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UNIT 5
STEADY ELECTRIC CURRENT AND CIRCUIT PROPERTES

5.1. Electric current (1)

Electric current is the rate at which charge flows perpendicular a surface area (This area could be
the cross- sectional area of a wire). If AQ is the amount of charge that passes through this area in
a time interval At, the average current | 5, is equal to the charge that passes through A per unit
time:

_AQ

| e
av =AY + — 4

+ +
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Figure 5.1 Charges in motion throu@h an area A.
If the rate at which charge flows varies in time, then the current varies in time; we define the
instantaneous current | as the differential limit of average current:
_4do
Cdt
The Sl unit of current is the ampere (A): 1A :%

I

The charges passing through the surface can be positive or negative or both. It is conventional
to assign to the current the same direction as the flow of positive charge. In electrical
conductors, such as copper or aluminum, the current is due to the motion of negatively charged
electrons. Therefore, when we speak of current in an ordinary conductor, the direction of the
current is opposite the direction of flow of electrons.

Microscopic Model of Current
We can relate current with the motion of charge carriers by describing microscopic model of
conduction in a metal. _
N- number of charge carriers in the part of the conductor I
£
[

N . .
n=g - charge carrier density

Ax -the length of the part of the conductor. ;' |

At - the time taken for the charge carriers to move the distance Ax. | ) |

o
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V - the volume of the part of the conductor is given as / . Sk
V=A Ax L
vy -the average drift speed of the charge carriers. vy Al
Thus, the distance covered by charge carriers in time At is:
Ax = vz At Figure 5.2 A section of a uniform

conductor of cross-sectional area A.
Inserting Eq. (1) into (2), we have
V=Av,
The total number of charge in the part of the conductor is
N=nV=nAv,



The total charge that cross the right cross-sectional area of part of the conductor in time in At is
AQ= Ng=nAqv, At
where q is the charge of each charge carrier. The average current in the conductor is thus
_ AQ _
I = v nAqu, .
Example 5.1
A wire with a circular cross-sectional area 10° m? carries current of 1A. Find the drift speed of
electrons if the number of mobile charge carriers is 10°® electrons per cubic meter.

Solution
A=10°m?>  1=1A  n=10% electrons per cubic meter g=e=1.6x10"°C
V= — L =6x10"'m/s

T Ae 1078x10-6x16x10-1°
Resistance and Ohm’s law

Consider a conductor of cross-sectional area A carrying a current I. The current density J in the
conductor is defined as the current per unit area. Because the current |1 =ngvgA, the current
density

] = %:nqu,
where J has Sl units of A/m?and in general, current density is a vector quantity.

From this equation, we see that current density is in the direction of charge motion for positive
charge carriers and opposite the direction of motion for negative charge carriers.

Ohm’s law

A current density J and an electric field E are established in a conductor whenever a potential
difference is maintained across the conductor. In some materials, the current density is
proportional to the electric field:

J=0E,
where the proportionality constant o is called conductivity of the conductor. o is independent of

the field producing the current. Materials that obey Ohm’s law are said to be ohmic.
| i .|

Consider a straight wire of uniform cross sectional area A

and length L as shown. A potential difference A V= V- V4 s = \
maintained across the wire, creating in the wire an electric field -' i . |
and a current. If the field is assumed to be uniform, the potential c 5 i .
through the relationship . i

AV =El : > E
Figure 5.3 A uniform conductor of length |
and cross-sectional area A.



Therefore, we can express the magnitude of the current density in the wire as
J=cE=0 ATV

Applying the relation J=1/A, we have

L=2py
A l

Or
—_ Ly =
AV = (0)I=RI
The quantity R :ﬁ is called the resistance of the conductor. We can define the resistance as the

ratio of the potential difference across a conductor to the current in the conductor:

AV
R:T

This is also Ohm’s law used mostly for practical purpose. Resistance has Sl units of volts per

ampere. One volt per ampere is defined to be one ohm (Q2").
v
1Q=—
1A

The inverse of conductivity is resistivity p
1
p=

)
g

where p has the units ohm-meters (Q2.m). Because R :i, we can express the resistance of a
uniform block of material along the length | as

l
R=£
A

Every ohmic material has a characteristic resistivity that depends on the properties of the
material and on temperature. The resistance of a sample depends on geometry (a given
cylindrical conductor such as a wire is proportional to its length and inversely proportional to its
cross-sectional area.) as well as on resistivity.

Example 5.2
What is the resistance of a cubical block of iron having sides of length 1.2cm?
Solution:

L=1.2x10?m,

A=L?=1.44X10"*m?

l 9.68%10780mx1.2%x10"2m -
R=E= =8.07x10° Q

A 1.44%x10"%m?2

Resistance and Temperature
Over a limited temperature range, the resistivity of a conductor varies approximately linearly
with temperature according to the expression

p = po(1+ aAT)
where p is the resistivity at some temperature T (in degrees Celsius), p, is the resistivity at some
reference temperature Ty (usually taken to be 20°C), and « is the temperature coefficient of
resistivity. We see that the temperature coefficient of resistivity can be expressed as



1 Ap
" po AT
We can write the variation of resistance as
R = Ry(1 + aAT)
Note that the value of « is positive for conductors and negative for semiconductors.
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Figure 5.4 Resistivity versus temperature Figure 5.5 Resistivity versus temperature for a pure
for a metal such as copper semiconductor, such as silicon or germanium
R
Superconductors

There is a class of metals and compounds whose resistance decreases
to zero when they are below a certain temperature T, known as the
critical temperature. These materials are known as superconductors.

Te

Figure 5.6 Resistance versus temperature superconductor

Electrical Energy and Power
Consider a simple circuit shown in the Fig. As the charge moves from a to b through the battery,

it gains electric potential energy. .
AU = AVAQ = AV (IAt) —_—
However as the charge moves through the resistor fromcto d
it losses potential energy. The power delivered to the resistor
(the rate at which the charge AQ losses potential energy in

going through the resistor) is AV "“1§
P:m:A—U:AVA—Q:AV[ i [ Y
At At At
This can also be put in the forms
— 72 _ av)? . - - .
P=1 or P= = Figure 5.7 A circuit consisting of a resistor of

resistance R and a battery



Example 5.3

A (400, 200V) bulb is connected to a 120V source of potential difference. Find the current drawn
by the bulb.

Solution:
2
P=200W AV =120V from theses values we get the resistance R = A%:100(2.

Now the bulb is connected to a AV’ = 120
. AV’

Applying Ohm’s law [ = - = 1.2A
Electromotive Force (emf)
A mechanism that maintains current in a dissipative medium is called emf. It is the energy source
that maintains current in a circuit. The common characteristic of all sources of emf is to effect a
charge separation. This separation is accomplished against electrostatic force created by the
charge separation. The common sources of emf include: electric cell, generator and solar cell.

Consider an electric cell shown in the Fig.
E is the electrostatic field due to the charge separation.

En is the non electrostatic field. It exists only in a very

restricted space (inside a battery). Figure 5.8 electric cell
Emf (&) is the work done per unit positive charge by E, from the — to the + plate.

Terminal voltage (AV) is the work done per unit charge by E from the + to the — plate.

e For an open circuit or for a battery with no internal resistance terminal voltage and emf
are equal (AV = ¢).
e For a source of emf that has internal resistance (r) and connected to external resistor (load) R,
we have AV =¢—1Ir
Using the relation AV = IR, we get

e=IR+ Ir

The current flowing in the circuit is give as

&€

- R+1r

One can also readily see that

el = I?°R + I°r



The term in the left hand side is the total power, the first term in the right hand side is the useful
power (dissipated in R) and the second term in the right hand side is the wasted power
(dissipated in r)2.

Example 5.4.

Show that the maximum power delivered to the load resistor R occurs when the load resistance
matches to the internal resistance.

Solution:
12 2R
P=I T(R+1)2
T =0
dR
2 ZEZR
_R+r:
(R+71)2
=>R=r
Example 5.5

An electric cell with e = 12V and r = 1Q is connected with a 5 Q load resistor. Calculate the
current in the circuit.

Solution:

€ 12V

==L = =2A
R+r 5Q0+41Q

Resistors in series and in parallel

Series connection

For a series combination of two resistors show in Fig. 5.9, the currents are the same in both
resistors because the amount of charge that passes through R; must also pass through R, in the

sar
I, —IL-1 Rog— R+ Ry

a J,.U,'J\r ir LA c Iid M c

-
-
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>
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Figure 5.9 Resistors in series



The potential difference applied across the series combination of resistors will divide between
the resistors.

AV = IR, + IR, = I(R, + R,)
The resistors can be replaced with a single resistor having an equivalent resistance

Ry =R, +R,
The potential difference across the battery is also applied to the equivalent resistance Req
AV = IR

The equivalent resistance of three or more resistors connected in series is
Req — R1+R2 + R3 + -

Parallel connection

For a parallel connection of two resistors shown in Fig. 5.10 because electric charge is
conserved, the current | that enters point a must equal the total current leaving that point:

AV, = AV,= AV ] i
R, R, B R
W

I W

: Ry

i » "'.,r"n..f\., 2
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Figure 5.10 Parallel connection of resistors
As can be seen from Fig. 5.10, both resistors are connected directly across the terminals of the
battery. Therefore, when resistors are connected in parallel, the potential differences across the
resistors is the same. Because the potential differences across the resistors are the same, the
expression AV = IR gives
AV

I—I+I—AV+ AV(
172 TR TR,

1 1 AV
4 _) -

R, R, Req
where Req is an equivalent single resistance which will have the same effect on the circuit as the
two resistors in parallel. For two resistors in parallel their equivalent is given as

1 1 1 RyR,
= a4 —> Req =
Ry Ry Ry R{+R,
For three or more resistors in parallel, we have

1 1 1 1
4+ — 4 ...
Req¢ R1 Rz R3




5.2. Kirchhoff’s Rules
As we saw in the preceding section, simple circuits can be analyzed using the expression AV = IR
and the rules for series and parallel combinations of resistors. Very often, however, it is not
possible to reduce a circuit to a single loop. The procedure for analyzing more complex circuits
is greatly simplified if we use two principles called Kirchhoff ’s rules:
1. Kirchhoff’s point (junction) rule. The sum of the currents entering any junction in a
circuit must equal the sum of the currents leaving that junction:

Zlin:Z Iout \

It is a statement of conservation of charge E

2. Kirchhoff’s loop rule. The sum of the potential differences across all elements around
any closed circuit loop must be zero:

chosed AV=0
loop

It follows from conservation of energy. You should note the following sign conventions when
using the second rule:

* Because charges move from the high-potential end of a resistor toward the low potential end, if
a resistor is traversed in the direction of the current, the potential difference AV across the
resistor is —IR (1% Fig.)

; £
L
I _I| ¥ . —||— .
_‘l.' a £ b il 1 . b
AV=+E AV= -&

* If a resistor is traversed in the direction opposite the current, the potential difference AV across
the resistor is +IR (2™ Fig.).

* If a source of emf (assumed to have zero internal resistance) is traversed in the direction of the
emf (from — to+), the potential difference AV is +¢ (3" Fig.). The emf of the battery increases
the electric potential as we move through it in this direction.

* If a source of emf (assumed to have zero internal resistance) is traversed in the direction
opposite the emf (from + to -), the potential difference AV is —e (4" Fig. ). In this case the emf
of the battery reduces the electric potential as we move through it.

In all cases, it is assumed that the circuits have reached steady-state conditions (left for enough
long time)—that is, the currents in the various branches are constant. Any capacitor acts as an
open branch in a circuit; that is, the current in the branch containing the capacitor is zero under
steady-state conditions.



Example 5.6
Find the current in the circuit shown in Fig. 5.11

A ——i—t’

6.0V 8OV

Figure 5.11
No special care be taken in assigning the current directions, since those chosen incorrectly will

simply give negative value
Currcnt into & = current out of b

Ll & |Jr';=ﬁ
Mext we apply tha loop rule to loop adba. In volts,
. 10.0
=T04L +60+40=0 ur [ =—1
1.0
(Why must tha term 7.0/, have a negative sign?) We then apply the loop rulz to loop abea. In volts,
. 12.0
—40-8.0+50/=0 I szﬁr

{Why mus:t tha signs be as written?)
MNow we return to Eq. () to find
10.0 " 120 -50-—B4
70 50 35
The minus sign tclls us that f5 15 opposite 10 dircetion to that shown in the Ggurc.
RC Circuits

In DC circuits containing capacitors, the current is always in the same direction but may vary in time. A
circuit containing a series combination of a resistor and a capacitor is called an RC circuit.

Iy==0 -1l =— =-38 A

Charging a Capacitor

Let us assume that the capacitor in this circuit is initially uncharged. There is no current while
switch S is open (Fig. 5.19b). If the switch is closed at t=0, however, charge begins to flow and
the capacitor begins to charge. Current exist in the wire connected to the capacitor until the

capacitor is fully charged. 5 e
M WM
—q
o s lf
.
| S b S
£ €
Applying Kirchhoff’s loop rule, we have Figure 5. 12 RC circuit

£ — % —IR=0 (I and qare instantaneous values)



Now employing this equation, the initial current and the maximum charge in the capacitor are:
Since the capacitor is initially has no charge, we have

e—0—-I,R=0 = 10=§ is the initial current
When the capacitor is fully charged the current is zero, then we have
£ — % —0=0 = Q= &c is the maximum charge on the capacitor

To find g(t) and I(t), inserting I(t) = % , we have
e-1-_Rr¥ =9
c dt

To find an expression for g, we solve this separable differential equation. We first
combine the terms on the right-hand side:

dg €& q @ ¢q— CE

di RC RC RC

Now we multiply by df and divide by ¢ — CE to obtain

1 1
e
g— CE RC

Integrating this expression, using the fact that ¢ = 0 at t = 0, we obtain

( a dg 1 I‘ f
= e 37 di
Jo (g— CE) RC iy
 g— GE i
Irl( 1 ] =
W = RC

From the definition of the natural logarithm, we can write this expression as

g(t) = CE(1 — ¢ ¥RC) = (1 — £ VECy

One can get the current by taking the derivative of g with respect to time
dg _ Q _t _t
I(t) =— =—¢e Rc = ],e Rc
©) dt Rc 0
The quantity Rc is called time constant (z) of the circuit. It represents the time it takes the current

to decrease to 1/e of its initial value. In a time t; 1=1o/e=0.368l, and in time t the charge
increases from 0 to Q(1-%)=0.632Q

i
0632 CE [~——— \.
/ a.
0368, m——

|
|
I —
| =
£ | =R ﬂ | “\-‘%_ﬂ_“ {
T E

fa) {b)

Figure 5. 13 Plots of g and I versus time for charged RC circuit



The energy output of the battery as the capacitor is fully charged is Qe =Ce&?. After the capacitor
is fully charged, the energy stored in the capacitor is %Qs = iCsz, which is just half the energy

output of the battery. K
: MW
Example 5.7

For the RC circuit shown in Figure, R=8x10°(), C=5uF and ¢ = 12V

If the switch S is closed at t=0, find i

a)T

b) Qmax and Imax —l |—:// o—
c) q(t) and I(t) : A
Solution:

a) tT=Rc=4se

b) Qmax=£c=60uC and |maX:|o:§ = 15u4

) Q=QU-¢™) =60uC(1-e®) and [ =lpeT =15udes = R3S |r
Discharging a Capacitor

Now consider the circuit shown in Figure 5. 14, which consists ”;T"

of a capacitor carrying an initial charge Q , a resistor, and a switch. S

If the switch is closed at t =0, the capacitor begins to discharge
through the resistor. At some time t the Kirchhoff’s loop equation for Figure 5.14 Discharged

the circuit can be written as RC circuit
ol ype g
(
When we substitute [ = dg/dt into this expression, it becomes
. B
di '
o 1
S SR — i
q RC
Integrating this expression, using the fact that g = (Qat t = 0 gives
0 g -
J o DS ! . J et
Jo g RC o
i ) e
\ Q) RC

Ot



Differentiating this expression with respect to time gives the instantaneous current as a function
of time

dq . 0
Ry ——— —I/RCy — _ = ,—Y/RC
B="p & “ Re "

where % = I, is the initial current. The negative sign indicates that as the capacitor discharges,

the current direction is opposite its direction when the capacitor was being charged. In the time
-1

constant 7 = Rc:  q=Q/e=0.37Q and I= 70 =0.37l,.

The time taken for the capacitor to lose half its charge is known as half-life (¢,,,) of the decay
process. In this case g=Q/2, then we have

Inq/Q = _t/Rc
Or

Q/2, _ tr

In /Q =—"/n.
_tip
In2="%/p.

Thus, the half life is ti/2 = RcIn2 = 0.693Rc
Example 5. 8

A 2nF capacitor with initial charge 5.1uC is discharged through a 1.3KQ resistor.

a) Calculate the half life and the time constant of the circuit.

b) What charge remains on the capacitor after 8 us.

c¢) Calculate the current in the resistor 9 usafter the resistor is connected across the terminals of
the capacitor.

d) What is the maximum current?

Solution:
a) t1p,=Rc In 2=(1.3KQx2nF) In2=
b) T = Rc ==(1.3KQx2nF)=

— — — -ous
C) |:-|Oe'URC— -9 e Yre = =31KC e a /1.3KQx20F
0 Rc 1.3KQx2nF
d) o = -~
Exercise

A 50uF capacitor is discharged through 10 KQ resistor. How long will it take for the potential
difference across the capacitor to fall 40% of its initial value?

Scale

Measuring Instruments (Electrical Meters)

The galvanometer | a8 G |

The main component in analog meter for measuring current T f‘\rr\:— I

galvanometer. It make use of magnetic effect of current for i _,\—-‘*-»_ > X T s .

movement only. - K‘-} il [
— Sr

‘-pl i ( ol



The Ammeter

A device that measures current is called ammeter. It must be connected in series with other
elements in the circuit. It is necessary to observe the polarity of the instrument. ldeally an
ammeter should have zero resistance so that the current measured is not alte@l.\ Thus it is very

sensitive. :
A >7
N———

A typical galvanometer is often not suitable for use as an ammeter, because:
e It has resistance about 50Q. (10Q — 100Q)
e It gives full-scale deflection for currents on the order of 5mA (10uA-10mA) is very
sensitive.
A galvanometer can be converted to a useful ammeter by placing a small resistance, shunt
resistor (Rs), in parallel with the galvanometer so that the current to be measured is directed to
the shunt resistor.

Example 5.9
What is the value of Rs to modify a galvanometer (R;=20 and 13=1mA) to an ammeter with
range of 0 to 10A. R

I=lg+s =I=1-1,=10A-0.001=9.999A )

Var=1gRg=1sRs

Ry = R, 2 = 20022 = 00020 !

. . s ¥ , —
The equivalent resistance Req 0f the instrument is
1 1 N 1 0,002 a b
Req Ry R Galvanometer

The voltmeter
A device that measures potential difference is called a Voltmeter. The voltmeter should be
connected in parallel with a resistor. It is necessary to observe the polarity of the instrument. An
ideal volt meter has infinite resistance so that no current exist in it. -

— (v )y—

A galvanometer can measure voltage up to 20mv. It can be modified nto a voltmeter by

connecting a high resistance R in series with the moving coil.
Galvanometer

Suppose we wish to modify the galvanometer (20 Q, 1mA) for use as voltmeter

with range of 0 to 10V.

) R«
When Vab=10V and the current is 1ImA,we have
Thus, the value of Ry is a I
R, =" — R,=—""_ _ 200 = 9980Q
1 0.0014

The equivalent resistance Req is
Re=Rg+Rx=10,000 Q
A voltmeter and an ammeter can be use together to measure resistance and power.



Exercise

1. A galvanometer of full-scale deflection 5mA is to be converted into a 0-10a Ammeter. If the
coil has a resistance of 50 €, what value of shunt must be fitted?

2. How can the galvanometer in the above problem converted to a 0-10V voltmeter?
The ohmmeter
You can use ammeter and voltmeter to find to find out the resistance of a component plotting its
V-1 characteristic.
Although not a precision instrument, the ohmmeter is a useful device for rapid measurement of
resistance. It consists of ammeter, a resistor and a source.

The Wheatstone bridge and the Potentiometer

The Wheatstone bridge

The fundamental concept of the bridge circuit is the two voltage
dividers (R1, R; and R3 , R4) are both supplied by the same input.
A galvanometer is connected between the output terminals and is
used to monitor the current flowing from one voltage divider to

the other. If the two voltage dividers have exactly the same ratio

(XX = %2), then the brige is said to be balanced and no current flows
4

R R
inzeither direction through the galvanometer.

In its basic application, an unknown resistor, Ry is connected as
the fourth side of the circuit and voltage(¢) is applied. Figure 5. 16 Wheatstone
bridge R2 (variable) is adjusted until the galvanometer G., reads zero current. At this point

VL:VR
V|_: & —V1: E— 1R1

On account of the relation I =

&
Ri+Ry'

we have

Ry Ry

Vi=e— ()

R1+Ry

Vr=€c —V3z=¢ — I'R; T @ 0/
x

On account of the relation I' = —— we get R, R

R3+Ry'

Vr= e — (—2)e

R3+Ry

Equating these equations, we get Figure 5. 17
Ri _ Rs
Ri+Ry;  R3+Ry

R3+Rx:§—j (R, + R,)

Finally, we find

Example 5.10

In the bridge circuit shown above the galvanometer G shows zero deflection when R;=10Q, R,=
1000 Q and R3=27.49 Q . What is the unknown resistor Ry?

Solution:

Employing the relation



R, =R, 2—? we get

Rx=2749 Q
The potentiometer
A potentiometer has a sliding contact and acts as an adjustable potential divider. It permits
measurements of potential difference without drawing current from the circuit being measured
and hence acts as an infinite- resistance voltmeter.

The equivalent resistance of the parallel-connection is “}{S'II
RaRy
R, +Ry,
The equivalent resistance of the network is I:IHE I:IH !
R3R RpR{+RR;+R1R
The current drawn from the source is ]

|=£ — Ry+Rp,
Req  RLR1+R_R;+RiRy °
Thus, the voltage across Ry is
— RaRL
V= I(R2+RL)
Plugging the expression for I, we obtain
V — RaRy,
L™ R Ry+RLRy+RiRy S
However, if R is large in comparison with R; and R, then the equation can be simplified to

Figure 5. 18 The potentiometer

— R
= Ri4Ry °
Similarly, if Rp is in parallel with Ry, the potential difference V. is
VL = 5 S
R14R;

You can see that the supply voltage (¢) is divided by the circuit in proportion ti the values of Ry
and R».

Example 5.11

The resistor between a and b is a wire of length [, with a sliding | 1|

contact at a distance x from b. An unknown potential difference M
V is measured by sliding the contact until the galvanometer
reads zero. L
a) show that under this condition the unknown potential a Y /\X/\/\‘ b
difference is given by szfs c
Solution: Using the relation
px V

It then gives us V=7 ¢
b) If e = 12V, | = 1m and the galvanometer G reads zero, what is the potential difference Vy?
V=& =952V



Problems

1. If a copper wire is stretched to make it 0.1% longer, what is the percentage change in its
resistance?

2. The equivalent resistance of the series combination of two resistors is p. When they are joined
in parallel, the equivalent resistance is g. If p = nq, find the minimum possible value of n.

3. Five resistors are arranged as in Fig. —a
Find the effective resistance between A and B. i

4. Three resistors of 4, 6 and 12Q are connected together P A sV V. Vam
in parallel. This parallel arrangement is then connected ' —L“f ) .

in series with a 1 and 2 Q resistors. If a potential difference
of 120V is applied across the end of the circuit, what will
be the potential drop across the part of the circuit connected in parallel?

5. A battery having an emf 24V and a resistance 2 € is connected to two resistances arranged
(a) in series and (b) in parallel. If the resistances are 4 and 6 Q, respectively, calculate the

watts expended in each resistance, in each of the two cases.

6. A moving coil meter has a full scale reading of 1mA and a resistance of 80 1. How could the
meter be used to measure (a) 100mA full scale and (b) 80V full scale?

7. In the circuit shown in Fig., the cells E; and E; have emfs 4 and 8V and internal
resistances 0.5 and 1 Q, respectively. Calculate the current in each resistor and the notential
difference across each cell. il T

8. A battery has an emf of 15.0 V. The terminal voltage = .

of the battery is 11.6 V when it is delivering 20.0 W of
power to an external load resistor R. (a) What is the value i e
B /\N\/\/\ c

of R? (b) What is the internal resistance of the battery? o :
Y.
9. A 2.00-nF capacitor with an initial charge of 5.10 )C is
discharged through a 1.30-k' resistor. (a) Calculate the /VV\N\
current in the resistor 9.00 )s after the resistor is connected &2
across the terminals of the capacitor. (b) What 7.009 | 150
charge remains on the capacitor after 8.00 )s? (c) What is W ks
the maximum current in the resistor?
hw 5.00 ©2 -
10. The ammeter shown in Figure reads 2.00 A. Find I, I, and €. _AAA (A
L4t -
200 €2 E
11. A capacitor in an RC circuit is charged to 60.0% of its B
maximum value in 0.900 s. What is the time constant of 3.00Q
the circuit? AW
2500
12. Determine the current in each branch of the circuit § 1.00 Q
shown in Figure mﬂé gl.oun

+
Tam 120V




Unit 6
MAGNETISM

6.1 Concepts of a Magnetic Field
Magnetic field

Magnetic field is a region around moving charges. A magnetic field also surrounds a magnetic
substance making up a permanent magnet. The symbol B is used to represent a magnetic field.
The direction of the magnetic field B at any location is the direction in which a compass needle
points at that location. As with the electric field, we can represent the magnetic field by means of

drawings with magnetic field lines. .
Note that the magnetic field lines outside the magnet point m//

away from north poles and toward south poles. One can display u\\

magnetic field patterns of a bar magnet using small iron filings.

Figure 6.1 Magnetic field lines

We can define a magnetic field B at some point in space in terms of the magnetic force Fg that
the field exerts on a charged particle moving with a velocity v, which we call the test object.
(Assume that no electric or gravitational fields are present at the location of the test object).
Experiments on various charged particles moving in a magnetic field give the following results:
» The magnitude Fg of the magnetic force exerted on the particle is proportional to the charge g

and to the speed v of the particle. rE
» The magnitude and direction of Fg depend on the velocity of the

particle and on the magnitude and direction of the magnetic field B.
» When a charged particle moves parallel to the magnetic field vector,

the magnetic force acting on the particle is zero. -
» When the particle’s velocity vector makes any angle 6 # 0

With the magnetic field, the magnetic force acts in a direction

perpendicular to both v and B; that is, FB is Figure 6.2 The magnetic force

perpendicular to the plane formed by v and B (Fig. 6.2).
» The magnetic force exerted on a positive charge is in the direction opposite the direction of the

magnetic force exerted on a negative charge moving in the same direction.
» The magnitude of the magnetic force exerted on the moving particle is proportional to siné,

where 6 is the angle the particle’s velocity vector makes with the direction of B.
We can summarize these observations by writing the magnetic force in the form

Fz;=qVxB

The magnetic force is perpendicular to both v and B. Its direction can be determined using right-
hand rule. We recall from definition of vector product that the magnitude of the magnetic force is
given as

Fg=|q|vBsin 6



where 6 is the smaller angle between v and B. From this expression, we see that Fg is zero when

v is parallel or antiparallel to B (16 = 0 or 180°) and maximum when v is perpendicular to B (8

=90°).

There are several important differences between electric and magnetic forces:

* The electric force acts along the direction of the electric field, whereas the magnetic force acts
perpendicular to the magnetic field.

» The electric force acts on a charged particle regardless of whether the particle is moving,
whereas the magnetic force acts on a charged particle only when the particle is in motion.

» The electric force does work in displacing a charged particle, whereas the magnetic force
associated with a steady magnetic field does no work when a particle is displaced because the
force is perpendicular to the displacement.

We can regard this equation as an operational definition of the magnetic field at some point in

space. That is, the magnetic field is defined in terms of the force acting on a moving charged

particle as
Fp

|g|Vsin8
The Sl unit of the magnetic field B is Tesla (T)

1IT=1-"Y
cm/s

Example 6.1
An electron moves to the positive x-axis with a speed of 8x10°m/s inside a magnetic field 0.25T
directed at angle of 60° to the +x-axis and lying in xy-plane. Find the magnetic force on the
electron.
Solution:

V= 8x10°m/s i B= Bcosfi+Bsinfj= and q=-1.6x10"°C

The magnetic force becomes

Fe= qVxB==-1.6x10"°C(8x10°m/s i)x (0.13 i+ 0.22 j)T

Fe=2.8x10"*N(-k)

Magnetic Force Acting on a Current-Carrying Conductor

To indicate the direction of B in illustrations, we may use symbol X (into the plane ) and - (out of
the plane)
Consider a straight segment of wire of length L and cross-sectional area A, carrying a current | in
a uniform magnetic field B is directed perpendicular into the page as shown. The magnetic force
exerted on a charge g moving with a drift velocity Vq is Fy
quXB B, A
The total force acting on the wire can be found by multiplying the —//
force exerted on a charge by the total number of charges in the _
segment (nAL), | ! X x|
Fe=(qVeXB)nAL, ' ' '

w
AN G+ —

where n is the number of charges per unit volume Figure 6.3 current carrying wire
and L is the length of the segment. Using the relation I=nqV4A, we have
Fg=1 (LXB),

where L is a vector that points in the direction of the current. The direction is determined using
right-hand rule.



Example 6.2

A straight, horizontal length of copper wire has a current 1=28 A to the right through it. What are
the magnitude and direction of the magnetic field needed to exert an upward magnetic force of
0.56N on 1m of the wire?
Solution

I=28A  Fg=0.56N L=1m

Applying the relationB = % we get B=0.02T
Using the right-hand rule the direction of B is into the page.

Note that the magnetic force on a current-carrying wire in a uniform magnetic field is equal
to that on a straight wire connecting the end points and carrying the same curve.

Example 6.3

A wire bent into a semicircle of radius R forms a closed circuit and
carries a current I. The wire lies in the xy plane, and a uniform
magnetic field is directed along the positive y axis, as shown in Fig.
Find the magnitude and direction of the magnetic force acting

on the straight portion of the wire and on the curved portion.

Solution The magnetic force F1 acting on the straight portion
has a magnitude F;= ILB =2IRB because L =2R and the direction is out of the page based on the
right-hand rule

The magnetic force on the curved portion is the same as that on a straight wire of length 2R
carrying current | to the left. Thus, F, = ILB =2IRB. The direction of F2 is into the page based on
the right-hand rule.
Because the two force have the same magnitude but opposite in direction the net force on the
wire is

F=F1-F2=2IRB-2IRB=0
Note that the net magnetic force acting on any closed current loop in a uniform magnetic
field is zero. _ —

B @
Torque on a current loop in a uniform magnetic field | T
Consider a rectangular loop carrying a current | in the presence k
of a uniform magnetic field parallel to the plane of the loop.

No magnetic forces act on sides 1 and 3 because these wires are @ L~ |

parallel to the field; hence, L X B =0 for these sides. However, e

magnetic forces do act on sides 2 and 4 because these sides are

oriented perpendicular to the field. The magnitude of these forces is ]"’r < b,
F2=F4=1aB 1 o

The forces are couple forces, if the loop can rotate about point O, Cg}'\?-/“ 0@

the magnitude torque 7,4 IS === Y

Tmax = Fo P/p + F, P/ = (Iaf)b + (Iaf)b:IabB Figure 6.4 A rectangular loop

Tmax — IAB, in uniform magnetic field.




where ab=A is the area. The maximum torque is valid when B is parallel to the plane of the loop.
Now suppose the uniform field B makes angle & > 90° with a line perpendicular to the plane of

the loop. The magnitude of the net torque about O is

Tmax = Fy )y sinf + F, b/, sing = L2228 5ing + L4220 198 sing

Tmax — [ABsin@
This result shows that the torque has its maximum value IAB when B is perpendicular to the
normal to the plane of the loop and is zero when B is parallel to the normal to the plane of the
loop (6 = 0).
The torque can be expressed as

T=1A%B
The loop tends to rotate in the direction of decreasing 8 (A rotates towards B). The product 1A is
defined to be the magnetic dipole moment u (magnetic moment) of the loop.

u=1I1A

Its SI unit is Am?.
Thus the torque is given as

T=uXxB.
If a coil contains N turns of wire, each carrying the same current and enclosing the same area the
total magnetic moment of the coil is

T= Nuloop x B= Meoil X B.
The potential energy of a system of a magnetic dipole in a magnetic field depends on the
orientation of the dipole in the magnetic field and is given by

U=—-u-B
The system has its lowest energy Unin=—uB when p points in the same direction as B. The
system has its highest energy Unax= +uB when u points in the direction opposite to B.

Example 6.4
A rectangular coil of dimensions 5.40 cm X 8.50 cm consists of 25 turns of wire and carries a
current of 15.0 mA. A 0.350-T magnetic field is applied parallel to the plane of the loop.
A) Calculate the magnitude of its magnetic dipole moment.
B) What is the magnitude of the torque acting on the loop?
Solution
A) peon = NIA= (25)(15x 10 A)(0.054 0 m)(0.085 0 m)=1.72x10"° Am?
B) Because B is perpendicular to coil, we have
T = UeoiB=6.02x10™ N.m

Biy
Motion of charged particles in electric and magnetic fields - ¥
Motion of charged particles in uniform Magnetic field / e ,-/" \._\l
Consider a charged particle moving in a uniform magnetic field with r / B
initial velocity perpendicular to the field. "-\_ . [
The magnetic force is perpendicular to the velocity and the path of the - \ I ' /
particle is circle. (Fg does no work) and performs uniform circular motion. @
The magnetic force provides centripetal force ' ' !
Fe=F Figure 6.5 a charge projected
my?

qvB= perpendicular to the B field.

T



mV
r=——
qB

The radius is proportional to the momentum of the particle mv.

The angular speed of the particle is
14 qB .
w=—=-— is referred as the cyclotron frequency

T m
The period of the motion is

2nr 21T 2mm

T=—=—=—
v w qB

The angular speed (w) and the period (T) do not depend on the linear speed of the particle or the
radius.
If a charged particle moves in a uniform magnetic field with its velocity at some arbitrary angle

with respect to B, its path is helix.

Example 6.5
A proton (m=1.67x102°Kg, gq=+€) is moving in uniform 0.35T magnetic field perpendicular to
the velocity of the proton. Find the linear speed of the proton

Solution:
_qBr

V="—=147 % 10°m/s

Mp

Applications Involving Charged Particles Moving in a Magnetic Field

A charge moving with a velocity v in the presence of both an electric field E and a magnetic

field B experiences both an electric force qE and a magnetic force g v x B. The total force (called

the Lorentz force) acting on the charge is
F=gE+qVxB . "y vy

Velocity selector Source 1T ¥ F 44 b4

A uniform electric field is directed vertically downward (in the plane /. ‘ elalal i belabilx

of the page as shown in Fig.) and a uniform magnetic field is applied

in the direction perpendicular to the electric field (into the page).

If g is positive and the velocity v is to the right, the magnetic force

q Vv x B is upward and the electric force qE is downward. When the

magnitudes of the two fields are chosen so that gE = qvB, the particle

moves in a straight horizontal line through the region of the fields. Figure 6.6 Velocity selector
From the expression gE = qvB, we find that
V==
Particles having this speed pass undeflected.
Exercise
What happen to particles moving at speed greater than this speed? syndrcal £ iR
J.J. Thompson’s experiment of charge to mass ratio  ciroe,  *°* e
. s ol Y
J.J. Thompson used balanced electric and magnetic fields )
to measure the charge to mass ratio for an electron. His apparatus =~
is shown in Figure 6.7. We recall that Remerk J | stcion Ay

E - "%  besm y
V==

B
The electron beam is accelerated by the potential
difference between the cathode and anode. We know that Figure 6.7. Charge to mass ratio



energy of the electrons is given by

! V2 =qAV
M =
or v = |2
m
Equating the two equations and squaring both sides, we get
E?> _ 2qAV
B2 m
Rearranging, we obtain
q _ E?
m  2AVB2

Example 6.6
a) Find the charge mass ratio for an electron accelerated through 600 V in a magnetic field of
strength 45 mT where the speed of the electron is 1.4 x 10" m/s.

b) What is the percentage difference between your result and

the accepted ratio with the values q = 1.6 x 10 *° C and m = 9.11 x 10~*! kg?
Solution:

V=1.4 x 10’ m/s; B=45mT; AV=600V;q=q=1.6 x10"° Cand m =9.11 x 10 * kg
a) Employing

V= 2qAV N VZ — 2qAV
m

Rearranging

4=V —163x 101K

m_ 2av 9
b) Accepted value= g/m =1.76x10"

. ted value—Calculated val 1.76x1011-1.63x1011
Percentage difference=2c52preq e zacualed PALe « 100% = —22= < 100%
Accepted value 1.76x1011
=74%

The mass spectrometer

A mass spectrometer is a machine that allows chemicals to be separated according to their mass.
A simplified diagram of a mass spectrometer is shown in Figure 6.8.

The chemical enters the machine and is ionized (charged). A ERATION
It is then accelerated by an electric field and then its oNisaTioN. |
direction is changed when it enters a magnetic field. S— T dleckomagnal
In the last section, we learnt that in a magnetic field, (4ve) DEFLECTION
a charged particle experiences a force as a result of -~
the magnetic field, The radius of the circular path is sample

=7 :.rc;cuum TN . detector

. qaB pump i

Rearranging, we have .

m  Br DETECTION
The values of B and r are known from
the calibration of the machine. We need to know Figure 6.8 A mass spectrometer

the speed of the particles when they enter the electromagnet. From J. J. Thompson experiment,
we know that



N

qAvV

V= |—
m
Inserting this in place of the speed, we get
q __ +\/2qAV
m Brim
Squaring both sides, we find
@ _ 200
m2  B2r2

Thus, the charge to mass ration is found to be

q _ 20V
m  B2r2

If the charge is known, the mass of the particle is

N _ Bzrzq
ZAV 'Ifl':'l.llll ? ke

Sources of magnetic field

The Biot-Savart Law . ,.f /?
Biot and Savart performed quantitative experiments g
on the force exerted by an electric current on a nearby .

magnet and arrived at a mathematical expression that
gives the magnetic field at some point in space. Figure 6.9 Magnetic field dB
Experimental observations for the magnetic field dB at a point P associated with a length
element ds of a wire carrying a steady current | Fig. 6. 9

* The vector dB is perpendicular both to ds (which points in the direction of the current) and to
the unit vector 7 directed from ds toward P.

« The magnitude of dB is inversely proportional to r?, where r is the distance from ds to P.

» The magnitude of dB is proportional to the current and to the magnitude ds of the length
element ds.

» The magnitude of dB is proportional to sin@ , where @ is the angle between the vectors ds and #

These observations are summarized in the mathematical expression known today as the Biot—

Savart law:
dB = Hol dlx?

4T r2’

Where py = 4m % 10‘7T% is called permeability of free space.
The total magnetic field B created at some point by a current of finite size is

— M_OIJ* dlxr
41 r2

Please be informed that application of Biot-Savart law is beyond the scope of this course.



The magnetic field produced by an electric current in long straight conductor
Using Blot-Svart law the magnetic field produced by a o
long straight conductor can be found to be

1 kI
B = £ or B =—,
2nr T

where the constant k is given as g—; =2 x 10‘7T% .

Figure 6. 10 Magnetic field of long straight current carrying wire

|

. - Electric curre >
The magnetic force between two parallel wires i :
Consider two long, straight, parallel wires separated by a r
distance a and carrying currents I, and I, in the same direction By Ml
Lot L8

The magnetic field in wire 2 produced by I; is given by @ZSD\

Bl - HO_Il - ___,__,/_’/

2nr B 3

The force due to wire 1 on length Al of wire 2 is given by - a

Flz = |2Al Bl < <
Inserting the expression for B;, we get Figure 6. 11 Magnetic force between two parallel wires

F — HOIIIZAl

- 12. an -

The force per unit length in terms of the currents is therefore

Fiz _ #olilz

Al 2nr
Wire 2 also exert a force F»; equal in magnitude to that of F;, but opposite in direction.
The forces are attractive and they are action and reaction (F12=-F21).

Note that when the two wires carry currents in opposite direction the expression for the force is
the same as the above one but the forces are repulsive.

The force between two parallel wires is used to define the ampere as follows:
Definition of the Ampere
When the magnitude of the force per unit length between two long parallel wires that carry
identical currents and are separated by 1 m is 2x107 N/m, the current in each wire is defined to
be 1 A.
Example 6.7

For 1;=2 A and 1,= 6 A in Figure 6.11, if they are 50cm apart, what is the force on unit length
of the wires?
Solution

Bz - Kolihz —4 8 x107N/m
Al 2nr )



Ampere’s law

Ampere’s law is useful relation used to find magnetic field it is closely analogous to Gauss’ law.
Consider first a long straight wire carrying a current I. we know that the lines B form circles
around the wire and by symmetry the magnitude of B is the same everywhere on a circular path
(Amperian loop) and is given by

— Mol

2nr

Its direction at each point is tangent to the circle. Al is an element of the circle in this special case
the tangent component B, of B is equal to B itself. Now we multiply By, by the length of the arc

Al and sum these products for all the line elements Al;, Al;,---, which together make up the circle

ZB”AI :B||A11+B||Alz + ., i

Amperian -,
Since By, is the same it can be factored out and we have loop N
My
Y B Al = By (AL + Al + ) . < v s
The term in the bracket is the circumference of the circle. . .Jrf>/ i
Thus we get L B /
By Al = Mol 2 =yl 5 5 s Direciion of
2z I 2nr (2nr) = po == integration
If the angle between the parallel component and
the path is 8 then the expression becomes Figure 6.12 Ampere’s law applied to an
2 B Alcos O = pgl arbitrary Amperian loop.

Ampere’s law states that in any loop path (amperian loop), the length element times the
magnetic field in the direction of the length element is equal to the permeability of free space
time the electric current enclosed in the loop. If the loop contains any nember of current carrying
conductor, Ampere’s law takes the form

LB Al =po X1
Application of Ampere’s law
Magnetic field produced by a long-straight current carrying wire

Take a circular amperian loop of radius r

Since the magnetic field is uniform along the circle, on can write

Using the circumference of a circle, we have

B”(ZTIT) = MOI



Finally, taking into account that the magnetic field is always tangent to the circle, we obtain

— Mol
2nr
Magnetic field of a solenoid f—h—
a &
| %
A solenoid is a long straight coil of wire. If the length of TR+ s -
the solenoid L is large compared with its cross-sectional diameter, 7 i — _ " 1'_
the internal field near its center is very nearly uniform and parallel ': = .
to the axis and the external field near the center is very small. I I T
The field along the center can be found using Ampere’s law Figure 6.13 A long solenoid
The field along side ab is parallel to this side and is constant. carrying current i. The amperian
(B = B) and Y B;Ah = Bh loop is the rectangle abcda

Along side ad and bc B perpendicular to h
X B Ah=0
And along side cd
X B Ah=0

If n is the number of turns per unit length, the number of turns in the length h is nh. Each of these
turns passes once through the rectangle abcda and carries current 1. the total current through the
rectangle is then nhl and from Ampere’s law

Bh=pynlh

Hence, the magnetic field turns out to be

Field of a toroid

The field B is tangent to the path and has constant magnitude B. Thus
2 B) Al = B(2nr)
The total current through the loop is NI, Figure 6. 14 A toroid
where N is the total number of loops. Then, from Ampere’s law
B(2nr) = uyNI

_ HoNI
2nr




Magnetic properties of Matter

The magnetic state of a substance is described by a quantity called the magnetization vector M

the magnetic moment per unit volume of the substance M = £ = ‘When a substance is
14 14

placed in a magnetic field, the total magnetic field in the region is
B =B, + By, = By + poM=y,(H + M),
H is the magnetic field strength within the substance. It is related to the magnetic field due to the
current in the wire
Classification of Magnetic substances
Substances can be classified as belonging to one of the three categories, depending on their
magnetic properties; paramagnetic and ferromagnetic materials are those made of atoms that
have permanent magnetic moments (due to unpaired electrons). Diamagnetic materials are those
made of atoms that donot have permanent magnetic moments.
For paramagnetic and diamagnetic substances (M~H)
M=xH,
where x is magnetic susceptibility. It is a measure of how susceptible a material is to being
magnetized. For paramagnetic substances, x is positive and M is the same direction as H. (Al, Li,
Mg, Ca, 0, ---). For diamagnetic substances, x is negative and M is opposite to H. (Bismuth, Cu,
diamond, Au, Pb,Hg, N, ) .
B = po(H +xH) = po(1 +)H = p,H,
where w,,, = uo(1 + x). x is very small for paramagnetic and diamagnetic materials= p,,, = u, .
For Ferromagnetic materials u,, is typically severalthousands times greater than  y,
(x is very large). Nickel, iron, cobalt and their alloys are ferromagnetic.

Earth’s Magnetism

Circulating electric currents in the molten core of the earth produce the magnetic field. The
rotation of the earth may play a part in generating the currents that are presumed to be the source
of the magnetic field.

The magnetic north pole is near the geographic south pole of the earth. They are about 21000Km
apart.

Horizontal and vertical components of the Earth’s magnetic field

Except near the equator, the field lines of the Earth’s magnetic field are at an angle to the Earth’s
surface. At the magnetic poles, the field lines pass through the Earth’s surface vertically.
However, at any other point on the Earth’s surface the Earth’s magnetic field has a vertical and a
horizontal component.

The Earth’s magnetic field is a vector quantity; at each point in space it has a strength and a
direction.

The strength of the field at the Earth’s surface ranges from less than 30,000 nT in South America
and South Africa to over 60,000nT around the magnetic poles in northern Canada and south of



Australia and in part of Siberia. Near the poles, the field strength diminishes with the inverse
square of the distance, i.e. at a distance of R Earth radii it only amounts to 1/R2 of the surface
field in the same direction, whereas at greater distances, such as in outer space, it diminishes
with the cube of the distance. Where the prime meridian intersects with the equator, the field
strength is about 31 puT.

Problems
1. An electric field of 1500 V/m and a magnetic field act on an electron moving with a speed of
3000 m/s. If the resultant field is to be zero what should be the strength of the magnetic field
(in Wh/m2).
2. An electron moves in a circle of radius 1.9m in a magnetic field of 3 x 10 °T. Calculate (a) the
speed of electrons and (b) time taken to move round the circle.
3. The magnetic field at 40 cm from a long straight wire is 10 ° T. What current is carried by the
wire?
4. Two parallel wires 20 cm apart attract each other with a force of 10> N/m length. If the
current in one wire is 10 A, find the magnitude and direction of current in the other wire?
5. Three long parallel wires, each carrying 20A in the same direction, are placed in the same
plane with the spacing of 10 cm. What is the magnitude of net force per metre on (a) an outer
wire and (b) central wire?
6. A proton moves with a velocity of V= (2i + 4j-k ) m/s in a region in which the magnetic field
is B = (i-2J + 3k ) T. What is the magnitude of the magnetic force this charge experiences?
7. A wire carries a steady current of 2.40 A. A straight section of the wire is 0.750 m long and

lies along the x axis within a uniform magnetic field, B =1.60k T. If the current is in the -x
direction, what is the magnetic force on the section of wire?

8. A current of 17.0 mA is maintained in a single circular loop of 2.00 m circumference. A

magnetic field of 0.800 T is directed parallel to the plane of the loop. (a) Calculate the

magnetic moment of the loop. (b) What is the magnitude of the torque exerted by the magnetic

field on the loop?

9. Inthe Fig. , two long straight wires at separation d =16.0 cm carr -/

currents i;=3.61 mA and i, =3.00i; out of the page. i =

(a) Where on the x axis is the net magnetic field equal to zero? x

(b) If the two currents are doubled, is the zero-field point shifted | d I

toward wire 1, shifted toward wire 2, or unchanged?

10. A wire having a mass per unit length of 0.500 g/cm carries a 2.00-A current horizontally to

the south. What are the direction and magnitude of the minimum magnetic field needed to lift

this wire vertically upward?

11. A proton moving in a circular path perpendicular to a constant magnetic field takes 1.00 us to
complete one revolution. Determine the magnitude of the magnetic field.

12. A wire is formed into a circle having a diameter of 10.0 cm and placed in a uniform magnetic
field of 3.00 mT. The wire carries a current of 5.00 A. Find the maximum torque on the wire.




Unit 7
ELECTROMAGNETIC INDUCTION AND AC CIRCUIT

7.1 Phenomenon of Electromagnetic Induction

Magnetic flux (®)

Magnetic flux is the number of magnetic field lines that pass through given area and is given by
® = B - A= BAcosé.

If B and A are parallel, the flux is max and is equal to ® = BA.

Its unit is Tm? and is named as Weber (Whb). The magnetic field strength B is given by

p=2
A

Consequently, B is named as magnetic flux density and its unit is Wh/m?. It is also named as
magnetic induction vector.

Induced emf

We next seek to discuss two experiments:

First Experiment (moving a bar magnet toward the loop)

1. A current appears only if there is relative motion between the
loop and the magnet (one must move relative to the other); the
current disappears when the relative motion between them ceases
2. Faster motion produces a greater current.

3. If moving the magnet’s north pole toward the loop causes, say.
current, then moving the north pole away causes counterclockwis
Moving the south pole toward or away from the loop also causes
in the reversed directions.

Figure 7.1 An ammeter registers a current in the wire loop
when the magnet is movina with respect to the loop.
Second experiment (Closing and opening switch) /\
\

If we close switch S, to turn on a current in the right-hand loop,
The Meter suddenly and briefly registers a current—an induced
current—in the left-hand loop. If we then open the switch,
another sudden and brief induced current appears in the left-hand

loop, but in the opposite direction Elosing the switch

Causes a curentin
the left-hand loop.

Figure 7. 2 An ammeter registers a current in the left-

hand wire loop just as switch S is closed or opened.
The two experiments have one thing in common: in each case, an emf is induced in the circuit
when the magnetic flux through the circuit changes with time and this emf produce an induced
current.



Flux linkage
The amount of magnetic flux that interacts with a coil of wire is called the magnetic flux linkage.
Magnetic flux linkage is the product of the number of turns of wire N and the flux in the region,
®, so one can write

Flux linkage=N & = BANcos6@

The laws of electromagnetic induction

Faraday’s law of electromagnetic induction
The emf induced in a circuit is directly proportional to the time rate of change of the magnetic

flux through the circuit.
Adp

£=——,

At
where ®; = B - A. If the circuit consists of N loops the magnetic flux through the circuit, on can

write

Adg
e=—-N—7.
At

The negative sign indicates that the effect of € is always to oppose the Ad that produce it.

Here are the general means by which we can change the magnetic flux through a coil:

1. Change the magnitude B of the magnetic field within the coil.

2. Change either the total area of the coil or the portion of that area that lies within the magnetic
field (for example, by expanding the coil or sliding it into or out of the field).

3. Change the angle between the direction of the magnetic field B and the plane of the coil (for
example, by rotating the coil so that field B is first perpendicular to the plane of the coil and
then is along that plane

Example 7.1

A 50turns rectangular coil has dimensions 5cmx10cm. If a magnetic field directed perpendicular

to the plane of the coil changes from B=0 to B=0.5T in 0.25s, calculate the magnitude of the

average emf induced in the coil.

Solution:

Bo=0; B=0.5T ; A=ab=5cmx10cm=5x10°m’’ At = 0.25s

g = —N228=_ N B2 _500my
At At
Lenz's Law
Soon after Faraday proposed his law of induction, Heinrich Friedrich Lenz devised a rule for
determining the direction of an induced current in a loop:
An induced current has a direction such that the magnetic field due to the current opposes the
change in the magnetic flux that induces the current.

Motional emf
Motional emf is the emf induced in a conductor moving through a constan magnetic field.
R n

Example 7.2 "
A conductor of length [ is moving on two parallel rails with ‘
velocity V as shown in Fig. find the expression for the emf induced _ . B
in the circuit. : § g Fp+—jm ~

; : .

In this case % aAA (s a AA) ¥




&, = BA = Blx
Using Faraday’s law

_ Ady  BlAx
T TTAr T T At
Using the fact that the velocity V = %, we obtain
e =—-BlV
This is called motional emf. The current in the conductor is
j=ld By
“ R R

Inductance

Mutual inductance

A steady current i in one coil will set up a magnetic flux @ through
the other coil (linking the other coil). If we change i with time,

an emf ¢ given by Faraday’s law appears in the second coil,

we called this process induction. We could better have called

it mutual induction.

From Faraday’s law the emf in the second coil is given as
AP,

- - - - - At -
The flux linkage in the second coil is proportional to the current in

the first coil(iy), thus one can write

82 = _NZ

Figure 7.4 Conductor moving

W wy

B

Caoil 1

Coil 2

Figure 7.5 Two circuits

NZ(DZZMi]_
From this one can write
AD Ai
82 = _NZ A_l'z = MA_l'l
The quantity M = ﬁ =N, % is called the mutual inductance. Its unit is
At

Wb/A= Vs/A and is named as Henry (H) 1H=1W/A=1Vs/A
Eddy currents

If there is a changing magnetic flux in a solid metallic objet, then
voltage and current in the metallic object. This induced current

there will also be an induced
is called eddy current. The

current circulate in complete loop. They produced heating effect user in indictinnwaldina Thay

are also used in security checks.

Self Inductance

The changing flux through a circuit produce induced emf

in itself. This effect is called self- induction. The emf &, set up
in this way is called self-induced emf.

From Faraday’s law the emf in the second coil is given as

a.vr -
SImelﬁfﬁ
A (s
- e 1"""-\-\.\_\_\_
yd
ra
JE

Figure 7.6

The flux linkage in the coil is proportional to the current in it (i), thus one can write

N®=Li



From this one can write
AD Ai
E = _NE =-L E
€L

Ai/At
The inductance L is thus a measure of the flux linkage produced by the inductor per unit of
current. Its unit is henry (H). It depends on the geometry of the circuit and other physical
characteristic. Inductance is opposition to changing current. An inductor is another important
component of a circuit that has a circuit symbol 9997,
Example 7.3
Inductance of a solenoid
Find the inductance of a uniformly wound solenoid having n turns and length L. Assume L is
much longer than the radius of the windings and the core of the solenoid is air.
Solution;
We can assume that the interior magnetic field due to the current is uniform and given by

The quantity L = = NT% is called the self inductance of the coil.

N
B = ponl = py II

The magnetic flux through each turn is

NA

(DB = BA = MO TI
where A is the cross-sectional area of the solenoid. Using this expression, we have
_ .. ® _  N?4
L=Ng =k
This result shows that L depends on geometry and is proportional
to the square of the number of turns. Because N =nL, we can also express the result in the form
2
L= pg (nLL) 2=pon?AL = pon?V
where V =AL is the interior volume of the solenoid.
Example 7.4
(A) Calculate the inductance of an air-core solenoid containing 300 turns if the length of the
solenoid is 25.0 cm and its cross-sectional area is 4.00 cm?.
(B) Calculate the self-induced emf in the solenoid if the current it carries is decreasing at the rate
of 50.0 Als.
Solution
N

2
A) Using the relation L = N? = U TA =1.81 X10* Tm?%/A = 0.181 mH

B) Given %:-5015\/3 and applying the relation

e=-L %, we get e = 9.05mV

Exercise
Calculate L of an air-core solenoid containing 300turns if the length is 25cm and A=4cm?.
N

The energy stored in an inductor
Consider an inductor in a circuit as shown.

When an electric current flows through the inductor, we know
That there is an induced voltage given by ————

g=- L% Figure 7.7 Inductive circuit




When the current is flowing through the inductor, there is energy stored in the magnetic field,
which we give the symbol PEg (it is potential energy PE stored by a magnetic field, B).
The instantaneous power that must be supplied to the inductor to initiate the current in the
conductor, P, is given by

P=le=-LIT
We can find the energy stored when there is a final current I¢ at time t by integrating the
expression for power like this

Us=[, Pdt=[ LIdI
Carrying out the integration, we obtain

Up = LI

Magnetic energy density
Magnetic energy density is defined as

__energy

Up =
B volume

Consider an inductor of length | and area of cross section A as shown in Figure 7.7
We know that the energy stored in the inductor

Up = LI
We also know that
Y
L=up, - and = LN

Substituting these values, we get
__ AB?l
B 2y,
The energy density is thus, given as

Us  AB*l _ B2

Vo 2u0(Al)  2p

Alternating Current (A.C.) Generator and Transformers

AC generator converts mechanical energy into electrical. It takes in energy by work and transfer
it out by electrical transmission. To understand how they operate, let us consider the alternating
current (AC) generator. In its simplest form, it consists of a loop of wire rotated by some external
means in a magnetic field (Fig. 7.8). As the coil rotates the magnetic flux linking its coil is
changed and results in a potential difference between its terminals. If we assume the loop has N
turns the flux linkage is given as

Ug =

sl . e
Slip rings "~
E B

m

N
. /
External L,
rotator Brushes

Figure 7.8 Ac generator and the voltage it produces as a function of time

s Sl
External |
circuit

—



do d
£ = T = —E(BANcosa)t)
Taking the time derivative, we find
€ = BANw SIn wt = &4, SIN Wt
where w = 2nf = 2?" and &, = BANw is the maximum voltage.

Exercise

An AC generator consists of 8 turns of wire, each of area A=0.09m’ , and the total resistance of
the wire is 12 Q. The loop rotates in a 0.50T magnetic field at a constant frequency of 60.Hz.

(A) Find the maximum induced emf.

(B) What is the maximum induced current when the output terminals are connected to a low-
resistance conductor?

Transformers

Transformers are used to step-up or step-down ac voltage. It needs changing flux for its
operation.

the magnetic field —— : __iron core
is almost totally = B o fiold
contained in the —— magnetic fie
iron core
"-..DV
N O
VF'

a current in the — | the induced voltage in the
primary coil produces a secondary coil is given by
magnetic field, like a solenoid Faraday’s law V, = -NA AB / At

Figure 7.9 Transformer

The changing flux through the primary and secondary coils is equal. Thus, one can write

AP, _ A,
At At
From Faraday’s law, we have
_ A® _ Adg
=Ny S and ;= =50

Dividing the second equation by the first and taking into consideration the above relation,we find

b= or = Vp(&) This the transformer equation.
Vo Np Ny

If Ns > N, = V; >V}, the transform in this case is called step-up.



If Ny < N, = V; <V, the transformer in this case is called step-down.
Example 7.5
A transformer has 1000 turns on the input coil and 100 turns on the output coil. If the input
voltage is 220v, what is the output voltage?
Solution:
V,=220v N,=1000 Ns=100

Applying the transformer equation

Vs=-2 220V= 22v
1000

Transformers have very low resistance (their energy wastage is very small).
For ideal transformer the efficiency (n) = 100%

Pout=Pin
Volo=Vinlin
Tout - Vin - & " A, |
Iin Vout Ng
A

7.3. Alternating Current Circuits
Resistors in an AC Circuit

i

Consider a simple AC circuit consisting of a resistor and an AC
source, as shown in Figure 7. 10. At any instant, the sum of the voltages @
loop in a circuit must be zero (Kirchhoff’s loop rule).

A= AT

O
V+Vz=0 Figure 7. 10 Resistive AC circuit
The magnitude of the source voltage equals the voltage across the resistor
V:VR:VmaX Sina)t

Thus, the instantaneous current in the resistor is

. 14 1% . .
ip = ?R = E SN Wt = IpgySinwt
Vi - . .
where L. = ";‘“‘ . The instantaneous voltage across the resistor is
e i Avg
(7 )
'lrﬂ.'l:D: [t
"j"]"]mx ¥V "
- T R
f R AV Jrrlm:
."_"l.:' : __I1I.-L"'.
R~ \of

Figure 7. 11 Plots of Vg and ir against time Figure 7. 12 Phasor diagram



The current and voltage are in step with each other because they vary identically with time.
Because ir and Vg both vary as sin wt and reach their maximum values at the same time, as
shown in Figure 7., they are said to be in phase,

To simplify our analysis of circuits containing two or more elements, we use graphical
constructions called phasor diagrams. A phasor is a vector whose length is proportional to the
maximum value of the variable it represents (Vmax for voltage and Inax for current in the present
discussion) and which rotates counterclockwise at an angular speed equal to the angular
frequency associated with the variable. The projection of the phasor onto t2he 2vertical axis
represents the instantaneous value of the quantity it represents.

Root mean square (rms) values in ac circuits

For the simple resistive circuit in Figure 7.10 , note that the average value of the current over one
cycle is zero. The half cycle average current is

2
lgy = ;Imax = 0.637 | pax

The rate at which energy is delivered to a resistor is the power P = i2R, where i is the
instantaneous current in R which is non-zero.

Thus, what is of important in Ac circuit is the root=mean square (rms) value; means the suare
root of the mean (average) value of the square of the current.

= 1
— 2 —Im
Irms =Vt =

P = 0.707 |

This states that an ac current with 1,,,,,, = 2A delivers to a resistor the same power as a direct
current that has a value of 0.707(2A)=1.41A. Thus the average power delivered to a resistor that
carries an alternating current is

. . . _Pav = IzmsR
Alternating voltage is also best discussed in terms of rms voltage

v,
= = =0.707V, 0y

Vrms - \/E
Example 7.6
1. Inour house if Vins=220V, what is the peak voltage?
Solution:
The peak voltage :;/’"7% = 311V
2. The voltage output of an ac circuit is V = (200V) sinwt. Find the rms current when the
source is connected to a 100Q resistor.

Solution:
V,
Vs = \’;‘%" = 141V
V,
lems = rF;“S =141V
Exercise

An ac supply has peak value of I,,,,, = 2.5a and V,,,,,, = 6v.
a) Find 1,.,,,c and V.,,,5
b) The effect power supplied by the source.



X
Inductor in an AC circuit (Inductive circuit) .
Consider an AC circuit consisting only of an inductor connected to an
Ac source. The self induced instantaneous voltage across the inductor is
_ _ di -
SL -_ VL - _LE \._.-‘)
Using Kirchhoff’s loop role to the circuit, we have Au =AY, sin @0
V+V =0 Figure 7. 13 Inductive AC circuit
Or
V-LE =0
dt
Using V=V max Sinwt, we get
V=L % = Vmax sinwt
Or
. Vmax H
di = . Sinwt dt
Integrating this expression gives the instantaneous current i, in the inductor
Vmax f Vmax
ij=——| sinwtdt = — coswt
) wl
Using the identity cos wt = —sin (wt — 7T/Z), we find
. _ Vimax _; T
l, = Tl SIn (a)t — /2)
Awy iy
"rl1'|i4.:'hc
i - :
IMax j,,g.«r _;,I?;t,il L
ll 3l
B -
Figure 7. 15 Plots of i, and vL across an inductor versus time. Figure7.16 Phasor diagram for inductive circuit

i, and V;, in the inductor are out of phase by 900("/2rad). i;in an inductor always lags behind

the V, across the inductor by 90°(one-quarter cycle in time). The current in an inductive circuit
reaches its maximum value when cos wt = —1.

v v
I — _ /max COSTT = max
Max I oL

w
This looks similar to the relation between I, V and R in Dc circuits (I=V/R Ohm’s law)
wL behaves in a manner similar to resistance and is defined as the inductive reactance (X.).
Its unit is Q and is expressible as
XL: wlL



And one can write

—_— Vmax
Imax - Xy,
The instantaneous current and voltage are given by

Vim
i, = ——*%coswt

XL

di . .
V, = —Ld—; = —VnaxSinwt = =Ly, ... X; sinwt

Example 7.7
In a purely inductive AC circuit (see Fig. 7), L=25.0 mH and the rms voltage is 150 V. Calculate
the inductive reactance and rms current in the circuit if the frequency is 60.0 Hz.
Solution:
L=25.0 mH; =60.0 Hz; Vins=150 V

a) X,=wlL = 2nfL = 9.42Q
0) Lyms = 24=15.9V
L

Capacitor in Ac circuit
Consider an Ac circuit consisting only of a capacitor connected to an Ac source.

Kirchhoff’s loop rule applied to this circuit gives B A

V+V=0 |
The magnitude of the source voltage is equal to the magnitude of
voltage across the capacitor.

V =V, =V, axSinwt,

where V. is the voltage across the capacitor. We know from the Py
definition of capacitance that C = L hence ; ~ s
Ve Av = ATV, sin @t
% = VnaxSinw = q = CVpaxSinw, Figure 7.17 Capacitive AC circuit

where q is the instantaneous charge on the capacitor. Because i = % differentiating the above
equation with respect to time gives the instantaneous current in the circuit;

i, = ZZ WCVgy COS WL
Using the trigonometric identity cos wt = sin (wt + E) we have
i, = ZZ WCVpaxSIN (wt + —)

.'j;T'(_', |':(_'

T
[P :
i I i

Tmax \ max r
|
.- i I
AT Imax _zf‘ "-\\ If I F \ ﬂTI('._"L v
J [T " max
T

B 2 \"-\// \ it

Figure 7. 18 Plots of i and vL across a capacitor against time. Figure 7. 19 Phasor diagram for capacitive circuit




The current isg rad =90° out of phase with the voltage across the capacitor. The current reaches its

maximum value one quarter of a cycle sooner than the voltage reaches ite maximum. (The
voltage lags or the current leads by 90° ). The current in the circuit reaches its maximum when
coswt = 1.

—_— J— Vmax
IMax - wCVmax - 1/
wC

Thus, the dominator must play the role of resistance with units of ohms. We give the
combination 1/0)6 the symbol Xc and because this function varies with frequency, we define it
as capacitive reactance;

Ke= 1/ wC

1 J— Vmax
Max —

(This expression looks Ohm’s law I=V/R).

[— Vrms

We have similar expression for the rms values I,,,; =

The instantaneous voltage across the capacitor is
V, = VpaxSInwt = Iy X Sinwt
Example 7.8
An 8.00uF capacitor is connected to the terminals of a 60.0 Hz AC source whose rms voltage is
150 V. Find the capacitive reactance and the rms current in the circuit.
Solution:
C=8.00uF; f=60.0 Hz; V/ns=150V

_1_ 1 _
X= oC — 2nrc 3320

— Vrms _ 150V _
Lrms = =52 = 220 =0.452A

What if the frequency is doubled?
f’=2f=120Hz
X= — = ——=1660

T wc 2nfrC

Iyms ==0.904A

The RLC series circuit

RLC is a circuit that contains a resistor, an inductor and a capacitor connected in series across an

Ac source. The voltage applied is
V = VaxSinwt

Avg ol Avyg ple Avgo gl

and the current is o Il
I = lpaxSin (ot — ), ' ) -
where ¢ is some phase angle between iand v.
We seek to determine ¢ and I« Because the elements are in 70,
series, the current everywhere in the circuit must be the same \‘/
at any instant(the same phase and amplitude). Figure 7.20 RLC circuit
The instantaneous voltages across the three circuit elements are: e | :
VR = ImaxRSin(l)t:VRmaxSin(Dt = VRmax = IMaxR i 4 I I ;.!
VL = ImaxxLSin ((Dt + g):\/LmaxCOS(Dt = VLmax = IMaxXL i i
Ve = ImnaxXcSin (0t = 2)=Vemay 0080t = Vemax = IyaxXc v\ Y
Intaes Vimax and Vema, are the maximum voltages across the i , 1; 4
elements. We would proceed by noting that the instantaneous L
voltage V across the three elements equals the sum g A r
| |




V=Vr+V +Vc
This sum can be simply obtained by examining the phasor diagram.

e

A, 4 .-_\1-1.

ll.il.llli{.\(l

o e [=5] o

¢ T S

s AV = o
AV, AV
AV W @ K i d 2 Vmax:

TR} Frvcdanctonr

‘a) Resistor c) Capacitor 51-}}

Figure 7.21 Phasor diagram for RLC circuit

Because the current at any instant is the same in all elements, we can combine the three parts
vertically.

Vmax = \/VRZmax + (VLmax - VCmax)2 = \/(ImaxR)Z + (ImaxXL - ImaxXC)Z

Vmax = Imax\/R2 + (XL - XC)Z
Therefore, we can express the maximum current as

Vmax

| e L —
max - JR2+(X,-Xc)?

This has the same form as 1=V/R. The denominator plays the role of resistance and is called the
Impedance (Z) of the circuit.

Z=\/R? + (X, — X¢)? It has unit ohm.
Therefore, one can write
V max=lmaxZ is the Ac equivalent of V=IR.

The impedance, therefore the current in AC circuit depends
onR, L, Cand w.

From the impedance triangle, we find the phase angle
between the current and voltage as

¢ =tan™?! (VLV;RVC) = tan‘l(XLX;RXC) Figure 7.22 Impedance triangle

We see that cos ¢p=R/Z, when X >X¢ ( at high frequency) ¢ > 0, implies the current lags behind
the voltage. The circuit is more inductive than capacitive.

When X <Xc, ¢ <0, indicating the current leads the voltage and the circuit is more capacitive
than inductive.

When X =Xc ¢ = 0 and the circuit is pure resistive.



Impedance Values and Phase Angles for Various Circuit-Element Combinations®

Circuit Elements Impedance Z Phase Angle
R
=NV~ R 0°
E (&
I | X{__ o0~
I
=000 —= Xp + U
e C
Yy = VR + X2 Megative, between — 90" and 0"
R L
—A\—an —e VR + X;° Positive, between 0° and 90°
I I o

—MAN—o00—— VER + (X — Xp® MNegative if Xp = Xp

Positive if X< X

Table 7.1
Example 7.9

A series RLC Ac circuit has R=4250Q, L=1.25H, C=3.5uF, w = 377571 and V=150V
a) Determine X, Xc and Z.

b) Find the maximum current in the circuit.

C) Find the phase angle

Solution:

a) X.= wL=471 Q, Xc=1/wC=758 Q Z=\/RZ + (X, — X;)?=515 Q.
b) I, = 224=0.292A

VA

¢) ¢ = tan™L(L2E) =-34°
R

Power in AC circuit
Let us now take an energy approach to analyzing AC circuits, considering the transfer of energy
from the AC source to the circuit. For RLC circuit the instantaneous power delivered by an Ac
source to the circuit is

P=iV=l .4 Vmax Sin(ot — ¢) sinot.
We are interested in the average power over one or more cycles. By using the identity
sin(ot — ¢) = sinwt cos$ — coswt sind, we can write

P=l pax VinaxSIN?0tc0S¢ — 1.4 VinaxSinot cosmt sing
We now take the average of p over one or more cycles, noting that lma, Vmax, ¢, ® are all
constants and (sinwt),, = 1/2 and (sin wt cos wt),, = 1/2(sin 2wt),, = 0, the average

power takes the form

Pav=1/2 lmaxVmax COSO
In terms of the rms values the average power can be written as
Pav= lrmsVims COSO, R e A
where the quantity cos¢ is called the power factor.




By inspection of the phasor diagram, we see that Vax
across the resistor is given by

I R
VR=Vmax COSO=ImaxR , because cosdp = \‘/“i

max

Thus

Pav=lmsVrms COSO= I, %% = 12,R
In words, the average power delivered by the source is converted to internal energy in the
resistor, just as in Dc circuit. When the load is purely resistive ¢ = 0 and cos ¢ =1 and we have
Pav: |rmsVrms
We find that no power losses are associated with pure capacitor and pure inductor in Ac circuit.
Real, apparent and ideal power in RLC circuit
The real power is the power delivered when the load is purely resistive.
Apparent power is the sum of the real and reactive power.

apparent

Apparent pOWGfZ I‘f?mSZ pamar resEcive power
The ideal situation (ideal power) is where apparent power and
real (true) power are equal. The Power factor=1 real powsr g

Real
The power factor= ———P22°"

Apparent power

Problems
1. An AC circuit consists of only a resistor R = 100Q) and a source voltage V = 0.5 Vmax at time
t=1/360 s. Assuming that att =0, V = 0, find the frequency.
2. A 6 Q resistor, a 12 Q inductive reactance and a 20 Q) capacitive reactance are connected in
series to a 250Vrms AC generator. (a) Find the impedance. (b) Estimate the power dissipated in
the resistor.
3. At 600 Hz an inductor and a capacitor have equal reactances. Calculate the ratio of the
capacitive reactance to the inductive reactance at 60 Hz.
4. A 3 Q resistor is joined in series with a 10mH inductor of negligible resistance, and a potential
difference (rms) of 5.0V alternating at 200/z Hz is applied across the combination.
(a) Calculate the potential difference Vg across the resistor and V| across the inductor.
(b) Determine the phase difference between the applied PD and the current.

5. An inductance stores 10 J of energy when the current is 5A. Find its value.

6. An inductor in the form of a solenoid contains 420 turns, is 16.0 cm in length, and has a cross-
sectional area of 3.00 cm2. What uniform rate of decrease of current through the inductor

induces an emf of 175 'V/? - -
7. In the Fig., the magnetic flux through the loop increases - -
according to the relation ®= 6.0t%+ 7.0t, where @, is - -

in milliwebers and t is in seconds. (a) What is the magnitude
of the emf induced in the loop when t= 2.0 s?
(b) Is the direction of the current through R to the right or left?




8. A wire loop of area 0.2m? has a resistance of 20 (.. A magnetic
field, normal to the loop, initially has a magnitude of 0.25 T and

is reduced to zero at a uniform rate in 10* s. Estimate the induced emf and the resulting

current.

A coil is 30 turns of wire, each of area 10 cm? is placed with its plane at right

angles to a magnetic field of 0.1 T. When the coil is suddenly withdrawn from the field, a
galvanometer in series with the coil indicates that 10 C passes around the circuit. What is

the combined resistance of the coil and the galvanometer?

10. A bar slides on rails separated by 20 cm, Fig. [
If the current flowing through the resistor R = 50 is 0.4A e
and the field B = 1 T, what is the speed of the bar |

ORCNO.

ORORO;

® @jO
OoNORC,

T

b

l

11. a) A solenoid with 100 turns, length 10 cm and of radius 1 cm,
Calculate the magnetic energy stored in the solenoid.

“10 © ©

carries a current of 5A.

b) The current in the solenoid of part (a) is reduced to zero at a uniform rate over 5 s.

Calculate the emf induced in the coil.
12. A cube of edge length L= 2.50 cm is positioned
as shown in Figure. A uniform magnetic field given by
B = (5i + 4j + 3K)T exists throughout the region.
(a) Calculate the flux through the shaded face.
(b) What is the total flux through the six faces?

¥

|

b
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Unit 8
ATOMIC AND NUCLEAR PHYSICS

Classical physics is developed between 1600 and 1900. It includes classical mechanics,
thermodynamics and electromagnetism. In classical physics one distinguishes the difference
between two entities: material particle and wave. Material particle is an entity that possesses
definite mass but with spatial dimension that can be ignored in all practical purposes. Electrons,
protons and neutrons can considered as point particles having no spatial dimensions. Wave is an
entity that spreads in space from its source. It has no definite position. Travelling wave transports
energy.

In classical physics, there are some views that were taken for granted.

e Electromagnetic radiation or light is a continuous wave produced by acceleration charges.

e A material particle has definite position and linear momentum.

e Classical physics is deterministic. If the initial conditions and the net force acting on a
particle are known, its position and momentum at any later time can be predicted by
solving Newton’s second Law.

e The energy of a particle is a continuous variable. Hence there is no restriction on the
amount of energy the particle gains or losses when it interacts with other particle or wave.
When particles and waves interact, they can exchange any amount of energy.

Employing the mutually exclusive concepts of particle and wave classical physics successfully
described several physical phenomena. However, in the beginning of the twentieth century,
classical physics fails to explain certain physical phenomena. This failer leads to the
development Quantum Physics.

In guantum physics, the classical views of pure wave and pure particle are replaced by wave-
particle duality. Electromagnetic radiation has dual aspects or properties. It has the properties of
a wave as well as a particle. It behaves simultaneously like a wave and like a stream of mass less
particles called photons. A photon has definite energy and momentum like a material particle. It
has also wavelength like a wave. Physical processes such as Blackbody Radiation, Photoelectric
Effect, and Compton Effect cannot be explained unless both aspects are taken into account.
Material particles also have dual properties. An electron has definite masse and charge like a
particle but no definite position like a wave. Beams of electrons can interfere like waves. They
can also collide with photons like particles.



One of the shocking results of quantum physics is that the classical view of energy as a
continuous variable fails on a microscopic scale. It takes a certain discrete values only. It is
quantized.

In the present state of scientific knowledge, quantum physics plays a fundamental role in the
description and understanding of natural phenomena which occur on atomic or subatomic scale.
Atomic and nuclear properties, emission and absorption spectra of atoms, chemical and nuclear
reaction, physical, electrical, magnetic and some their properties of materials cannot be
explained outside the framework of quantum physics.

Blackbody Radiation

When heated, a solid object glows and emits thermal radiation. As the temperature increases, the
object becomes red, then yellow, then white. The thermal radiation emitted by glowing solid
contains a continuous distribution of frequencies ranging from infrared to ultraviolet. The
continuous pattern of the distribution is in sharp contrast to the radiation emitted by heated gases;
then radiation emitted by gases has a discrete or line spectrum.

Understanding the continuous character of the radiation emitted by a glowing solid object was
one of the major unsolved problems during the second half of the nineteenth century. All
attempts to explain this phenomenon by means the available theories of classical physics ended
up in miserable failure. This problem consisted in essence of specifying the proper theory that
describes how energy is exchanged between radiation and matter.

When radiation falls on an object, some of it might be absorbed and some reflected. An idealized
“blackbody” is a material object that absorbs all the radiation falling on it, and appears black
under reflection when illuminated from the outside. When an object is heated, it radiates
electromagnetic energy. The intensity of the radiation depends on its frequency and on the
temperature of the object. The light emitted by the object ranges over the entire spectrum. An
object in thermal equilibrium with its surroundings radiates as much energy as it absorbs. It thus
follows that a blackbody is a perfect absorber as will as a perfect emitter of radiation.

In laboratory a blackbody can be approximated by a hollow cavity whose walls perfectly reflect
electromagnetic radiation (e.g., metallic walls) and which has a very small hole leading to its
interior. Radiation that enters the hole will be trapped inside the cavity and gets completely
absorbed. On the other hand, when this cavity is heated to temperature T, the radiation that
leaves the hole is blackbody radiation. To understand the radiation inside the cavity, one needs
simply to analyze the spectral distribution of the radiation leaving the hole.



Rayleigh — Jeans
T law

4 / © Wien’s law

Ts

(@) (b)

Figure 8.1 (a) experimental spectral energy density for several temperatures T;, T, and T; with
T,>T,>Ts. (b) The solid curve represents the experimental and Planck’s distributions; the dashed curves
correspond to Rayleigh-Jeans and Wien distributions.

Experiments showed that at equilibrium, the radiation emitted has a continuous energy
distribution. To each frequency there corresponds an energy density which depends only on the
temperature of the cavity’s wall. The energy density shows a pronounced maximum at a given
frequency, which increases with temperature.

A number of attempts aimed at explaining the origin of the continuous character of this radiation
were carried out. The most important among these attempts were due to Wilhelm Wien in 1889
and by Rayleigh and Jeans in 1900. Both attempts failed. The origin of this failure is the premise
that the energy exchange between radiation and matter is continuous; any amount of energy can
be exchanged. The failure of the Rayleigh-Jeans formula at short wavelengths or high
frequencies is known as the ultraviolet catastrophe and represents a serious problem for
classical physics, because the theories of thermodynamics and electromagnetism on which
Rayleigh-Jeans formula is based have been carefully tested in many other circumstances and
found to give extremely good agreement with experiment. It was apparent in the case of
blackbody radiation that the classical theories would not work, and that a new kind of physical
theory was needed.

Planck’s Theory of Blackbody Radiation

In 1900 Max Planck discovered an empirical formula-formula not supported by theory-for
blackbody radiation that was in complete agreement with the experimental results at all
wavelengths. He also introduced a new universal constant h-helping constant-know as Planck’s
constant. Later, Planck derived his empirical formula theoretically.

In his theory, Planck made two controversial postulates or assumptions about the nature of the
oscillating atoms of the cavity walls.

e The oscillating atoms that emit radiation can have only discrete energies given by



E=nhv , where v is the frequency of vibration of the atoms, n=0, 1, 2, 3....
and h= 6.626x10°* Js is Planck’s constant. The energies the oscillating atoms are said to
be quantized and the allowed energy states are called quantum states.

Planck’s theory was the first breakthrough in the development of quantum physics. However,
Planck himself was uncomfortable with the idea of energy quantization. Years later he referred
to his assumptions as an “act of desperation ”. He didn’t realize the significance of what he had
done. Neither did anyone else except Einstein who applied Planck’s idea in describing the
Photoelectric Effect.

Photoelectric Effect

The photoelectric effect provides a direct confirmation for the energy quantization of light. In
1887 Hertz discovered the photoelectric effect: which is ejection of electrons from metals when
irradiated with light.

Incident light of
energy hv Electrons ejected
with K.E

=20

Metal of work function ¢ and

» X

threshold frequency vo= ¢/h >y
Vo

(b)
(a)

Figure 8.2 (a) Photoelectric effect: when a metal is irradiated with light, electrons may get emitted. (b)
Kinetic energy K of the electron leaving the metal when irradiated with a light of frequency v; when
v < v,y no electron is ejected from the metal regardless of the intensity of the radiation.

Discovered experimental laws:

o If the frequency of the incident radiation is smaller than the metal’s threshold frequency, a
frequency that depends on the properties of the metal, no electrons can be emitted regardless of
the radiation’s intensity (Philip Lenard, 1902).

o No matter how low the intensity of the incident radiation, electrons will be ejected instantly the
moment the frequency of the radiation exceeds the threshold frequency.



e At a fixed frequency, the number of ejected electrons increases with the intensity of the light but
does not depend on its frequency.

e The kinetic energy of the ejected electrons depends on the frequency but not on the
intensity of the beam; the kinetic energy of the ejected electrons increases linearly with
the incident frequency.

These experimental findings cannot be explained with in the context of a purely classical picture
of radiation, notably the dependence of the effect on the threshold frequency.

Einstein succeeded in 1905 in giving a theoretical explanation. He assumed that light is made of
corpuscles each carrying an energy hv, called photons. When a beam of light is incident on a
metal, the photon is entirely absorbed by the electron. The electron will thus absorb energy only
in quanta of energy hv, irrespective of the intensity of the incident radiation. If hv is larger than
the metal’s work function ¢, the energy required to dislodging the electron from the metal (every
metal has free electrons that move from one atom to another; the minimum energy required to
free the electrons from the metal is called the work function of the metal), the electron will then
be knocked out of the metal. Hence no electron can be emitted from the metal’s surface unless
hv> ¢:

hv = ¢ + K,
where K is the kinetic energy of the electron leaving the metal. This can also put in the form
K = hv—¢ = h(v—vo),
where v,= ¢/h is called the threshold or cut off frequency of the metal.
Example 8. 1

When two ultraviolet beams of wavelengths A; = 280 nm and A,= 490nm fall on a lead surface, they
produce photoelectrons with maximum energies 8.57ev and 6.67ev, respectively.

(a) Estimate the value of the Planck constant.
(b) Calculate the work function and the cutoff frequency of lead.
Solution:

(@) Using Einstein’s formula on can write

k= h%l_qﬁ and k,= h%z_qﬁ

Subtracting the second equation from the first, we get

kl- kz = hC(}b2 _}b% y)

1
271

Hence solving for h, we find



Since 1 ev = 1.5x10™°J, the numerical value of h follows:

(8.57-6.67)x1.6x107°J _ (280x10~°m)(490x10~°m)

5 5 ~6.62x107* Js
3x10° r% 490x10 % m—280x10°m

h:

(b) The work function of the metal

-34 8m
e, _ 66240735340 JA

¢:__

L= - ~8.57x1.6x10™9J
X 280x10°m

¢ =-6.62x10"1°J = —4.14w

The cutoff frequency of the metal is

-19
_47 6.62x10 66240 ¥ 6624070 s
6.62x10~% JS

Then in 1923 Arthur Compton made an important discovery that gave the most conclusive
conformation for the corpuscular(particle) aspect of light. By scattering X-rays with electrons, he

confirmed that the X-ray protons behave like particles with momenta bv/c, v is the frequency of
the X- rays.

These and other series of breakthroughs gave both theoretical foundations as well as the
conclusive experimental confirmation for the particle aspect of waves; that is, the concept that
waves exhibit particle behavior at the microscopic scale.

The De Broglie’s Hypothesis

In 1923 Luis de Broglie suggested that wave-particle is not restricted to radiation, but must be
universal; all material particles should also display a dual wave-particle behavior.

Starting from the momentum of a photon P = h—v, we can generalize this relation to any material
g p p

particle with non zero rest mass; each material particle of momentum P behave as a group of
waves (matter waves) where wavelength A and wavevector k are:

p="=1 k== , Where A = L de Broglie relation.
P h 2n

de Broglie’s idea was confirmed experimentally in 1927 by Davisson and Germer and later by
Thomas, who obtained interference patterns with electrons.



Example 8.2

Compute the de Broglie wavelength of an electron having momentum 5.4 x102°kgm/s
(h=6.63x10"" Js).

Solution

The de Broglie wave length is given as
h 6.626x10*Js

- B  5.4x107% kgms™
=1.2x10°m=1.2nm

Exercise

Electrons are accelerated through potential difference of 4000V before striking a layer of
graphite and being diffracted (m¢=9.11x10"*! Kg and h=6.63x10"" Js). Calculate

a) the speed of electrons when they hit the graphite
b) the momentum of the electron

c) the wavelength of the electron

Heisenberg’s Uncertainty principle

In any measurement there is always a certain amount of error or uncertain involved. Suppose one
want to determine the location of electron. There should be an experiment. Since electrons
behave as a wave and particle, the position determined with certain value of uncertain.

If the momentum of a particle is measured with an uncertainty 4Px then the position cannot at
h
20P,

the same time, be measured more accurately than AX =

That is for all types of experiment the uncertainties AX and APx will always be related by

AP AX >
2

This equation is known as Heisenberg uncertainty relation.



Example 8.3
The position X of a 0.01g object has been carefully measured and is known with in +£0.5um.
According to the uncertainty principle, what are the minimum uncertainties in its momentum and
velocity, consistent with our knowledge of X?
Solution:
If X is known with in +0.5um, the spread +AX in the position is certainly no larger than 0.5um.
Thus
AX <0.5um

According to the uncertainty relation, this implies that the momentum is uncertain by an amount

h S 10*J.S

T 2AX  10°m

=10"*kgm/s

Therefore, the velocity Vv = P IS uncertainty
m

_AP_10"kgm/s
m 10 °kg
=10"%m/s

AV

8.2 Atoms and Nuclei

Atomic model

A number of atomic models have been proposed to describe the distribution of the positive and
the negative charges in the atom. In this section you will revise the main models, like Thomson,
Rutherford, Bohr atomic models and the wave mechanics model.

The Thomson atomic model

J. J. Thomson, who discovered the electron in 1897, was proposed an atomic model in 1904
before the discovery of the atomic nucleus. He proposed a model of the atom that is sometimes
called the “Plum Pudding” model.

The Thomson model considered the atom as a homogeneous sphere of positive charge with
sufficient electrons embedded in it so that the atom as a whole is electrically neutral (see Fig
8.3). It is like pudding with plums distributed throughout.

Figure 8.3 Thomson plumb pudding model of atom



This model failed to explain the observed frequencies in optical spectra and the result of alfa-
scattering experiment of Geiger and Marsden

The Rutherford atomic models

In 1911 Ernest Rutherford proposed a nuclear theory for the structure of an atom. The 1904
Thomson model was disproved by the 1909 gold foil experiment. The Geiger—Marsden
experiment (also called the Gold foil experiment or the Rutherford experiment) was an
experiment to probe the structure of the atom performed by Hans Geiger and Ernest Marsden in
1909 under the direction of Ernest Rutherford. The unexpected results of the experiment
demonstrated for the first time the existence of the atomic nucleus, leading to the downfall of the
plum pudding model of the atom, and the development of the Rutherford (or planetary) model.

The Bohr model of the hydrogen atom

In 1913 Niels Bohr combining Rutherford’s, Planck’s and Einstein’s concepts forwarded
accurate account of hydrogen atom and emerges a new explanation for atomic stability.

Bohr made the following bold postulates regarding the hydrogen atom:

I The electron revolves round the nucleus only in certain definite circular orbits with
out radiating energy. The possible orbits are called the stationary states of the atom.

ii. The allowed states are those for which the orbital angular momentum of the electron
mvr Is equal to integral multiple of 7

mvr, = nn, n=123,.....
Where, r, is the radius of the ™ orbit.

iii. Radiation of energy hv is emitted only when the electron jumps from one stationary
state of energy E; to another state of low energy E;. When such jump occurs, energy
conservation gives

hv =E, -E,
In the figure below (Fig 8.3), the model of the atom may look familiar. This is the Bohr model.
In this model, the nucleus is orbited by electrons, which are in different energy levels.

Inside an
Atom

Electron

Niiiois . igure 8.4. Bohr atomic model
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Example 8.4

What is the wavelength of radiation emitted when a hydrogen atom is jumped from the 1* exited
staet (-3.4ev) to the ground-state (-13.6 ev)

Solution:
Using the relation

hv =E, — E;
we esily get the frequency of the ration to be

= T = 563 x 1075

and the wavelength is

(o
A=-—
v
The atomic orbital model or wave mechanics model of the atom used now was proposed by
Heisenberg in 1920. The “probability clouds” represent what are referd to as electron “orbitals”.

Atomic Nucleus and Radioactivity

Here we wish to study about nucleus, nucleons and isotopes, and then we are going to study
about binding energy, radioactive process, about fusion and fission reaction. Finally we will
study how ionizing radiations are harmful and what precaution has to be taken in the area of
radioactive element.

The atomic nucleus

From experiments done in the late 19" and early 20" century it was deduced that atoms are made
up of three fundamental or sub-atomic particles called protons, neutrons and electrons.

The electrons which are moving around the nucleus are responsible for the optical and chemical
properties of the element.

The nucleus is made up of neutrons and protons, collectively called nucleons (N). Neutrons have
no charge. Neutrons and protons have about the same mass, with the neutrons being slightly
heavier. The atomic number Z of an element is the number of protons in each of its atomic
nuclei, which is the same as the number of electrons in a neutral atom of the element.



The atomic mass number is A is given by
A=Z+N
We name elements by
"X

Where, X =the chemical symbol.

Z = atomic number of the element

= number of proton in the nucleus
A = mass number of the nuclide

= number of nucleons in the nucleus

An ordinary hydrogen atom has a single proton, whose charge is +e and whose mass is 1836
times that of the electron. All other elements have nuclei that contain neutrons as well as protons.

The element is determined by the number of protons. Elements with different number of
neutrons but the same number of protons are called Isotopes.

For example, Hydrogen has three isotopes. Namely ordinary hydrogen (Z=1, A=1), deuterium (Z
=1, A=2),and tritium (Z =1, A=3). Insymbol,

H H °H
The strong nuclear force

It held protons and neutrons together. It is the strongest of the four forces but has the shortest
range (about diameter of proton/neutron). It is created between nucleons by the exchange of
particles called mesons (extremely fast, temp. extremely high and under immense pressure).

Neutrons help to reduce the repulsion between protons in the nucleus.

The nuclei are roughly spherical and appear to have a constant density: the Fermi Model
R=1.2x10"°xA"m,

where r is the radius of the nucleus and A is the mass number.

Example 8.5
The mass number of oxygen is 16. Calculate the radius of the oxygen nucleus.
Solution;
r=1.2x10"°x16"*m=3.024x10"°m= 3.024x10°4, where A°is Angstrom: 1A° = 10~ %m.



Nuclear Properties
Nuclei of atoms can be ordered according to Z and N.

e For lighter nuclei, if we look at the most common isotops, N= Z

e As we get to heavier nuclei, past Z=20, N>Z, this becomes more apparent.

e Bismuth is the heaviest stable nucleus. Heavier nuclei exist but they are unstable
(radioactive). Nuclei from Z=84(polonium) to 92 (uranium) are found in nature (on earth)
and all their isotopes are radioactive

e Nuclei heavier than uranium exist but they are all artificial. The heaviest known nucleus
has Z=118

The Atomic Mass and Binding energy
Einstein’s theory

Mass and energy are equivalent. Thus, mass and energy can interconvert. The energy
equivalence of mass is given by

E = mc?
This relation helps to calculate binding energy.

Mass are often given in atomic mass units. One atomic mass unit is equal to 1/12 the average
weight of a carbon nucleus and is approximately equal to the mass of a proton.

1u = 1.6605 X 10%'kg
Its energy equivalent is found, using Einstein’s relation, to be
E=931.5MeV

The total mass of a stable nucleus is always less than the sum of the masses of its constituents by
an amount Am, called mass deficiency. The energy equivalent of this mass difference is referred
to as the binding energy BE of the nucleus. That is

BE = [Nm, +zm(*H )-m(2X )k?
where N = A — Z is the neutron number,
mj is the mass of a neutron,

m:H is the mass of a hydrogen atom, and

m* X is the mass of the isotope which includes the mass of Z electrons. Thus for deuterium,



MeV

BE =(1.008665u +1.007825u —2.014102u)931.5
=2.224MeV

The binding energy is responsible for holding the nucleons together in the nucleus. It is defined
as the energy required breaking up a given nucleus into its constituent parts of N neutrons and Z
protons.

The average binding energy per nucleon is defined as the binding energy of a nucleus divided
by the number of nucleons it contains.

Example 8.6

Calculate the binding energy and average binding energy per nucleon of 2C .

Solution:

2C has 6 proton and neutrons.

Mass of 6 neutrons = 6 X 1.008665 u = 6.05199 u

Mass of 6 hydrogen atoms = 6 x 1.007825 u = 6.04695 u (this includes the mass of
electrons as well)

Total mass of constituents = 12.09894 u

Mass of 2C=12.0 u

Mass deficiency = 0.09894 u
Binding energy = (0.09894 u)(931.5MeV/u) = 92.16 MeV

Average binding energy per nucleon = %: 7.68MeV

Nuclear stability and Radioactivity
Nuclear stability

Isotopes are collectively known as nuclides. About 256 (76%) of the nuclides are “stable
isotopes”. For 80 of the elements, there is at least one stable isotope. The average number of
stable isotopes per element among those that have stable isotopes is 3:1. Twenty seven elements
have only a single stable isotope, while the largest number of stable isotopes observed for an
element is 10, for the element tin. Elements 43, 61 and all elements numbered 83 or higher have
no stable isotopes.



Nuclear stability is affected by the ratio of proton to neutron.
N Stable curve

As Z increases, the number of stable Isotopes diverges from the line Z=N

N=Z
Nuclear stability is also determined by binding energy per nucleon.

Is the energy required to disassemble a nucleus into the same number.
4

Figure. 8.5 Nucleus stability curve

of free un bounden protons and neutrons. (Ep=Nuclear force-Coulomb force: stability increases
with %” ). As nucei get heavier than helium, their net binding energy per nucleon grows more
and more slowly and reaches its peak at iron.

Radioactive decay

In a nuclear reaction, the rearrangement of the protons and neutrons in nuclei results in the
formation of new nuclei. The unstable isotopes are radioactive, that is their spontaneous nuclear
reactions are accompanied by the emission of alpha particle, beta particle or gamma rays. The
process is called radioactive decay and thus is three types:

Alpha decay(a — decay) an atomic nucleus emit an alpha particle (helium nucleus) and decays
into an atom with A that is reduced by four and Z that is reduced by two.

2X - 55Y + %
For example U-238 decays to form thorium -234
U - ZTh+ fa

Have K.E. 5Mev and low speed 1.45x10°m/s to 2.2x10°m/s.

Have larger mass, q=+2e and are very likely to interact with other atoms
Have list penetrating power

Have high ionization power

Beta decay (B — decay) - is a decay in which beta ray (fast energetic electron or positron) and
neutrino are emitted from an atomic nucleus.

Example

Neutron — Proton + electron n—- P+ é+ v, where v, is electron antineutrion
Proton —» Neutron + positron(e™) p > n+e* +v, wherev, is electron neutrion



e They are fast moving electrons: speed ranging fro 1.6x108m/s to 2.8x10°m/s

e Their masses vary with velocity

e They are emitted by an atom with different velocity

e They are easily scattered by atoms when collide

e They have penetration power hindereds times larger than o — particles.

e Much less ionization power
Gamma decay(y — decay) gamma rays are produced during gamma decay, which normally
occur after other forms of decay occur such as alpha or beta decay.

Example 89Co » §INi » e+, +y + 1.7Mev

e They have no charge and no mass

e They have high energy and high frequency

e They rarely interact with particles

e They have very high penetration power

e They have least ionizing power
Radioactive isotopes are of two types. Those naturally occurring and those artificially
produced, and they are called natural radioactivity and artificial radioactivity respectively.

Radioactive isotopes often decay to other isotopes that are also radioactive. The initial isotope is
called the parent and its decay product is called daughter. The daughter may also be
radioactive; its decay product is then called the granddaughter, and so on.

Decay law

Radioactivity is a statistical process. Nuclei decay one by one over a period of time. Assuming
that each nucleus has the same probability of decaying in one second, we can determine how
many nuclei in a sample will decay over a given period.

The rate at which particular radioactive materials decay is a constant. That is it is almost
independent of all physical and chemical condition.

If the sample contains N undecayed nuclei at time t and dN decay at time dt,

AN _ N2

dt
Where, A is a constant of proportionality called disintegration constant or decay constant which
IS constant in time too. The negative sign implies N decreases with increasing time.

Assuming that there are No nuclei at time t = 0, from the above equation, we have
aN __ [at

No



Integrating both sides gives
INN-InN_ =-\t
Taking exponential on both side gives
N=N,e™
This is called the Radioactive Decay law.
From the above equation A can be expressed as
dN /dt

N
A Represent the probability per unit time.

No

A=-

p t
Figure 8.6 Exponential of Radioactive elements with time

Activity
The activity of a sample of any radioactive nuclide is the rate at which the nuclei of its
constituent atoms decay. If N is the number of nuclei present in the sample at a certain time, its
activity R is given by

dN
ot

The minus sign is used to make R a positive quantity since dN/dt is, of course, intrinsically
negative.

The Sl unit of activity is named after Becquerel.
1 Becquerel = 1Bq = 1decay/sec
The other traditional units is curie (Ci),
1Ci = 3.7 x 1010 decay/sec
The above equation can be written as
R=AN°e™ =AN Ro
Att =0, R, =ANp, then

RZROE‘JI > t

Figure.8.7 The activity of a
radioactive sample as a function of time

The figure shows activity as a function of time.



Example 8.7
From the relation R = R,e~*¢, find expression for the time
Solution

one can be written as

=lne™

R
In
R

—At

Half life

Radioactivity can be characterized by different parameters like, Half-life and activity. Half-life is
the time needed for an initial activity to drop by half. Half-life is different for different element.

After a half-life has elapsed, that is when t=T1, the activity drops to Ro/2 , one can write

lRO =R_e™
2
=e =2
=1n2=AT,,
Simplifying this yields
In2 0.693
T =
1/2 ﬂ« ﬂ«

Example 8.8

The half life of a nucleus is 2.1min. What is its decay constant?
Solution:

Using the equation for the half life,

_In2 0.693

172 7\‘ 7\‘



~ 0.693
-

~0.693
~ 2.1x60

= A

=0.0055s"

Example 8.9

Find the activity of 1.0mg of AU whose decay constant is 2.97 x 10°s™, if the sample at some
time contains 1.0mg.

Solution

The number of nuclei in the sample,

N - massx Avogadronumber
molar mass

Or

N = 1.0x107°g)(6.02x10* atoms / mol)
- 198g/ mole
=3.04x10"” atoms

Hence, Activity is

A=AN
=(2.97x107°s")(3.04x10")atoms
=9.03x106di sin tegration per sec ond
2.44x107*Ci

Nuclear reactions

In addition to natural radioactivity, it is possible to induce nuclear transformations by
bombarding the nucleus with another particle or nucleus. Such collisions are called nuclear
reactions.

Nuclear fusion reactions

Nuclear fusion occurs when atoms are joined together to make larger ones.

What are the conditions under which fusion can occur?

In order for atoms to fuse together, they must not have any electrons around them, and they must

be moving very fast.



Fusion reactions occur in stars like the sun, in supernovas, and in particle accelerators

Example of fusion reaction:

H+H->>He +v(5.49 MeV)

Nuclear Fission reaction

Nuclear fission occurs when large, unstable atoms break apart into separate atoms. The energy
released may be used as for destruction (a nuclear bomb) or for generating electrical power (a
nuclear power plant). The difference is that in a bomb, the energy is released in one large blast,
while in a nuclear reactor the reaction is controlled so that it is released at a steady pace. Below
is an example of a fission reaction.

Examples of fission reaction:

2

235 141 9. 1
» U Ba+ Kr+3, n-+energy

This is a fission reaction — note that the products are much smaller than the original atom,

showing that it has split into pieces. Here is a schematic of what is going on.

J neutron
fission

A
&3 product

£
neutron J — $ = ) neutron
target ﬁ fission
nucleus product

,J neutron

Figure 8.8 Schematic representation of fission reaction

Only a few unstable atoms undergo fission reactions — most of them undergo radioactive decay
instead. The most common isotopes that undergo fission are uranium-236 and plutonium-240.

These are the ones that are used in nuclear explosions.



Effect of radioactive emission

All radioactive emissions are extremely dangerous to living organisms. When alpha, beta or
gamma radioactive emissions hit living cells they cause ionization (ionization) effects, they can
kill cells directly or cause genetic damage for example to the DNA molecules. High radiation
doses cause burn effects and can kill cells. However, low doses don't kill the cells, but if they are
genetically damaged and can still replicate, these mutations can lead to the formation of
cancerous cells and tumor development later. When alpha, beta and gamma radiation collide
with neutral atoms or molecules they knock off electrons and convert them into charged or
ionized particles (ions). Positive ions are formed on electron loss and negative ions are formed
by electron gain. The positive ions maybe unstable and very reactive and cause other chemical
changes in the cell molecules.

Examples of precautions that can be taken include:

In research laboratories, experiments are conducted in sealed fume cupboards at the laboratory
side and technicians work through sealed whole arm gloves through a thick lead glass front. You
can also reduce the pressure in the fume cupboard so there is no chance of pressure leakage out
into the laboratory area.

o The figure below is a sign used as a warning to protect people from being exposed
to radioactivity. This sign is posted where radioactive materials are handled, or

where radiation-producing equipment is used.

Figure 8.8 Symbols for warning peoples from being exposed to radioactivity



Problems

1. Nickel has a work function of 5.0 eV.

4.
5

6.

a. What is the maximum kinetic energy of photoelectrons knocked out of a nickel surface

by a 1ImW ultraviolet source at 2000 A ?
b. What is the maximum Kinetic energy of photoelectrons knocked out by a 1.5w argon

laser source at a wavelength of 4658 A ?

In a photoelectric experiment in which monochromatic light and a sodium cathode are used, we
finda stopping potential of 1.85V for A =300 A and 0.82 V for A = 4000 A Form these data
determine the

a. value of Planck ‘s constant,

b. work function of sodium light in eV and

c. threshold wavelength for sodium.
Stopping potential for photoelectrons emitted from a surface illuminated by light of wavelength
1=4910 A is 0.71V. When the incident wavelength is changed the stopping potential is found to
be 1.43V. What is the new wavelength?
Find the de Broglie wavelength of electron with a velocity of 10°m/s
Determine the energy of the electron of a hydrogen atom at n=2.
Calculate the binding energy per nucleons, in Mev, for 3He with a mass of 3.016029u.

7. If the number of radioactive nuclei present is cut in half, how does the activity change?

8. The half-life of *Na is 15.0hr. How long does it take for 80 percent of a sample of this nuclide to
decay?

9. 1g of *®Ra has an activity of nearly 1 Cl. Determine the half-life of “’Ra.

10. The half -life of %> U is 4.5 x 109 year. What is the decay constant? Find the activity of

1g of *8U.

11. What fraction of sample is left after (i) 3 half-lives (ii) 5 half — lives?

12. The half-life of “C isotope is 5730 years. If a sample of 14C contains 10? nuclei, what is

the activity of the sample?



