AT

Figure (29) Suggested Design of nuclear fusion
reactors [For reference only (not required)]

m Hazards and beneficials of nuclear radiation

You might be surprised to know that we all exposed to nuclear radiations all the time. But

where these nuclear radiations come from? The logical answer to this equestion is certainly
from the environment in which we live. Sources of nuclear reaction are generally divided into

two:

1. Sources of natural background nuclear radiation: This includes cosmic ray and nuclear

radiation from earth crust, as well as radioactive activity in the human body.
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2. Sources of artificial nuclear radiation:

including nuclear radioactive sources used
in medicine for the purpose of diagnosis
and treatment, see figure (30), radioactive
nuclear waste, nuclear dust from nuclear

weapons test, nuclear radiations produced |

from reactors, and the use of radioactive

nuclear sources used in research and study. Figure (30)

What are effects and hazards of nuclear radiation on human body?

The degree and type of damage caused by nuclear radiation depends on many factors, like
type of radiation (a gamma or apha particles...etc), the energy of this radiation, and the
organ exposed to this radiation (liver, bone or eye..etc.). As the radiation damage in humans
body is caused by ionizing body cells . The damage causes early effects like dermatitis or late
effects like cancer (physical effects), as for damages in reproductive cells, it might lead to
deformed births and this damage might last for generations (hereditary effects). So, what is
the precautionary procedure to protect ourselves against external nuclear radiation we might

be exposed to?

The answer is: In case exposure to radiation, we
must keep this exposure to minimum by :
a. Reduce exposure time of nuclear radiation to
minimum.
b. Keep away from nuclear radiation source.
c. Wear protective shields between humans and
nuclear radiation source (likelead for example).

see figure (31).

Figure (31)
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Are there advantages and useful uses of nuclear

radiation and nuclear energy?
Of course, there are many useful and peaceful

applications, we will mention some here:

a. The medical field: Nuclear radiation and

nuclear energy can be used to fight pathological Figure (32)

organisms like viruse, which cause diseases.

They areal so usedto sterilemedical equipments. WCU know?

b. The agricultural field: like studying physiology _ _
The first electric power generation

of plant, plant nutrition, and maintaining of o melear enenmy wEs fn 1051

foods. See figure (32). now there are more than thirty

c. The industrial field: Asafuel to spaceships, see  countries investing nuclear energy to
figure (33), and operating ships and submarines. generate electric power.
See figure (34). There are many applications of

this energy that cannot be summarized here.

Figure (34)

Figure (33)
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o
Choose the correct statement for each of the following:
1. Theradius of anucleus (R) is change:
a. Directly proportional with (A% ). b. Inversely proportional with (A% ).
c. Directly proportional with (A3). d. Inversely proportional with (A3)

2. The amount of average nuclear binding energy per nucleon is:
a. Greater for the nucleus of the light elements. b. Greater for the nucleus of the heavy elements
c. Equal to all nucleus of elements. d. Greater for the nucleus of intermediate elements
3. The followings are properties of nuclear forces except one:
a. Binds and holds nucleon of the nucleus.  b. Does not depend on the charge.
c. Has very long range. d. The strongest in nature
4. If we assume that binding energy per nucleon for the nucleus of Neon (2Ne) equals

(161MeV), then the average binding energy per nucleon for the nucleus of Neon with units

MeV equals:
a. 8.05. b. 16.1.
c. 3220. d. 1610

5. The nucleus of the Polonium isotope (%;P0) spontaneously decays to the nucleus of

isotope Lead (%7Pb) viadecay of:
a. Gama. b. Negative beta.
c. Positive beta. d. Alpha.

6. When a nucleus suffers spontaneous positive beta decay, the atomic number is:
a. Increased by one. b. Decreased by one.
c. Decreased by four. d. Does not change.

7. In the following nuclear reaction:

;He+3Be — 4C +3n,

thevaueof (A) is,

a. 13. b. 12.
c. 5. d. 6.

306



8. In Nuclear Physics, the two small nuclei (light by its mass) are fuse to form a heavier
nucleusis called:
a. Nuclear fission. b. Electron capture.
c. Positve beta decay. d. Nuclear fusion.
9. The natural background nuclear radiation sources are:
a. Dust falling from nuclear weapons tests. b. Cosomic rays.
c. Nuclear radiation produced from nuclear reactors. d.None of above.
10. Nuclear fission carries out for the nucleus of uranium (%5 ) by using:
a. Proton with small energy. b. Alpha particle with small energy.

c. Slow neutron. d. None of above.

@49 What is the meaning of the following?
Positron, nuclear fission, nuclear binding energy, nuclear chain reaction, nuclear

fusion, nuclear reactor.

®ki»What isthe particle which:

a. Has amass number equal one and an atomic number equals zero.
b. Is called anti-electron.
c. Accompanies an electron in spontaneous negative beta decay?

d. Accompanies a positron in spontaneous positive beta decay?

OZ3»What is the condition for spontaneously decay of anucleus by alpha decay?

0151 Causes the followings:
a. Gammarays emitted spontaneously from some radiated element’s nuclei.

b. Neutrons are regarded as important projected of nuclear reaction.

What are the typesin which some nuclei would be decay spontaneously by beta decay?

@/ » Since the nucleus basically does not contain electrons, how can the nucleus emit an

electron, explain that.
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What are the conservation laws which must be satisfied in the nuclear reactions?

Complete the following nuclear equation:

aiH+:Be—iLi+?
b. 2C" - 2C+?

C- 5Co— xFe+?+v
d. jn—?2+2+7

010D Where is the tremendous energy of nuclear fission come from?

@)X What happens if achain nuclear reaction is not controlled?

©)¥» The uranium nucleus (%51 ) was decay by spontaneous alpha decay to a thorium
nucleus (Th). Then thorium nucleus is decay by spontaneous negative beta decay and
formed (X) nucleus. Then the (X) nucleus will decay by spontaneous negative beta
decay finally formed ( X") nucleus.
a. Write the three nuclear equations for this nuclear chain reaction in sequence.

b. Give the name of the nucleus (X").
What are the main nuclear processes and reactions to produce the huge energy in Sun?

What do we mean when we say the controlled nuclear fusion reaction is of called the

source of energy which isinexhaustible. Explain that.
What Is the main obstacle to obtaining useful energy from nuclear fusion?
What Is the effect and hazards of nuclear radiation on the human body? Explain this.

What precautionary measure is required to be taken in order to protect ourselves from
the dangers of external nuclear radiation that we may be exposed to urgently? Explain

this.
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Problems of chapter 10

Hint:
The mass of Hydrogen atom, (i1H) = 1.007825 (u)
The mass of Helium atom, (3He) = 4.002603 (u)
Neutron mass = 1.008665 (u)
lu=1.66x 10”"(Kg) ., h=6.63x 10*(Js)
c=3x10*(ml/s) , e=1.6x 10°( O
leV =1.6x 10°( J

Nuclear fuel is placed inside a nuclear reactor. After the nuclear reaction has taken

place, there was less mass which has been converted to nuclear energy (0.25g). Find

the amount of nuclear energy produced in (MeV) units.

For the nucleus (5iFe), find:

a. The amount of nucleus charge.
b. The radius of nucleus, measured by (m) firstly then by unit (F) secondly.

¢. Nucleus volume, measured by (mq).

If you know: (3/7 = 1.917).

If the radius of Polonium nucleus (zspo) equals twice the radius of an unknown

nucleus(X). Find the mass number for the unknown nucleus?

Find the nuclear binding energy of (*::Te) nucleus in (MeV) unit firstly, then in (J) unit
secondly, if the mass of atom (*Z£Te) is (125.903322 u).

Find the followings for (%2C):

a. Defect massin (u) unit.
b. Nuclear binding energy in (MeV) unit.
c. Average nuclear binding energy per nucleon in (MeV) unit.

If you know (mass of (*2C) equal (12u).

mWhich one of the following two nuclel has nuclear binding energy, greater than the
other. Nucleus (3 ) or nucleus (3Hge)? Find the result in (MeV) unit. If the atomic

massesof: tH=3.016050 ) , 3He=3.016030 (u)
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Prove that the Plutonium (%¢Puy) nucleus satisfies spontaneous decay condition to
Uranium nucleus (22y) by aphadecay. Also write the nuclear decay equation, given
that atomic masses are:

236

PU =236.046071(w) , (%8U)=232.037168 (u)

Find the change in the mass of a nucleus at rest initialy, when nucleus shots gamma
radiation with energy (2MeV)? Find the answer in (u) firstly and (kg) secondly. What

Is the wavelength of these radiation in (m). Neglect the nucleus recoil.

A nuclear reaction happened between afallen particle and the nucleus of the Beryllium
(iBe) at rest. This produces the particle of neutron and Carbon nucleus (*2C).
a. Express this reaction as a nuclear reaction equation and hence determine the
name of the fallen particle.
b. Find the nuclear reaction energy measured in (MeV) unit.
c. What is the type of this nuclear reaction.

given that atomic mass of (;Be) =9.012186 (u) , (*2C) =12 (u).

A nuclear reaction has taken place between fallen proton and Samarium nucleus
('%Sm) at rest. Thisreaction produced an alpha particle and Promethium nucleus
(*¢iPm). The nuclear energy equals (6.88 MeV) and the mass of Samarium atom

equals (149.917276 u). Express this reaction by nuclear reaction equation.

Find the mass of Promethium atom in (u) unit.

Assume that energy of (200 MeV) released by fission of one nucleus from Uranium

(25U ). Find the number of Uranium nuclei needed to released (3.2x 10°.) energy.
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