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Charge

¢ Chargeis measuredin coulombs (C). One coulombis defined as:
The charge carried by an electric current of one amperein one second

e Chargeis ascalarquantity
o Electrons have a negative charge
o Protons have a positive charge
o Likechargesrepel each otherandattract opposite ones
¢ Inneutral(i.e.uncharged) atoms and objects the number of electrons and the number of
protons are equal
¢ The movement of electrons determines the charge of an atom or object
¢ Incharged atoms orobjects thereis anet amount of either positive ornegative charge
o Anobjectthat gains electrons has an overallnegative charge
o Anobjectthatloses electrons has an overall positive charge

¢ |Inconductors, some electrons are free to move between atoms
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POSITIVELY CHARGED ELECTRONS ARE DELOCALISED:
METAL IONS THEY ARE FREE TO MOVE

THROUGHOUT THE STRUCTURE

Delocalisedelectrons in the outer shell of the atoms in a conductor can move between
atoms. When a neutral atomloses electrons it becomes a positiveion
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Electric Current YOURNOTES

The electric current through a conductive material is defined as follows: {

Therate of flow of electric charge past a cross-section of material

e Currentis measuredin amperes (A)
o The ampereis a fundamental unit of the Sl system

e Currentis calculated as follows:

Aq

=7

¢ Where:
o |=currentin amperes (A)
o Ag =netcharge flowing pasta cross-section of materialin coulombs (C)
o At=timeintervalin seconds(s)

¢ Theconventionaldirection of currentis from positive to negative
o Electrons flow opposite to the conventional direction of current

+ —
I (A XN J |—~|
\/ ELECTRON /\ CONVENTIONAL
FLOW CURRENT

&

By definition, conventional current always goes from positive to negative (even through
electrons go the other way)

*9 Worked Example
°

Acharge of 20 uC flows through a given section of a conductorin 60 ms.

Calculate the electric current.

Step 1: Write down the known quantities

o Ag=20uC=20x10"¢C
o At=60ms=60x10"3s

Note the conversions:
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o The amount of charge must be converted from micro coulombs (uC) into coulombs YOURNOTES

(C) !

o Thetime mustbe converted from milliseconds (ms) into seconds (s)

Step 2: Write down the equation for the electric current |

Aq
1=
Step 3: Substitute the numbers into the equation

_20x10°°
T 60x107°

1=3.3x1074A
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Drift Speed

¢ Inconductors, only negatively charged (delocalised) electrons are allowed to move

between atoms
o Ingeneral, an electric current can arise from the flow of either positive ornegative

particles
e Charged particles moving through a material or through vacuum are known as charge

carriers
FIELD
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Charge carriers drift towards the positive terminal of the conductor. Conventional current
flows in the opposite direction

Movementin a Conductor

e Delocalised electrons are the charge carriers in a conductor
o Theseelectrons normally move randomly through the conductor

CONDUCTOR | /@ANDOM PATH|

_DELOCALISED
ELECTRON

Random path of a delocalised electron through a length of conductor

« |f a potential differenceis applied between two points in the conductor, an electric field is
created
e Asaconsequence:
o Anelectric force willactonthe charge carriers
o The charge carriers will drift along the conductor
o Asteadyaverage current will flow through the conductor

Electric Current & Drift Speed
e Theaverage speedatwhich the charge carriers move through a conductoris known as the
drift speed
¢ Thevalue of the drift speedis usually very small

o Formosteveryday situations,v~10"4ms"!
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¢ Theelectric current arising from the movement of a given number of charge carriers
through a conductoris calculated as follows:
I=nAvqg

o Where:

o n=numberof charge carriers perunit volume, i.e. charge density (m~3)
o A=cross-sectional area of the conductor(m?)

o v=average drift speed of the charge carriers (ms™)

o g =chargeof the charge carriers (C)

) Worked Example
°
Anumber N of charge carriers, each with a charge q, moves through a conductor of

length L and cross-sectional area A. Show that the electric current flowing through
the conductoris given by:

I=nAvq

Where nis the number of charge carriers perunit volume and vis their drift speed.

Step 1: Write down the equation for electric current

Ag
="

Step 2: Write down the expression for the total charge Aq and substituteitinto the
above equation

o Thetotalchargeis equalto the numberof charge carriers times the charge of each
carrier

Aq = Ng

o Substituting thisinto the current equation:

Ng

="

Step 3: Write down the number of charge carriers in terms of charge density n, and
substituteitinto the above equation

o The charge density is equal to the number of charges perunitvolume

N

n=-
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N =nV YOURNOTES
l
o Substituting this into the current equation:
_ nVq
At

Step 4: Write down the volume of the conductorinterms of cross-sectional area and
length, and substituteitinto the above equation

o Thevolume of the cylindrical section of the conductoris equal to the cross-sectional
areatimes thelength

V=AL

o Substituting thisinto the current equation:

nAlLg
At

Step 5: Recognise average speed into the above equation

o Average speedyvis totaldistance L overtotaltime At

L

iy

o Substituting this into the current equation

I = nAvq
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Potential Difference

Potential differenceis a measure of the electrical potential energy transferred from an
electron as it moves between two points in a conductor

Potential differenceis work done perunit charge

Itis also known as voltage
Potential difference (pd) is calculated as follows:

w
S
¢ Where:

o V=potential differencein volts (V)

o W=workdoneinjoules (J)

o g =chargeincoulombs (C)

From the above equation, onevoltis equal to onejoule perunit coulomb
o 1vV=1JC

The Electronvolt

¢ Theenergy values associatedto electrons and othermicroscopic particles are very small
when expressedin Sl units

e Forthisreason,itis often more convenientto use anotherunit forenergy - the electronvolt
(eV)

e Theelectronvoltis defined as follows:

The amount of energy needed to move an electron through a potential difference of
onevolt

*> Worked Example
[

Determine thevalue of 1eVinjoules (J).

Step 1: Recall the definition of electronvolt

o Oneelectronvoltis the work Wassociated to an electron of charge e moving through a
potential difference V=1V

W=eV
Step 2: Look up the charge e of the electronin the databooklet
o e=16x10"7C
Step 3: Substitute this and the value of the voltageinto the above equation for W

W=(1.6x10"17C)x1V
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W=1.6x10"1) YOURNOTES

Oneelectronvoltis equalto1.6 x 107?joules L
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Direct Current YOURNOTES

» Thepotential differencein a circuitis provided by cells orbatteries {
o Each cellhas a positive terminal (high potentiallocation) and a negative terminal (low
potentiallocation)
o Abatteryis a collection of cells arranged positive terminal to negative terminal

POSITIVE NEGATIVE
TERMINAL TERMINAL

+_

CELL BATTERY

Acellandabattery made of three cells

¢ When a cellorabatteryis connectedto aloop of copper wire, a circuit is formed
The battery is the source of the potential difference V needed for the electrons to flow
Electrons gain electrical potential energy as they move through the battery
They then leave the battery and move through the wire
o Alittleamount of theirenergy is transferred to the metal atoms of the wire
o Theflow of electrons is from the negative terminal to the positive one

¢ Direct current (dc) flows through the circuitin one direction
o Thedirection of conventional currentis from the positive terminal to the negative
one
o Thisis opposite to the electrons flow
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POTENTIAL
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DIRECTION OF
ELECTRONS FLOW

o
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CURRENT FLOW
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Direct current flows from the positive to the negative terminal of the batteryina circuit.
Electrons flowin the opposite direction

Alternating Current

¢ Alternating current (ac) is usedinstead of dcin high voltage devices (i.e. those typically
usedinhomes andindustries)

¢ Alternating current flows one way around the circuit and thenreverses its flow

e acdirectionusually changes every 0.01s
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Electric Fields

¢ Anelectric field is a region of spacein which an electric charge “feels” a force
o |tisavectorfield
o Thedirection of the electric field is the same as the direction of the electric force

Electric Field Strength
¢ Theelectric field strengthis a measure of the strength of the electric field

The electric field strength is defined as the magnitude of the electric force per unit
charge experienced by a small positive test charge placed at that point

ELECTRIC

CTRIC F
ELECTRI IELD FORCE

STRENGTH

ELECTRIC
FIELD
AROUND Q

The strength of the electric field generated by charge Q is measuredby placing a test charge
qinthe field

¢ Theequationto calculate the electric field strength at a given pointin spaceis:

F
gE=L
q

¢ Where:
o E=electric field strength in newtons per coulombN C-!
o F=electricforceinnewtons (N)
o g =electric chargein coulombs (C)

Representing Electric Fields

 Electricfield lines are used to visualise electric fields
¢ Arrows alongthelines indicate the direction of the field
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o Thearrows always point away from the positive charge and towards negative the

charge

¢ Arounda point charge ora charged sphere, the electric field lines are directly radially
inwards oroutwards:
o Ifthechargeis positive (+), the fieldlines are radially outwards

o Ifthechargeis negative (-), the fieldlines are radially inwards

¢ This shares many similarities toradial gravitational field lines around a point mass

o The difference beingthat the gravitational forceis always attractive, whilst the electric
force can be eitherattractive orrepulsive

FIELD LINES ARE
DRAWN PERPENDICULAR
TO THE CHARGE

DIRECTED
AWAY FROM
A POSITIVE

FIELD LINES

CHARGE

v
AN

POSITIVE POINT
CHARGE

NEGATIVE POINT
CHARGE

—_—

FIELD LINES
DIRECTED
TOWARDS
A NEGATIVE

CHARGE

Electric fieldlines aroundisolated positive and negative point charges

¢ Thestrength of the electric fieldis proportional to the number of lines perunit cross-

sectional area

o Astrongerelectric fieldis represented by arrows that are closer together

¢ Thefieldlines between opposite charges are connected, showing attraction
¢ Thefieldlines between like repelling charges neverconnect
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Electric field lines showing attraction between a positive and a negative charge, and
repulsion between two positive charges
Uniform and Non-Uniform Electric Fields

* Auniform electric fieldis a field of force in which the strength of the electric force is the
same throughout
o ltisrepresented by parallel and equally spaced fieldlines

¢ Wheneverthe spacing between the field lines changes, the electric field is non-uniform

FIELD LINES DIRECTED FROM
THE POSITIVE TO NEGATIVE PLATE

THE E FIELD

E ] = £ .
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+ e EVENLY M >
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£ > SR 2 21| _ ( THE E FIELD
= = " “1| _ | STRENGTH IS
l THE E FIELD + ==l - igRREONS(?EEE
+ STRENGTH 1S + B———30 - ek
S EQUAL AT ALL " <
+ POINTS IN THIS £ < ARE CLOSER

FIELD —————3 TOGETHER
+ " ~

L] L | > |

UNIFORM E FIELD BETWEEN
TWO CHARGED PARALLEL
PLATES

| NON-UNIFORM E FIELD |

Uniform and non-uniform electric fields between two parallel plates
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YOURNOTE
*> Worked Example OURNOTES

!
Acharged particleis in an electric field with electric field strength 3.5 x 104N C',
whereit experiences a force of 0.3 N.Calculate the charge of the particle.

Step 1: Write down the known quantities

o E=3.5x104NC™!
o F=0.3N

Step 2: Write down the equation for the electric field strength
F
E=g
Step 3: Rearrange the above equation to calculate the charge g

F
9=
Step 4: Substitute the numbers into the above equation

03
9735107

q=8.6x10"¢C

(’) ExamTip

When drawing field lines, make sure they never cross. The electric field can only have
onevalue at any given point.
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YOURNOTES

l
Coulomb'sLaw

¢ Anycharged particle generates an electric field
o This field exerts a force on any other charged particle withinrange

The electrostatic force between two charges is defined by Coulomb’s Law, which states
that:

The attractive orrepulsive electrostatic force between two point charges is
directly proportional to the product of the charges and inversely proportional to
the square of their separation

¢ Accordingto Coulomb's law, the electrostatic force between two point charges is
calculated as follows:

4,4,

2

¢ Where:
o F=electrostatic force (N)
o Q1,92 =magnitudes of the charges (C)
o r=distance between the centres of the two charges (m)
o k=Coulomb constant (N m2C2)

ELECTROSTATIC
FORCE

@

/L@OINT CHARGEE}—J

Attractive electrostatic force between two opposite charges

AN
__V

e Coulomb's constantis given by:
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1

41'[50

e Thevalue of kdepends on the material between the charges
o Inavacuum, k=8.99x 10N m?2C2

¢ gpois the permittivity of free space
o £0=8.85x10"2C2N-"m-2andrefers to charges inavacuum
Thevalue of the permittivity of airis taken to be the same as ¢
Any othermaterialhas a higher permittivity ¢> ¢g
o ¢isameasure of theresistance offered by a materialin creating an electric field within it

o

(e}

Repulsive & Attractive Forces

e Forlike charges:
o Theproductq;qyis positive
o Fispositive
o Thechargesrepel each other

» Foropposite charges:
o Theproductg;q,is negative
o Fisnegative
o Thecharges attract each other

> Worked Example

[ J
An alpha particleis situated 2.0 mm away from a gold nucleusina

vacuum.Assuming them to be point charges, calculate the magnitude of the
electrostatic force acting on each of the charges.

e Atomic numberof helium=2
e Atomic numberof gold =79

Step 1: Write down the known quantities

o Distance,r=2.0mm=2.0x10"3m
o Elementary charge, e =1.60 x 10717 C (from the data booklet)

Note that you must convert the distance from millimetres (mm) into metres (m)
Step 2: Calculate the charges of the alpha particle and gold nucleus

o Theelementary charge e (when taken to be positive) is the charge of a proton
o Analpha particle (heliumnucleus) has 2 protons
= Soitschargeis:

1=2x(1.60x1071%)=3.2x10"17C

o Agoldnucleus has 79 protons
= Soitschargeis:

92=79x(1.60x1071%) =1.264 x 10" C
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Step 3: Write down the equation to calculate the electrostatic force YOURNOTES

q,9, l

F=k ]

Step 4: Substitute the numbers into the equation

(3.2 x 10719 x (1.264 x 107Y7)

F=(8.99 x 10%) x .
(2.0 x 107)

F=91x10"2'N

(') ExamTip

- You do not need to memorise the numerical value of the Coulomb's constant k or
that of the permittivity of free space ¢p. They will both be given in the data booklet.

Unless specifiedin the question, you should assume that charges arelocatedin a
vacuum.

You should note that Coulomb's law can only be applied to charged spheres whose
sizeis much smaller than their separation. Only in this case, the point charge
approximationis valid. You must remember that the separation rmust be taken from
the centres of the spheres.

You cannot use Coulomb's law to calculate the electrostatic force between charges
distributed onirregularly-shaped objects.
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Circuit Diagrams

¢ Thediagram below shows the various circuit symbols that could be usedin circuit diagrams

S
—— o B O,
LIGHT —DEPENDENT
CELL RESISTOR (LDR) AMMETER
- Sl 7
A.C. SUPPLY TRANSFORMER VARIABLE RESISTOR

~ —— e

VOLTMETER DIODE

POTENTIOMETER

1 i A
RESISTOR BATTERY THERMISTOR

—— —— -

LAMP SWITCH HEATING ELEMENT

iR

CAPACITOR

Common circuit symbols

Functions of Most Common Components

e Switch: itturns the circuit on (closed), or off (open)
¢ Fixedresistor: it limits the flow of current
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o Aselectrons flow through aresistor, they transform electrical potential energy into YOURNOTES
otherforms of energy (i.e. thermal energy) 1

e Variableresistor: aresistorwith a sliderthat can beusedto changeitsresistance
o Astheresistance of thevariableresistorincreases, the currentin the circuit decreases
andviceversa

¢ Thermistor: aresistorwhoseresistance depends onits temperature
o Astemperatureincreases, theresistance of a thermistordecreases andvice versa

¢ Light-dependentresistor (LDR): aresistorwhoseresistance depends on the light
intensity
o Aslightintensityincreases, theresistance of aLDR decreases andviceversa

» Diode: it allows current to flow in one direction only
o |tis oftenuseforrectification -i.e. conversion of AC intoDC

¢ Light-emitting diode (LED): it emits light when a current passes throughiit

¢ Lightbulb: aresistorthat transforms electric potential energy into such large thermal
energy that energy is dissipated as light emitted to the surroundings

¢ Ammeter: it measures the currentin the circuit

* Voltmeter: it measures the potential difference of an electrical component

*> Worked Example

Which circuit diagram correctly represents a circuit with current flowing through?

+ - + -

b

>/
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ANSWER: B 3 _ YOURNOTES

K !

THIS IS SEEN IN
CIRCUIT B

™~
L1
—

e Foracircuittobe connected, the switch must be closed
o Thisis eithercircuitBorD

¢ Theothercircuit symbolis a diode
o Diodes only allow current to flowin one direction

e Sincecurrent flow is from positive to negative, a forward-biased diode must pointin this
direction in order for the current to flow
o Thisis seenincircuitB

(') ExamTip

®  Thestandardcircuit symbols are given in the data booklet, so you do not need to
memorise them. However, you must be able to identify them and draw them
correctly.
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Ammeters & Voltmeters YOURNOTES

Measuring Current {

¢ Electric currentis measured using an ammeter
* Ammeters should always be connectedin series within a circuit

[ooos| I

—®

To measure the current flowing through a light bulb, an ammeter must be connectedin series
withit

¢ Anidealammetershould have zeroresistance
o Thisway, it willnot take any energy from the electrons flowing throughi it
o Otherwiseitwould alterthe value of the currentitis trying to measure

Measuring Potential Difference

¢ Potential difference (orvoltage) is measured using a voltmeter
e Avoltmeteris always setupinparallel to the component whose voltageis being measured
o This means that the voltmeter must be hooked across the terminals of the component

TR | A—

Q1
—(V)—

To measure the potential difference of a fixedresistor, a voltmeter must be connectedin
parallel toit
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¢ When electrons flow through a componentin the circuit (e.g. aresistor): YOURNOTES
o Theytransfersome of theirelectrical potential energy toiit 1
o The component transforms this electrical potential energy into some other form of
energy (e.g. thermal)

e Measuring the potential difference across a component means comparing the value of the
electric potential energy of the electrons before they enter the component to when they
leaveit

Page 23 of 105

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

YOURNOTES

l
Resistance

e Aselectrons move through the metal wire of a circuit (orany othercomponent), they
transfer some of their electrical potential energy to the positive ions of the metal

2200 es.Q9 )
- @@ﬁ@@@g@ .

O = METAL ION O =ELECTRON

Free electrons collide with metal ions which resist their flow

e This energyresultsinanincreasein the kinetic energy of the lattice
¢ Which means a higherinternal energy of the metal
e Themacroscopic result of this transferis the heating up of the wire
¢ Some metals heatup more than others
o Thehigherthe heating, the highertheresistance
o Wires are often made from copper because copperhas alow electricalresistance

Theresistance Rof acomponentis defined as:

Theratio of the potential difference across the component to the current flowing
throughit

e |tis calculatedas follows:

=<

¢ Where:
o V=potential differenceinvolts (V)
o [=electric currentin amperes (A)
o R=resistancein ohms (Q)

¢ This means thatthe highertheresistance of a component, the lower the current flowing
throughitandviceversa
Interms of Sl base units: 1Q=Tkgm?2s 3 A2
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YOURNOTES
*> Worked Example !
[

Acharge of 5.0 C passes through aresistorataconstantratein 30 s. The potential
difference across theresistoris 2.0 V.

Calculatetheresistance R of theresistor.

Step 1: Write down the known quantities

o Charge,Ag=5.0C
o Time,At=30s
o Potential difference, V=2.0V

Step 2: Write down the equation for theresistance R

[=0.17A

Step 5: Substitute this value of the currentinto the equation for theresistance givenin
Step 2

2.0
R=517

R=12Q
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Resistorsin Series & Parallel

Resistorsin Series

¢ When two ormore components are connectedin series:

R, R, R,
— [ ]
I | I

() () ()

P, \ V)

v, v v

The combined resistance of the components is equal to the sum of individual
resistances

COMBINED RESISTANCE R=R;+R;+Rj; ...
IN SERIES

¢ This means as moreresistors are added, theircombinedresistanceincreases andis,
therefore, more than theresistance of theindividual components

A mm Ml ! ! 8

|

A B
o——————{ ONE LARGER RESISTANCE ———————

Connecting moreresistors in series increases the overall resistance

> Worked Example

The combinedresistance Rin the following series circuitis 60 Q. Whatis the
resistancevalue of R,?

A. 1000 B. 300 C. 200 D. 400

Step 1: Write down the known quantities
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o Totalresistance, R=60Q)
o Resistance of firstresistor, R;=30 Q
o Resistance of thirdresistor,R3 =10 Q

Step 2: Write down the equation for the combined resistance of resistors in series
R= R] + Rz + R3

Step 3: Rearrange the above equation to calculate the resistance R, of the second
resistor

R,=R-R;-Rs3
Step 4: Substitute the numbers into the above equation
R,=(60-30-10)Q
R,=20Q
ANSWER: C

Resistorsin Parallel

¢ When two ormore components are connectedin parallel:
R1
Ll

RZ
 m—
L |

Thereciprocal of the combined resistanceis the sum of the reciprocals of the
individual resistances

COMBINED RESISTANCE 1 _ 1
IN PARALLEL R R,

|A.

o‘]
+ +R3

X

2

¢ This means as moreresistors are added, theircombinedresistance decreases andis,
therefore, less than theresistance of theindividual components
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YOURNOTES
. i

—EEEEE

IS EQUIVALENT TO

|

1
j—EONE SMALLER RESISTANCE |

Connecting moreresistors in parallel decreases the overall resistance

(34
ow

*> Worked Example
[ J
The circuit below shows 3 resistors connected in parallel.

Which value gives the combined resistance of all the resistors
in this circuit?
5R 2 5 2R

A.T B.5_R c.ﬁ D.?

Step 1: Write down the known quantities

o Resistance of firstresistor, Rj=R
o Resistance of secondresistor, Ry =2R
o Resistance of thirdresistor,Rz =R

Step 2: Write down the equation for the reciprocal of the combined resistance (1/Rror)
of resistorsinparallel

1 1 1 1
=
Rror Ri Rz R3

Step 3: Substitute the given quantities into the above equation

1
+—+
2R

|-
|-

1
Rror
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YOURNOTES
i

5o

.
Rror
Step 4: Take thereciprocal of the second equation above to get the combined

resistance Rror

Rror =

ml%

ANSWER: D

(') ExamTip
®  Themostcommon mistakein questions about parallel resistors is to forget to find
thereciprocal of Ry(i.e. 1/Ry) instead of Ry. Here is a maths tip to rejig your memory on

reciprocals:

e Thereciprocalof avalueis1/value
o Forexample, thereciprocal of a whole numbersuch as 2 equals /2

o Conversely, thereciprocal of V2 is 2

e |fthenumberis already a fraction, the numeratorand denominator are ‘flipped’

round
“\ 77
RECIPROCAﬂ ‘ REClPROCAﬂ | RECIPROCAd | REClPROCAﬂ
\ 1 \ 1/
B 3 R
4
‘ REClPROCAg | REClPROCAﬂ
NERY
3

Thereciprocal of anumberis 1+ number

¢ Inthecaseof theresistanceR, this becomes 1/R
e Togetthevalue of Rfrom1/R, you must calculate 1+ youranswer
* You can also use thereciprocal button on your calculator (labelled eitherx ~' or

1/x, depending on your calculator)
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YOURNOTES

l
Kirchhoff's Circuit Laws

Kirchhoff's First Law

e Kirchhoff’s first law states that:

The sum of the currents entering a junction always equals the sum of the currents
out of the junction

¢ Ajunctionis a pointwhere atleast three circuit paths meet

KIRCHHOFF’S 4st LAW: I=1,+ |, + |

= |
<

I
\ \
—> & =

>~
~

The currentlinto the junctionis equal to the sum of the currents I, I; and I3 out of the junction

o Kirchhoff’s first law is a consequence of conservation of charge
o Thechargeis the same onboth sides of thejunction

e Kirchhoff’s first law is often written as follows:
=0

¢ Where:
o Jl=netcurrententeringandleaving thejunction
o Thecurrententering ajunctionis defined as positive
o Thecurrentleavingajunctionis defined as negative
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*> Worked Example

Forthe circuit below, state thereadings of ammeters A, A, and Az.
0.270A

()

I | &)

Step 1: Ammeter A, is in series withammeter A
o Thecurrentreading of ammeterA;is the same as that of ammeterA
A;=0.270A

Step 2: From Kirchhoff's first law, the total current entering the junction must be equal
tothetotal currentleaving the junction

o The currentfrom ammeter Ay enters a junction and splits into two branches
o Onebranchhasacurrentof 8SO0mA=0.080A
o Thecurrentinthe otherbranchis thereading of ammeter Az

0.270A=0.080A+Az
Az=(0.270-0.080)A=0.19A
Step 3: Apply Kirchhoff's law to the other junction of the circuit

o The 0.080 Acurrententers ajunction and splits into two branches
o Onebranchhasacurrentof27mA=0.027A
o Thecurrentinthe otherbranchis thereading of ammeter A,

0.080A=0.027A+A,
A,=(0.080-0.027)A=0.053A
The currentreadings of the three ammeters are:

o A1=O.27OA=27OmA
o Ay=0.053A=53mA
o Az=0.19A=190mA

Kirchhoff's Second Law

e Kirchhoff’'s secondlaw states that:

Page 31 of 105

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

The net potential differenceina closed loop is equal to zero

e Thisis aconsequence of conservation of energy
o Theelectric potential energy carried by the electrons as they flow through a circuit
must be equalto the overall thermal energy transferred to the different components

KIRCHHOFF'S SECOND LAW: E,+E, =V, +V,

-

The sum of the electric potential energies E;and E; provided by the two cells must be equal
to the sum of the potential differences across the two fixedresistors

¢ Kirchhoff’s secondlaw is often written as follows:
V=0

¢ Where:
o YV =netpotential differencein a closedloop
o The potential difference entering a cellis defined as positive
o The potential difference entering a resistor (or another circuit component offering
resistance) is defined as negative
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YOURNOTES

*> Worked Example !

Forthe circuit below, state thereadings of the voltmeters V;, V, and Vz.Allthe lamps
andresistors have the sameresistance.

Step 1: Kirchhoff's second law states that the sum of all potential differences in the first
loop is equal to zero

o Thepotential difference provided by the cellis positive and equalto 24 V
o The potential difference across the first light bulb is negative and equal to 2V
o The potential difference across the secondlight bulbis negative and equalto 12V

Vi=(24-2-12)V=10V
Step 2: Apply Kirchhoff's second law to the second loop of the circuit

o Thepotential difference across the fixedresistoris negative andequalto 8 V
o Thepotential difference across eachlightbulbis negative and equalin value to the
reading of V, (since they have the sameresistance)
o Allthese negative potential differences mustbe summedto:
= The positive potential difference provided by the cell (24 V)
= Thenegative potential difference across thelight bulb connectedin series with
thecell (2V)

2V,=(24-2-8)V=14V
Vo=7V
Step 3: Apply Kirchhoff's second law to the third loop of the circuit

o Thereadingof Vzis equalto the sum of:
= The positive potential difference provided by the cell (24 V)
= Thenegative potential difference across thelight bulb connectedin series with
thecell (2V)

V3=(24-2)V=22V

The potential difference readings of the three voltmeters are:
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o V=10V YOURNOTES
o Vp=7V i
o Vz=22V

(") Exam Tip

Kirchhoff's first and second laws are givenin the data booklet, so you donotneedto
memorise them. However, you need to apply them to both simplerand more
complexcircuits.
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YOURNOTES

l
Ohm'sLaw

¢ Ohm'slaw states that:

For a conductor at a constant temperature, the current throughit is proportional to
the potential difference across it

¢ Anelectrical component obeys Ohm’s law if its graph of current against potential
differenceis a straightline through the origin
o Afixedresistor obeys Ohm’s law -i.e.itis an ohmic component
o Afilamentlamp does not obey Ohm’s law - it is a non-ohmic component

RESISTOR
CURRENT
Al
V;
2 GRADIENT = i\'/ = %
POTENTIAL -
DIFFERENCE

—_

The current-voltage graph for a fixedresistor is a straight line through the origin. The fixed
resistoris an ohmic component

e Theresistance of an ohmic component can be calculated from the gradient of its current-
voltage graph
o Sinceresistanceis R=V/I
o R=1/gradient
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YOURNOTE
*> Worked Example OURNOTES

H l

The current flowing through a component varies with the potential difference V
acrossitas shown.

\Y
Which graph bestrepresents how theresistance R varies with V?
-
R
A B C D

ANSWER: D
Step 1: Write down the equation for theresistanceR
-t
Step 2: Link theresistance to the gradient of the graph
o Gradient=1/V
R =1/gradient

Step 3: Identify the gradient of different sections of the graph and useit to deduce
what happens to theresistance

o Thefirst straight section of the graph has a constant gradient
= Sotheresistanceremains constant

o Thesecondsectionis curvedandthe steepness of thelineincreases, so the gradient
increases
= Sotheresistance decreases

Step 4: Identify the correct graph out of the four proposed

o Constantresistanceisindicated by a straight horizontalline
= SoeitherCorDarecorrect

o Decreasingresistanceisindicated by aline curving downwards
= SoonlyDiscorrect
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YOURNOTES

(’) Exam Tip .

When solving problems about Ohm's law you will often deal with graphs. You need
to be confidentidentifying and calculating their gradients.

¢ Inmaths, the gradientis the slope of the graph (i.e. rise/run)
e The graphs below show a summary of how the slope of the graph represents

the gradient

INCREASING GRADIENT DECREASING GRADIE

2 K

NO GRADIENT CONSTANT GRAD'lENT
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I-V Characteristics

e Thel-Vcharacteristics of a circuit componentis a graph of the current flowing through the
component plotted against the voltage acrossiit

Obtaining -V Characteristics Experimentally

* Therelation between potential difference across an electrical component (e.g. a fixed
resistor) and current can be investigated through a circuit such as the one below

VOLTAGE SUPPLY

|
LA N N ] r

/1
/

FIXED RESISTOR ’
VARIABLE RESISTOR

Circuit for plotting graphs of current against voltage. The component beinginvestigated
hereis a fixedresistor

e Byadjustingtheresistance on thevariableresistor:
o Thecurrentin the circuit willchange
o Foreachvalue of the current|, the potential difference V can be recorded

e Agraph of current against potential difference can be plotted

|-V Graphs of Some Circuit Components

RESISTOR SEMICONDUCTOR  DIODE
CURRENT CURRENT
POTENTIAL POTENTIAL
DIFFERENCE DIFFERENCE

—{— >
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FILAMENT LAMP

CURRENT

POTENTIAL
DIFFERENCE

—X)—

I-V characteristics for an ohmic conductor (e.g. resistor), semiconductor diode and
filament lamp

Ohmic Conductor

e Currentis directly proportional to potential difference
e Thel-V graphis astraightline through the origin

SemiconductorDiode

¢ Whenthe currentisin the direction of the arrowhead symbol, the diodeis said to be
forward biased
o Thereisasharpincreasein current
o Thisis shown on theright side of the graph

* Whenthediodeis switched around, it does not conductanditis saidto bereversebiased
o Thecurrent through the diodeis zero
o Thisis shown on the left side of the graph

¢ Thediodeis anon-ohmic component
o ItsI-V graphis nota straightline through the origin

Filament Lamp

e Forvery small voltages, the filamentlamp behaves as an ohmic component
o The middle section of the graph (around zero voltage) is straight and passes through
the origin

¢ Asvoltageincreases:
o More current flows through the filamentlamp and the temperature of the filamentin
thelampincreases
o Thehigherthe temperature of the filament, the higherits resistance
o Sinceresistance opposes current, the current flows through the filament at a slower
rate
o Thisis shown by the curved section of the graph
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 Forslightly higher voltages, the filamentlamp is non-ohmic YOURNOTES
o Thel-Vgraphis acurve with decreasing gradient 1

(f) Exam Tip
Make sure you're confidentin drawing the |-V characteristics for different
components, as you may be asked to sketch these from memory or to identify

those givenin exam questions
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Resistivity

Resistance, Length and Cross-Sectional Area

¢ Theresistance of a sample depends on:
o Thematerialitis made of
o Thelength of the sample
o Thecross-sectional area of the sample

¢ Theresistance of aconductor(e.g.awire)is:
o Directly proportional toits length
o Inversely proportional toits cross-sectional area

T r )

<> DOUBLING THE LENGTH OF A WIRE

- WILL DOUBLE THE RESISTANCE
U 2R )
< -

2L

DOUBLING THE CROSS-SECTIONAL AREA
OF A WIRE WILL HALF THE RESISTANCE

How the length and width of a wire affect its resistance

Defining Resistivity

e Thisleads to the definition of a new quantity, called resistivity

» Resistivity is a property describing the extent to which a material opposes the flow of
electric current throughiit
[tis defined as follows:

Theresistivity of amaterial is equal to the resistance perunit length of a material
with unit cross-sectional area

¢ Theequation fortheresistivityis:

¢ Where:
o p=resistivityin ohm-metres (Qm)
o R=resistanceinohms (Q))
o A=cross sectional area of material in square metres (m?2)
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o L =length of materialin meres (m) YOURNQOTES

Resistivity of Conductors and Insulators {

¢ Resistivity is dependent on temperature
o Inconductors, theresistivity increases with increasing temperature
o Ininsulators, theresistivity decreases with increasing temperature

¢ Sincep«R,whenawire orthe filamentinside alamp heat up, theirresistance increases

Resistivity of some materials at room temperature

Material Resistivity p/.ﬂ.m

Copper 1.7 x 1078
Metals Gold 2.4 x10°®

Aluminium 2.6 x 1078

Germanium 0.6

Semiconductors
Silicon 2.3 x10°
Glass 10"
Insulators
Sulfur 10™

e Conductors have the lowest values of resistivity
* Wires are made from copperbecause of its relatively low resistivity at room temperature
¢ Insulators have such a highresistivity that virtually no current will flow through them
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YOURNOTES
*> Worked Example !
o
Two electrically-conducting cylinders made from copperand aluminium
respectively.

Theirdimensions are shown below.

Al

Cu
<>
8 mm

16 mm

Copperresistivity =1.7x 108 Qm

Aluminium resistivity = 2.6 x 10-8 Q mDetermine which cylinderis a better
conductor.

Step 1: Write down the known quantities

o Copper(Cu):
= Diameter,dcy=5mm=5x10"3m
» Length,Lcy=8mm=8x10"3m
= Resistivity, pcy=1.7x10"8Qm

o Aluminium (Al):
= Diameter,dy=10mm=10x10"3m
= Length,Lg=16mm=16x10"3m
u Resistivity,pA,=2.6x10‘80m

Step 2: Aconductoris betterif it has alowerresistance

Step 3: Write down the equation forresistivity

Step 4: Rearrange the above equation to calculate theresistanceR

=~

p

R=X

Step 5: Substitute the numbers into the above equation to calculate theresistance of
copper Rc,and the resistance of aluminium Ry,

o Thecross-sectionalarea Ais calculated from the diameterdas follows:
s A=1(d/2)?

(1.7x10%) x 8 x 107

Reu = 3.2
(2.5 x 107°)
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(2.6 x107%) x (16 x 1079) YOURNOTES

32
n(5.0 x 107) 1

Rai =

Step 6: Compare the two values of theresistance
o Thecylinderwith thelowerresistanceis the better conductor
Rcu=6.9%x107Q)
RA/:5.3X1O'6Q
Rar<Rcy
The aluminium cylinderis the better conductor.
(’) Exam Tip
* You won’t need to memorise the value of the resistivity of any material, these will be
givenin the exam question. The equation forresistivity is given in the data
booklet.Remember, if the cross-sectional areais a circle (e.g. in a wire), itis

proportional to the diameter squared. This means if the diameter doubles, the area
quadruples causing theresistance to drop by a quarter.
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Investigating Resistivity

Aims of the Experiment

e Theaim of the experimentis to determine theresistivity of a 2 metre constantan wire

Variables:
¢ Independentvariable =Length, L, of the wire (m)
¢ Dependentvariable =The current, |, through the wire (A)
e Controlvariables:
o Voltage through the wire
o The material the wireis made from

Equipment List

Equipment Purpose
Ammeter To determine the current through the wire
Voltmeter To determine the voltage across the wire

2.0 mof constantan | To calculate its resistivity
wire (22-36 swg)

Flying lead A wire with a crocodile clip at one end to allow
connection at any point along the test wire

Metre ruler To measure the length of the wire
Micrometer To measure the diameter of the wire
Power supply To provide the voltage through the wire

¢ Resolution of measuring equipment:
o Metreruler=1mm
o Micrometerscrew gauge=0.0Tmm
o Voltmeter=0.1V
o Ammeter=0.01A

Method
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POWER SUPPLY
@ L

CA) FLYING LEAD

LENGTH

\

—
-

<
LN U LR 1 L L
A

1. Measure the diameter of the constantan wire using a micrometer. The measurement should
be taken between 5-10 times randomly along the wire. Calculate the mean diameter from
thesevalues

2.Setupthe equipment so the wireis taped or clampedto the ruler with one end of the circuit
attachedto the wire where therulerreads O. The ammeteris connectedin series and the
voltmeterin parallel to the wire

3. Attach the flyingleadto the test wire at 0.25 m and set the power supply at a voltage of 6.0
V.Checkthat thisis the voltage through the wire on the voltmeter

4.Read andrecordthe current from the ammeter, then switch off the currentimmediately
afterthereading(the short wire will get very hot)

5. Vary the distance between the fixed end of the wire and the flyinglead in 0.25 mintervals
(0.25m, 0.50m, 0.75 etc.) until the fulllength of the 2.0 mwire. The originallength and the
intervals canbe changed(e.g.startat 0.1mandincreasein O.1mintervals), as long as there
are 8-10readings

6.Recordthe current foreachlength atleast 3times and calculate an average current, |

7.Foreachlength, calculate the averageresistance of the length of the wire using the
equation

TEST WIRE

\Y%
R=—I

where Vis thevoltage and/is the average current through the wire for that length

¢ Anexample of a table of results might look like this:
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LENGTH OF AVERAGE YOURNOTES
WIRE L/m | CURRENT 1,/A | CURRENT 1I,/A | CURRENT I,/A | CURRENT I/A | RESISTANCE R/Q l

0.25
0.50
0.75
1.00
1.25
1.50

1.75

2.00

Analysis of Results

e Theresistivity, p, of the wireis equal to

RA
P
e Where:
o p=resistivity (Qm)
o R=resistance(Q)
o A=cross-sectional area of the wire (m?2)

o]

L =length of wire (m)

¢ Rearrangingfortheresistance, R:

e
A
e Comparingthis to the equation of a straight line: y = mx
o y:R
o x=L
o Gradient=p/A

Theresistivity can therefore be calculated from the gradient of theresistance against
length graph, multiplied by the cross-sectional area of the wire

1. Calculate the cross-sectional area, A, of the wire
d2
Cross-sectional area A = T
2.Plota graph of the length of the wire, L, against the average resistance of the wire, R3. Draw a
line of best fitand calculate the gradient of this graph4. Calculate the resistivity pby multiplying
the gradient by the cross-sectionalarea A

p = gradient x A
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RESISTANCE R/ /\

~aR_ P

AR GRADIENT = 2% = &
0 =
LENGTH L/m

Evaluating the Experiment
Systematic Errors:

* Theendofthewirethatis attachedto the circuit (not the flyinglead) must startat O onthe
ruler

o Otherwise, this could cause a zero errorin your measurements of thelength

Random Errors:

¢ Only allow small currents to flow through the wire
o Theresistivity of a material depends on its temperature. The current flowing through
the wire will cause its temperature toincrease and affectits resistance andresistivity.
Therefore the temperatureis kept constantandlow by small currents

e Thecurrent should be switched off between readings soits temperature doesn't change
itsresistance

¢ Makeatleast5-10 measurements of the diameter of the wire with the micrometer screw
gauge andcalculate an average diametertoreduce random errors in thereading

Safety Considerations

¢ Whenthereis a high current, and a thin wire, the wire willbecome very hot. Make sure never
to touch the wire directly when the circuitis switched on

e Switch off the power supply right away if you smell burning

e Make suretherearenoliquids close to the equipment, as this could damage the electrical
equipment
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*> Worked Example !

Astudent wants to find theresistivity of a constantan wire. They setup the
experiment by attaching one end of the wire to a circuit with a 6.0 V battery and the
otherwith a flyinglead and measure the length with a ruler. Attaching the flying lead
onto the wire at different lengths, they obtain the following table of results.

Length of wire Current Current Current Average Resistance
L/m I, /A 1, /A I, /7A Current | /A R/Q

0.25 1.34 1.34 1,35

0.50 0.85 0.85 0.83

0.75 0.51 0.51 0.50

1.00 (35 0.36 0.35

1.25 0.30 0.31 0.31

1.50 0.27 )27/ 0.27

1.75 0.23 0.21 0.21

2.00 0.18 0.17 0.18

The following additional data forthe wire is:

Average

diameter/mm

019 | 019 | 0.20 | 019 | 018 | 0.19 | 0.20 | 0.18 | 0.20 | 0.19 0.19

Calculate theresistivity of the wire

Step 1: Complete the average current and resistance columns inthe table

Theresistanceis calculated using the equation
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Current Current Current Average

Resistance

L/m /A 1, /A I;7A Current | /A R/Q
0.25 1.34 1.34 135 1.34 4.48
0.50 0.85 0.85 0.83 0.84 7.14
0.75 0.51 0.51 0.50 0.51 11.76
1.00 0135 0.36 0.35 0.35 17.14
1.25 0.30 0.31 0.31 0.31 19.35
1.50 @27 (0)22% 0.27 02y 22092
4:75 0.23 0.21 0.21 0.22 27.27
2.00 0.18 0.17 0.18 0.18 33.33

Step 2: Calculate the cross-sectional area of the wire from the diameter

o Theaverage diameteris 0.19Tmm=0.191x10"3m

o Thecross-sectionalareais equalto

Step 3: Plot agraph of thelength L against the resistanceR

n(0.191 x 103)°

A=

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, Past Papers
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40.00

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00
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(]
0.5 1.0 1.5 2.0 2.5
LENGTH / m
Step 4: Calculate the gradient of the graph
@
\ 7.00
[
|
e 1
|
1
i
I
1
1
1
[
}
1
!
|
+5.00
03 1.7
0.5 1.0 1.5 2.0 2.5
LENGTH / m
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AR p 27.00-5.00 110 YOURNOTES
AL A 17-03 7 1

Step 5: Calculate theresistivity of the wire

) 110 g 5
p = gradient x A = TX (2.87 x10%) =451 x 10" Om
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Series & Parallel Circuits

» Thefollowing statements for series and parallel circuits are a consequence of Kirchhoff's
firstand secondlaw

¢ Inaseries circuit:
o Thecurrentis the sameatany point
o Thepotential differenceis splitacross allcomponents depending on theirresistance

¢ |Inaparallel circuit;
o Thetotalcurrentis equalto the sum of the currents in each parallel branch of the circuit
o Thepotential difference across eachloopis the same

Series and Parallel Circuit Rules

¢ Thetable below summarises therules for calculating current, potential difference(i.e.
voltage) andresistance within series and parallel circuits

Parallel
Circuit R,
| IS |
|
v .
V . in
sy ., R T Ry R Rs
N | >
e |
lm R3 in
Voltage Vo=V +V, +V5 V=V, =V, =V
Current l,=L=1L=1 =14+ L+ 15
Resistance | R, = R4 + R, + R; I g - 1 i 1
Rtotal 1 Rz R3

Advantages of Parallel Circuits

 Parallel circuits areincredibly useful forhome wiring systems
o Asingle powersource supplies alllights and appliances with the same potential
difference
o If onelight breaks, current can still flow through the rest of the lights and appliances

Series and Parallel Cells
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e Cellscanalsobeconnectedin series orparallel YOURNOTES
o |fthecells are connectedin series, the total potential difference between the ends of 1
the chain of cells is the sum of the potential difference across each cell
o Ifthecells are connectedin parallel, the total potential difference across the
arrangementis the same as forone cell

2V [

2V 2V 2V VAL

4|I—{l—{l— I
N

6V
Y,
CELLS IN SERIES | CELLS IN PARALLEL |
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Heating Effect of Current

¢ When electricity passes through a component, such as aresistor, some of the electrical
energy is turned into heat, therefore, increasingits temperature
o Theheatthatis produced will dissipate (spread out) into the environment via thermal
conduction, convection and radiation

¢ When electricity passes through a component, thereis energy transferred to heat
¢ Thisis dueto collisions between:

o Electrons flowingin the conductor, and

o Thelattice of atoms within the metal conductor

¢ Electricity, in metals, is caused by a flow of electrons
o Thisis called the current

e Metals are madeup of alattice ofions
¢ Astheelectrons pass through the metallattice they collide with ions
o Theionsresist the flow of the electrons

[ ELECTRONS [——>

0P es.9e
negeoveod|.

O = METAL ION O =ELECTRON

As electrons flow through the metal, they collide withions, making them vibrate more

¢ Whentheelectrons collide, they lose some energy by givingit to theions, which start to
vibrate more
o Asaresult of this, the metal heats up

* Thisisusedtoanadvantage to generate heat forappliances such as electric hobs
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TRANSFER HEAT
ENERGY TO PAN

MAINS
SUPPLY

ELECTRICAL
ENERGY TO HOB

The heating effect of current can be used for many applications such as electric hobs
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Power Dissipation

e When an electrical current does work against electrical resistance:
o Electricalenergyis dissipated as thermal energy in the surroundings
o Theheatthatis produced will dissipate via thermal conduction, convection and
radiation

¢ Theamount of heat produced depends on two factors:
o Current: The greaterthe current, the more heat thatis produced
o Resistance: The highertheresistance, the more heat thatis produced (fora given
current)

Note thatreducingtheresistance can causethe currenttoincrease
o This couldactuallyincrease the amount of heat produced

¢ Inmechanics, power Pis defined as the rate of doing work
o The potential differenceis the work done per unit charge
o Currentis therate of flow of charge

e Therefore, the electrical poweris defined as the rate of change of work done:

° ENERGY (J)

= 1= - W < {work Dore W

P=%¥~%

e Theworkdoneis the energy transferred so the poweris the energy transferred per second
in an electrical component

e Thepowerdissipated (produced) by an electrical device can also be written as

P=1lV

(\#POTENTIAL DIFFERENCE /
VOLTAGE (V)

e UsingOhm's Law V =IRtorearrange for either Vorl and substitutinginto the power
equation, means power can be written in terms of resistance R
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RESISTANCE (Q)j\ YOURNOTES

l
5 \vE
P=IR P_R

* This means for a given resistorif the current or voltage doubles the power will be four times
as great.
o Which equation to use willdepend on whetherthe value of current orvoltage has been
givenin the question

e Rearrangingthe energy and power equation, the energy can be written as:
E=VIt

e Where:
o E=energy transferred(J)
V=voltage(V)
| =current (A)
t=time(s)

[e]

]

o]

) Worked Example

Two lamps are connectedin series toa 150 V power supply.

|
135V 15V
41W 45W

Which statement most accurately describes whathappens?A. Bothlamps light
normally

B. Thel5Vlampblows

C. Onlythe41Wlamplights
D. Bothlampslightatless thantheirnormalbrightness

ANSWER: A
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STEP 1 | CALCULATE CURRENT NEEDED FOR BOTH LAMPS TO OPERATE !
P=IV

STEP 2 REARRANGE FOR |

[
Y,
STEP 3 e | = AN
FOR THE 41W LAMP ey =03A
FOR THE 45W LAMP: |=29W _ 534
Y,

STEP 4 FOR BOTH TO OPERATE AT THEIR NORMAL BRIGHTNESS, A CURRENT
OF 0.3A IS REQUIRED.

SINCE THE LAMPS ARE CONNECTED IN SERIES, THE SAME CURRENT
WOULD FLOW THROUGH BOTH.

STEP 5 THE LAMPS WILL LIGHT AT THEIR NORMAL BRIGHTNESS — OPTION A
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Potential Divider Circuits

¢ Whentworesistors are connectedin series, through Kirchhoff's Second Law, the potential
difference across the power sourceis divided between them
Potential dividers are circuits that can produce an output voltage as a fraction of its input
voltage
¢ Themain purposes of a potential divider are:

o Toprovide a variable potential difference

o Toenable a specific potential difference tobe chosen

o Tosplitthe potential difference of a power source between two or more components

Potential dividers have a wide range of applications in devices requiring features such as
volume controland sensory circuits
o This canbe achievedusingcomponents such as LDRs and thermistors

e Potential divider circuits are based on theratio of voltage between components
e Thisis equaltotheratio of theresistances of the resistors in the diagram below, giving the
following equation:

POTENTIAL DIVIDER EQUATION: Vgt =

V-

Potential divider diagram and equation

e TheinputvoltageV,,is applied to the top and bottom of the series resistors
e Theoutputvoltage Vi is measured from the centre to the bottom of resistorR,
¢ Thepotential difference Vacross each resistordepends uponits resistanceR:
o Theresistorwith thelargest resistance willhave a greater potential difference than
the otheronefromV=IR
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potential difference, whilst the otherresistorwillget a smallershare

¢ Inpotential divider circuits, the p.dacross a componentis proportional toits resistance

fromV=IR

*> Worked Example

The circuitis designedtolight up alamp when theinput voltage exceed a preset

It does this by comparing V: With a fixed reference voltage of 5.3 V.

20 kQ Tvout
(o]
Vin
o]

12 kQ

Calculate theinputvoltage Vi,.

°
value.
Voutis equalto 5.3
STEP 1
STEP 2
STEP 3
(") Exam Tip
w

Always make sure the correctresistanceis in the numerator of the potential divider
equation. This will be the resistance of the component you want to find the output

voltage of.

POTENTIAL DIVDER EQUATION
R4
Ri+ R,

Vin

vou‘t =

REARRANGE FOR INPUT VOLTAGE V,
R4 Ry+ Ry
Rs+ Ry R4

Vin = Vout + = Vout *

SUBSTITUTE IN VALUES
R1=20kQ2  R,=12kQ Vour = 5.3V

(25520
20

Vi =85V (2 s.f)

Vi = 5.3 % =8.48V
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Primary & Secondary Cells
Simple Cells

e Asimple cellis a source of electrical energy

e Thesimplest design consists of two electrodes made from metals of different reactivity
immersedin an electrolyte and connected to an external voltmeter by wire, creating a
complete circuit

¢ Acommon exampleis zinc and copper

e Zincis the morereactive metaland forms ions more easily, readily releasing electrons

e Theelectrons give the more reactive electrode a negative charge and sets up a charge
difference between the electrodes

e Theelectrons then flow around the circuit to the copper electrode which is now the
more positive electrode

* Thedifferencein the ability of the electrodes torelease electrons causes a voltage tobe
produced

e The greaterthedifferencein the metals reactivity then the greater the voltage produced

e Theelectrolyteusedalso affects the voltage as differentions react with the electrodes in
differentways

o VOLTMETER

STRIP OF

COPPER METAL N STRIP OF
i ZINC METAL

AMMONIUM
) CHLORIDE_SOLUTION
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THE GREATER THE DIFFERENCE IN
REACTIVITY, THE HIGHER THE VOLTAGE

c VOLTMETER

r

STRIP OF
COPPER METAL

STRIP OF
MAGNESIUM METAL

AMMONIUM
% CHLORIDE SOLUTION

Simple cellmade with Cuand Mg. These metals are further apart on the reactivity series than

CuandZnandproduce a greater voltage

Batteries

Electrochemical cells include the familiar batteries usedin everyday appliances and cars
Batteries work by connecting two or more cells in series, which combine to give alarger
overallvoltage

Overtime the electrodes degrade as thereactions that occur there areirreversible

Cells produce a voltage only untilone of the reactants is used up and when this occurs the
battery dies orgoes flat

The products formed cannot bereverted backintoreactants as thereactionisirreversible
andthe battery must bereplaced

This happens in non-rechargeable batteries such as alkaline batteries

Inrechargeable batteries thereactions are reversed by connecting the cells to an external
electrical supply

This reverses the chemical reactions taking place allowing the cycle to be repeated

Primary Cells
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¢ Cellsthat are non-rechargeable are known as primary cells YOURNOTES
o Primary cells include AAbatteries (known as dry-cells) common in many small devices 1

e Primary cells are by definition only able to be used once as the chemicals within them are
usedup

e Duringnormal operation of a primary cell, the electrons flow from the negative plate to the
positive plate of the cell

Secondary Cells

¢ Cellsthatarerechargeable are known as secondary cells
o Secondary cellsinclude:
= |ithium-ion batteries usedinlaptops and otherlargermodern devices
= | ead-acidbatteries such as thoseusedin cars and other motorvehicles

e Secondary cells can be used many times as they are attachedto a chargerandthe
chemicalreactionis reversed allowing the cells to store energy foruse once again

¢ Whenrecharging a secondary cell, the electrons are forced from the positive plate to the
negative plate by an external current
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Investigating Electric Cells
Zinc-carboncells
e Zinc-carbon cells are the most common type of primary cells, consisting of
o azinccasingwhich acts as the negative electrode
o apaste of ammonium chloride which acts as an electrolyte as well as the positive

electrode
o acarbonrodwhich acts as an electron carrierin the cell

+
METAL CAP

\. (PLASTIC
CARBON RODe—| el .
ZINC
POWDERED CARBON CASING

& MANGANESE (IV) ¢
OXIDE
<| MOIST AMMONIUM
STEEL OUTER CASING CHLORIDE PASTE
AND CARDBOARD o—7
SEPARATOR L -

Thezinc-carboncell

e Thesecells are the commonly found AAand AAA and other similar battery types

¢ Asthecelldischarges, thezinc casing eventually wears away and the corrosive contents of
the electrolyte paste canleak out, which is an obvious disadvantage of zinc-carbon cells

¢ Thecellprovides a small current and s relatively cheap comparedto othercells
¢ Extra-longlife cells have similarchemistry, but supply a higher current and use zinc
chloridein the paste; they are suitable fortorches, radios, and clocks

e Anothervariation on the celluses an alkaline pastein the electrolyte and they have a much

longer operating life but are noticeably more expensive than regularzinc-carbon cells
Secondary Cells

Lead-acid batteries

e | ead-acidbatteries consist of six cells joined togetherin series

e Thecellsuselead metal as the negative electrode andlead(lV) oxide as the positive
electrode

¢ Theelectrolyteis sulfuric acid
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"SULFURIC YOURNOTES
ACID + !

ONE CELL

Pom——— -1

SEPARATOR-®

LEAD-=

A

LEAD (IV)
OXIDE

Alead-acidbattery

¢ When the carisin motion, the generator provides a push of electrons thatreverses the
reaction andregenerates lead andlead(lV) oxide
¢ |Lead-acidbatteries are designed to produce a high current for a short period of time,
hencetheirusein powering a startermotorin carengines
¢ Thedisadvantage of lead-acid batteries is that:
o Theyarevery heavy
o They contain toxic materials: lead and lead(IV) oxide
o Thesulfuric acid electrolyteis very corrosive

¢ This presents challenges of disposal when lead-acid batteries come to the end of their
usefullife

Lithium Cells

e Lithiumion cells power the laptop or mobile device you are probably reading this on
e The Noble Prize for Chemistry in 2019 was awarded to John B. Goodenough, M. Stanley
Whittingham and Akira Yoshino for their work on lithiumion cells that have revolutionized
portable electronics
e Lithiumisusedbecauseithas averylow density andrelatively high electrode potential
¢ Thecellconsists of:
o apositive lithium cobalt oxide electrode
o anegative carbon electrode
o aporous polymermembrane electrolyte

¢ Thepolymerelectrolyte cannotleak sinceitis nota liquid or paste, which presents
advantages overothertypes of cells
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Lithiumioncell

¢ Thecellconsists of a sandwich of different layers of lithium cobalt oxide and carbon

¢ Whenthecellis charged and discharged the lithiumions flow between the negative and the
positive through the solid electrolyte

e Thehalf-cellreactions on discharge are:

Li(s)> Li*(s) + e” E=-3V
Li*(s) +CoO,(s) + e > Li*(Co0O,) ~(s) E=+1V
e Thecellgenerates anemf of between 3.5V and 4.0 Vandthe overallreactionis

Li(s) + CoO,(s) » Li*(CoOy) ~(s) Ecen~+3.5

+ NiCadcells have a problem called the memory effect in which they gradually begin tolose
their charge afterrepeated charge cycles when the cellis not fully discharged. The cells
appearto 'remember' theirlower state of charge

¢ Lithium-ion cells do not have this problem so can be topped up without any loss of charge

¢ Some of the problems with lithiumion cells:

o Aglobal shortage of lithiumis likely to make lithiumion cells unsustainable as the
current demand for lithium exceeds the supply

o If cells are notrecycled but thrown away in landfills, then a huge amount of lithium
becomes lost to future generations

o Reports of lithiumion cell fires have raised concern about the safety of these batteries
in electronic devices; itis areminderto us thatlithiumis a very reactive elementin
Group 10f the periodic table, which is why it has a high electrode potential
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Terminal Potential Difference

Defining Potential Difference

¢ Acellmakes one end of the circuit positive and the other negative. This sets up a potential
difference V across the circuit

* Thepotential difference across a componentin a circuitis defined as the energy
transferred per unit charge flowing from one point to another

¢ Theenergy transferis from electrical energy into otherforms

« Potential differenceis measuredin volts (V). This is the same as a Joule per coulomb (J C™)

o Ifabulbhasavoltage of 3V, every coulomb of charge passing through the bulb will
transfer 3J of energy

* Thepotential difference of a power supply connectedin series is always shared between all
the components in the circuit

EMF OF
POWER SUPPLY 12V
l LA RN J }—ﬁ
7V

PD. ACROSS
BULB \
5V

—R—

The potential differenceis the voltage across each componentin a circuit

RD. ACROSS
RESISTOR

Calculating Potential Difference

e Thepotential differenceis defined as the energy transferred per unit charge
¢ Anothermeasure of energy transferis work done
» Therefore, potential difference can also be defined as the work done per unit charge

WORK DONE (J)
POTENTIAL DIFFERENCE (Vlﬂ\j JE

V=

° CHARGE (C)
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Potential differenceis the work done per unit charge

Terminal Potential Differnce & Lost Volts

¢ Theterminal potential difference (p.d)is the potential difference across the terminals of a
cell
o |ftherewas nointernalresistance, the terminal p.d wouldbe equalto the e.m.f

e |tisdefinedas:

e Where;
o V=terminalp.d(V)
o [=current(A)
o R=loadresistance (Q)

e |facellhasinternalresistancer, theterminal p.dis always lower thanthe e.m.f
e IfyouhavealoadresistorRacross the cell's terminals, then the terminal p.d Vis equal
tothep.dacross theloadresistor
¢ Inaclosedcircuit, current flows through a celland a potential difference develops across
theinternal resistance
e Sinceresistance opposes current, this reduces the energy perunit charge (voltage)
available to therest of the external circuit
¢ This differenceis called the ‘lostvolts’
o Lostvoltsis usually representedby little v
o Itis definedas thevoltagelostin the cellduetointernalresistance
o So, from conservation of energy, we can say:

v=e.m.f-terminalp.d
v=eg-V=Ir(Ohm’slaw)

e Where:
o v=lostvolts (V)
o [=current(A)
o r=internalresistance of the battery (QQ)
o g=ze.m.f(V)
o V=terminalp.d(V)

¢ Therefore, lostvoltsis the difference between the e.m.f and the terminal p.d

Discharging a Cell
e When a cellis discharging, it willnot discharge a constant amount of voltage
¢ Instead, aninitial high amount that slowly decreases overtimeis discharged endingin a
rapid decrease
o This means that cells make a distinctive discharge curve with a drop, plateau and final
rapid drop
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YOURNOTES
DISCHARGE CURVE 1

o
<

1.5A

TERMINAL VOLTAGE (V)

DISCHARGE TIME (min)

Typical discharge curves fora 1.5V terminal cell showing discharge fora 0.5A, TAand 1.5A
drawing current

The Capacity of aCell

¢ Thecapacity of a cellis the amount of charge thatit contains andis able to discharge
¢ Thisis measuredin Ampere hours (A hr)
¢ Whena cellhas a certain capacity the amount of current drawn from this cell willimpact the
amount of time thatit can run for
o Intheimage above three different drawing currents are shown forthe same 1.5V cells

¢ Therelationship between currentdrawn and hours of cell lifetimeis a simple linear
relationship

e Asanexample: A100 A.hrcapacity battery is able to provide 100 hours of 1A current

e However, the same battery when fully charged can give 50 hours of charge fora 2A current
or 25 hours fora 4A current

*> Worked Example

o
Alampis connectedto a 240 Vmains supply and anothertoa 12V carbattery.Both

lamps have the same current, yet 240 Vlamp glows more brightly. Explain in terms
of energy transferwhy the 240 Vlampis brighter than the 12 Vlamp.

240V 12V
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ANSWER: YOURNOTES

e Bothlamps have the same current, which means charge flows at the sameratein both i

e The240 Vlamphas 20 times more voltage thanthe12Vilamp

» Voltageis the energy transferred (work done) perunit charge

e This means the energy transferred to each coulomb of charge in the 240 Vlampis 20 times
greaterthanforthel12Vlamp

¢ This makes the 240 Vlamp shine much brighterthan the12Vlamp

(') Exam Tip

w
¢ Think of potential difference as being the energy per coulomb of charge

transferred between two points in a circuit
o |fthe exam question states 'a battery of negligibleinternalresistance’, this
assumes that e.m.f of the battery is equal toits voltage. Internal resistance
calculations willnot be needed here.
o Ifthe batteryinthe circuit diagramincludes internal resistance, then the
e.m.fequations mustbe used.
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Electromotive Force

¢ When charge passes through a power supply such as a battery, it gains electrical energy

¢ Theelectromotive force (e.m.f)is the amount of chemical energy converted to electrical
energy per coulomb of charge (C) when charge passes through a power supply

* e.m.fis measuredin Volts (V)

ENERGY TRANSFORMED FROM OTHER FORMS TO ELECTRICAL
CHARGE

E.M.F. =

Definition of e.m.f with regards to energy transfer

* e.m.fis alsothe potential difference across the cellwhen no currentis flowing

¢ e.m.fcanbemeasured by connecting a high-resistance voltmeteraround the terminals of
the cellin an open circuit

___®___

e.m.fis measuredusing a voltmeter connectedin parallel with the cell

EMF & Potential Difference

¢ Thedifference between potential difference and e.m.fis the type of energy transfer per
unitcharge

ENERGY TRANSFORMED FROM ELECTRICAL TO OTHER FORMS
FD. =
CHARGE

Definition of potential difference with regards to energy transfer

¢ When charge passes through a resistor, forexample, its electrical energy is converted to
heatintheresistor

o Theresistor, therefore, has a potential difference across it
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¢ Potential difference describes the loss of energy from charges; ie. when electrical energy YOURNOTES
is transferred to otherforms of energy in a component 1

¢ e.m.f.describes the transfer of energy from the power supply to electrical charges within
the circuit

(") Exam Tip
* Although voltage and potential difference are the same thing, make sure not to
confuse them with e.m.f, which is slightly different!

Page 73 of 105

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

Internal Resistance YOURNOTES

* Allpowersupplies have someresistance between theirterminals {
o Thisis calledinternalresistance(r)

¢ Thisinternalresistance causes the charge circulating to dissipate some electrical energy
from the power supply itself
o Thisis why the cellbecomes warm after a period of time

e Theinternalresistance therefore causes loss of voltage orenergy loss in a power supply
¢ Acellcanbethought of as a source of e.m.f with aninternal resistance connectedin series.
This is shownin the circuit diagram below:

E.m.f.o [ELOST VOLTS

Circuit showing the e.m.f andinternal resistance of a power supply

¢ Where:

o ResistorRis the ‘loadresistor’

o ristheinternalresistance

o gisthee.m.f

o V,isthelostvolts
VRisthep.dacross theloadresistor, whichis the same as the terminal p.d

o]

e Thee.m.fis the sum of these potential differences, giving the equation below
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RESISTANCE OF LOAD (Q1) YOURNOTES
| CURRENT (A) .

[EMF v >E =|_F|L+J|L= KR+ )

TERMINAL | [LOST VOLTS
IFL G ACROSS CELL

\E’ INTERNAL RESISTANCE (Q1)

e.m.fequation

+ e.m.fis therefore the total, ormaximum, voltage available to the circuit

%) Worked Example

Abattery of em.f7.3Vandinternalresistancerof 0.3Qis connectedin series with a
resistorofresistance 9.5 Q.

Determine:
a) Thecurrentinthecircuit

b) Lostvolts fromthebattery
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USING THE e.m.f EQUATION TO DETERMINE THE CURRENT |
E=IR+r)

REARRANGE FOR |
-
“(R+1)

SUBSTITUTE IN THE VALUES

745

=& _polel e
(0.5 + 0.3) E

THE LOST VOLTS IS THE VOLTAGE LOST DUE TO INTERNAL RESISTANCE

LOST VOLTS = l=xr

SUBSTITUTE IN THE VALUES
LOST VOLTS=0.7x0.3=0.21=0.2 (2 s.f.)

Determining Internal Resistance

Aims of the Experiment

The overall aim of the experiment is to investigate the relationship between e.m.f andinternal

resistance by measuring the variation of current and voltage using a variable resistor

Variables

¢ Independentvariable =voltage, V (V) & current, [ (A)
¢ Dependentvariable =resistance, R(Q))
e Controlvariables:

o E.m.fofthecell

o Internalresistance of the cell

Equipment List
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Apparatus Purpose

1.5V Cell To provide an e.m.f. to the circuit

Resistor Unknown resistance — to dct ds internadl resistance

1001 Variable | To change the values of current and voltage in
Resistor the circuit

Voltmeter 0—-2 V range — to measure voltage

Ammeter 0—-200 mA range — to measure current

Wires At least 6 leads — to make electrical connections
Switch To open between readings to not run down the battery

¢ Resolution of measuring equipment:
o Voltmeter=1mV
o Ammeter=0.1mA

Method

oo
()
\>)

R 7
b7

©

1.Thecellandtheresistor, labelledr, should be connectedin series and consideredto be a
single cell
2. With the switch open, record the reading V on the voltmeter
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3.Setthevariableresistortoits maximumvalue, close the switch andrecord Vandthe
reading/on the ammeter - make sure to open the switch betweenreadings

4.Vary theresistance of the variable resistor up to a minimum of 8-10 readings andrecord
values forVand/foreachresistance. Ensure to take readings for the wholerange of the
variableresistor

¢ Anexample of a suitable table mightlook like this:

RESISTANCE VOLTMETER READING AMMETER READING

OF VARIABLE
RESISTOR 1st READING | 2nd READING | 3rd READING MEAN

R/ZQ | V/V [ I/mA | V/V [ I/mA | V/V | I/mA | V/V | I/mA
0]
10
20
30
40
50
60
70
80
80
100

Analysing the Results

¢ Therelationship between e.m.f. andinternalresistanceis given by
e=I(R+r)

e Where:
o g=electromotive force (V)
| =current (A)
R =resistance of theloadin the circuit (Q)
r=internalresistance of the cell (QQ)

]

o

o

¢ This canbe simplifiedinto the form:
e=IR+Ir=V+Ir
e Rearranging this equation forV:

V=-rl+¢
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e Comparingthis to the equation of a straightline:y =mx+c
o y=V(V)
o x=I(A)
o Gradient=-r(Q)
o Y-intercept=¢(V)

1.Plota graph of Vagainstland draw aline of best fit
2.Measure the gradient of the graph and compare it with the manufacturer’s value of the
resistor

3.They-intercept will be the e.m.f and the gradient will be the negative internal resistance:

V/V

=

I/7A

Evaluating the Experiment
Systematic Errors:

¢ Onlyclosetheswitchforaslongasittakes to take each pair of readings
o This will prevent the internal resistance of the battery or cell from changing during the
experiment

Random Errors:

¢ Onlyusefairly new cells otherwise the e.m.f. andinternal resistance of run-down batteries
canvary during the experiment

* Wait forthereading on the voltmeterand ammeter to stabilise (stop fluctuating) before
recording thevalues

o Take multiplerepeatreadings (atleast 3) foreach voltage and current and calculate amean
toreducerandom errors

Safety Considerations

e Thisis avery safe experiment, however, electrical components can gethotwhenusedfora
long period

¢ Switch off the power supply right away if burningis smelled

e Make sure there are noliquids close to the equipment, as this could damage the electrical
equipment
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*> Worked Example

® . . .
In an experiment, a studentuses a variableresistoras an externalload. The current

flowing through the circuitis measured with a suitable miliammeterand the
potential difference across the variable resistoris measured with a voltmeterfora
range of resistance values.The data collected was as follows:

V/V 1/mA
1.60 0.0
1.30 434
1.14 20.0
0.96 28.2
0.80 35.2
0.65 41.5
0.49 48.8
0.38 53.4
0.23 60.3
0.10 66.0

Plot a graph of theseresults and determine the e.m.f. and theinternalresistance
directly from the graph.

Step 1: Plot the data ona graph of Vagainst /and draw a line of best fit
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20 30 40 50 60 70
CURRENT 1I/mA

Step 2: Draw thelargest triangle possiblein order to calculate the gradient

POTENTIAL DIFFERENCE V/V

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

™

1.6 -0

=15

20 30 40 50 60 70
CURRENT 1I/mA
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A 1.6 -0.1
Gradient ==~ = —=— " __ 5370 (3 s.f) YOURNOTES
Ax —66x1073 !
Step 3: Determine the e.m.f. and theinternal resistance fromthe graph

V=-rl+E

¢ From this equation:
o Gradient=-r(Q))
o Y-intercept=E(V)

e Therefore:
o Internalresistance, r=22.7Q
o Emf.E=1.60V
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Magnetic Fields

Magnetic Field Definition
¢ Amagnetic fieldis a field of force thatis created either by:

o Movingelectric charge
o Permanent magnets

e Permanentmagnets are materials that produce a magnetic field

e Astationary charge willnot produce a magnetic field

¢ Amagnetic fieldis sometimes referred to as a B-field

e Amagnetic fieldis created around a current carrying wire due to the movement of

electrons
¢ Although magnetic fields areinvisible, they can be observed by the force that pulls on
magnetic materials, such asiron orthe movement of a needle in a plotting compass

Representing Magnetic Fields

e Magnetic fields are represented by magnetic fieldlines
o Thesecanbe shown usingiron filings or plotting compasses

¢ Fieldlines are bestrepresented on bar magnets, which consist of a north pole on one end

andsouth pole onthe other
¢ Themagnetic fieldis produced on a barmagnet by the movement of electrons within the

atoms of the magnet

e Thisis aresult of the electrons circulating around the atoms, representing a tiny currentand
hence setting up a magnetic field

e Thedirection of a magnetic field on abarmagnetis always from north to south
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TWO ATTRACTING BAR MAGNETS YOURNOTES
l
STRONG MEGNETIC FIELD OPPOSITE POLES
PUSHES THE POLES TOGETHER ATTRACT
/

3ﬁ a ¥ —7

>—S N S N —

> 3

UNIFORM FIELDr

TWO REPELLING BAR MAGNETS

7} ((/ELIKE POLES WILL REPEL

&
N S—<
e 8

)) NO FIELD HERE

il

Magnetic fieldlines are directed from the north pole to the south pole

* Whentwo barmagnets are pushed together, they either attract orrepel each other:
o Twolike poles (north and north orsouth and south) repel each other
o Two opposite poles (north and south) attract each other

SINGLE BAR MAGNET

£\

T
/ \/ MAGNETIC FIELD

LINES

OUT OF THE N POLE

INTO THE S POLE

Two opposite poles attract each other and two like poles repel each other
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Magnetic fieldlines between two bar magnets

* Thekey aspects of drawing magnetic field lines:

o

o

o

o}

o}

o}

Thelines come out from the north poles andinto the south poles

The direction of the fieldline shows the direction of the force that a free magnetic north
pole would experience at that point

Thefieldlines are stronger the closer thelines are together

The fieldlines are weaker the further apart the lines are

Magnetic field lines never cross since the magnetic fieldis unique at any point
Magnetic field lines are continuous

¢ Auniform magnetic field is where the magnetic field strengthis the same at all points

o

This is represented by equally spaced parallel lines, just like electric fields

e Thedirection of the magnetic fieldinto orout of the pagein 3D is represented by the
following symbols:

o

o

Dots (sometimes with a circle around them) represent the magnetic field directed out
of the plane of the page
Crosses represent the magnetic field directedinto the plane of the page

Page 85 of 105

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

TIP OF AN ARROW BACK OF AN ARROW YOURNOTES
REPRESENTED BY REPRESENTED BY l
THE DOT THE CROSSES

000 X X X
@ ONe e K X
¢ GG X X X

MAGNETIC FIELD MAGNETIC FIELD
OUT OF THE PAGE INTO THE PAGE

The magnetic fieldinto or out of the pageis representedby circles with dots or crosses

O ExamTip
¥ Thebest way torememberwhich way around to draw magnetic fields in 3D is by
imagining an arrow coming towards or away from you

¢ When the head of an arrow is coming towards you, you see the tip as a dot
representing the arrow coming ‘out’ of the page

e Whenan arrow is travelling away from you, you see the cross at the back of the
arrow representing the arrow going ‘into’ the page

Page 86 of 105

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

Right Hand Rule

Magnetic Fields in Wires, Coils & Solenoids

» Magnetic field patterns are not only observed around barmagnets, magnetic fields are
formed wherever currentis flowing, such asin:
o Longstraight wires
o Longsolenoids
o Flatcircularcoils

Field Linesin a Current-Carrying Wire

¢ Magnetic fieldlines in a current carrying wire are circularrings, centered on the wire
e Thefieldlines are strongest nearthe wire and become further part away from the wire
¢ Reversingthe currentreverses the direction of the field

CURRENT —CARRYING

WIRE
N

R
AR
MAGNETIC FIELD LINES
PLANE AT 90 FURTHER APART AWAY
TO WIRE i\ FROM THE WIRE
CURRENT

THE FINGERS ON YOUR RIGHT
HAND WILL CURL IN THE
SAME DIRECTION AS THE
MAGNETIC FIELD

MAGNETIC
FIELD LINE

The direction of magnetic fieldlines on a current carrying wire can be determinedby the
right hand thumb rule

* Thefieldlines are clockwise or anticlockwise around the wire, depending on the direction of
the current

¢ Thedirection of the magnetic fieldis determined by Maxwell’s right hand screw rule

o Thisis determined by pointing the right-hand thumb in the direction of the currentin
the wire and curling the fingers onto the palm

o Thedirection of the curled fingers represents the direction of the magnetic field
aroundthe wire

o Forexample, if the currentis travelling vertically upwards, the magnetic field lines will
be directed anticlockwise, as seen from directly above the wire
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o Note: thedirection of the currentis taken to be the conventional currentie. from
positive to negative, not the direction of electron flow

Field Linesin a Solenoid

¢ Asseenfroma current carrying wire, an electric current produces a magnetic field

¢ Anelectromagnetic makes use of this by using a coil of wire called a solenoid which
concentrates the magnetic field

¢ Oneends becomes anorth pole and the otherthe south pole

Magnetic field lines around a solenoid are similar to a bar magnet

e Therefore, the magnetic field lines around a solenoid are very similar to a barmagnet
o Thefieldlines emerge from the north pole
o Thefieldlines returnto the south pole

¢ Whichis the north or south pole depends on the direction of the current
o Thisis found by theright-hand grip rule

¢ Thisinvolves gripping the electromagnet so the fingers represent the direction of the
current flow of the wire

¢ Thethumb points in the direction of the field lines inside the coil, orin other words, point
towards the electromagnet’s north pole
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YOURNOTES
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Poles of a Solenoid

Field Linesin aFlat Circular Coil

e Aflatcircularcoilis equalto one of the coils of a solenoid
¢ Thefieldlines willemerge through one side of the circle (north pole) andleave the other
(south pole)
¢ As before, the direction of the north and south pole depends on the direction of the current
o This can be determined by using the right-hand thumb rule
o Itis easierto findthe direction of the magnetic field on the straight part of the circular
coilto determine which direction the field lines are passing through

=
——
|
—
<= E— =
[
—]
T
|
\LTCURRENT
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Magnetic fieldlines of a single circular coil are added up together to make to make the field
lines of a solenoid

*> Worked Example
o

The currentin along, straight vertical wireis in the direction XY, as shownin the
diagram.

X

Sketch the pattern of the magnetic fluxin the horizontal plane ABCD due to the
current-carrying wire. Draw atleast four fluxlines.

v/ Concentriccircles
v Increasing separation between eachcircle

v Arrows drawnin anticlockwise direction
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ExamTip YOURlNOTES

Remember to draw the arrows showing the direction of the field lines on every single
fieldline you draw. Also, ensure that in a uniform magnetic field, the field lines are
equally spaced.
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Magnetic Force ona Charge

Calculating Magnetic Force on aMoving Charge

¢ Themagnetic force on anisolatingmoving charge, such an electron, is given by the
equation:

F=BQv sinf

¢ Where:
o F=forceonthecharge(N)
o B=magnetic fluxdensity (T)
Q =charge of the particle (C)
o v=speedofthecharge(m s
0 = angle between charge’s velocity and magnetic field (degrees)

[e]

o]

7

/s
/

| IS THE DIRECTION
OF POSITIVE CHARGE

FORCE >

ELECTRON BEAM
e
™~

_MAGNETIC FIELD B INTO
PAGE IN THIS REGION

The force on anisolated moving chargeis perpendicular to its motion and the magnetic field
B

e Equivalentto the force on awire, if the magnetic field B is perpendicularto the direction of
the charge’s velocity, the equation simplifies to:

F=BQv

¢ AccordingtoFleming’s lefthandrule:
o When an electron enters a magnetic field from the left, and if the magnetic fieldis
directedinto the page, then the force on it will be directed upwards

¢ Theequation shows:
o Ifthedirection of the electron changes, the magnitude of the force willchange too

The force due to the magnetic field is always perpendicular to the velocity of the electron
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o Note: thisis equivalent to circular motion YOURNOTES
¢ Fleming’s left-handrule can be used again to find the direction of the force, magnetic field i
andvelocity

o Thekey differenceis that the second fingerrepresenting current/(direction of positive
charge) is now the direction of velocity v of the positive charge

N

\—E ELECTRON

The electron experiences a force upwards when it travels through the magnetic field
between the two poles

*> Worked Example

[
An electronis moving at 5.3 x 10’ ms~'in a uniform magnetic field of flux density 0.2

T.Calculate the force on the electron whenitis moving at 30° to the field, and state
thefactoritincreases by comparedtowhen it travels perpendicular to the field.

Step 1: Write out the known quantities
Speed of theelectron,v=5.3x10"ms""
Chargeofanelectron,Q=1.60x10717C
Magnetic fluxdensity,B=0.2T
Angle between electron and magnetic field, 6 = 30°
Step 2: Write down the equation for the magnetic force onanisolated particle
F=BQvsind

Step 3: Substituteinvalues, and calculate the force on the electronat 30°
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F=(0.2)x(1.60 x1071%) x (5.3 x107) x 5in(30) =8.5 x 1075 N

Step 4: Calculate the electron force when travelling perpendicular to the field
F=BQv=(0.2)x(1.60 x1071%) x (5.3x107) =1.696 x 10"?N

Step 5: Calculate theratio of the perpendicular force to the force at 30°

1.696 x 10712
Bsxi0 T 9%=2

Therefore, the force onthe electronis twice as strong whenit is moving perpendicular
to the field than whenit is moving at 30° to the field

Motion of a Charged Particle in a Uniform Magnetic Field
¢ Acharged particlein uniform magnetic field which is perpendicular toits direction of motion
travels in a circular path
¢ Thisis because the magnetic force Fg will always be perpendiculartoits velocity v
o Fgwillalways be directed towards the centre of the path

THE MAGNETIC FORCE IS
ALWAYS PERPENDICULAR TO -
THE VELOCITY OF THE CHARGE

THEREFORE THE
CHARGE TRAVELS
IN CIRCULAR MOTION

£ | ALL PERPENDICULAR
Vv TO EACH OTHER

A chargedparticle moves travels in a circular path in a magnetic field

e Themagnetic force Fg provides the centripetal force on the particle
¢ Recallthe equation for centripetal force:

mv2

r

F =

e Where:
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o m=mass of the particle (kg) YOURNOTES

o v=linearvelocity of the particle (m s 1
o r=radius of the orbit (m)

e Equatingthis to the force on a moving charged particle gives the equation:

mv2

ik Bqv
e Rearrangingfortheradius robtains the equation for the radius of the orbit of a charged

particlein a perpendicular magnetic field:

my

r=o—

Bq

¢ This equation shows that:
o Fastermoving particles with speed v moveinlargercircles (largern:r«v
Particles with greatermass mmovein largercircles:r«m
Particles with greater charge g movein smallercircles:r«1/q
Particles movingin a strong magnetic field Bmovein smallercircles:r«1/B

o

o

o]

*> Worked Example

An electron with charge-to-mass ratio of 1.8 x 101 C kg'is travelling at right angles
to a uniform magnetic field of flux density 6.2 mT. The speed of the electronis 3.0 x
106ms~!.Calculate the radius of the circle path of the electron.

Step 1: Write down the known quantities

Charge-to-mass ratio = ,in =1.8 x 10" C kg™’

Magnetic fluxdensity, B=6.2mT

Electronspeed,v=3.0x10°ms"!

Step 2: Write down the equation forthe radius of a charged particlein a perpendicular
magnetic field

_ my
r= Bq
Step 3: Substituteinvalues
m_ 1
q 1.8 x 101
(3.0 x 10%

- — = 2688 x10°m = 2.7 mm (2 5.1,
M= 18 x10M62%107%) *40" m= 2 mm (2 8.0
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O Exam Tip YOURlNOTES

¢ Remembernot to mix this up with F = BIL!
o F=BILis fora current carrying conductor
o F=Bqvisforanisolated moving charge (which may beinside a conductor)

¢ |tisimportanttonote that when the moving charge is traveling along the field
direction - precisely with or against the field lines - then there is no magnetic force on that
charge!
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Magnetic Force on a Current-Carrying Conductor

e Acurrent-carrying conductor produces its own magnetic field
o Wheninteracting with an external magnetic field, it will experience a force

¢ Acurrent-carrying conductorwill only experience a forceif the current throughiitis
perpendicular to the direction of the magnetic fieldlines

¢ Asimple situation would be a copperrod placed within a uniform magnetic field

¢ When currentis passed through the copperrod, it experiences a force that makes it move

MAGNETS CREATING —
AN UNIFORM MAGNETIC®
FIELD

CURRENT

ELECTRONS MOVE
THROUGH THE
COPPER ROD

COPPER ROD EXPERIENCES
= A FORCE WHEN CURRENT
IS SWITCHED ON

A copperrodmoves within a magnetic field when current is passed throughiit

Calculating Magnetic Force on a Current-Carrying Conductor

¢ Thestrength of a magnetic field is known as the magnetic fluxdensity, B
o Thisis alsoknown as the magnetic field strength
o |tis measuredin units of Tesla (T)

e Theforce Fonaconductorcarrying current/ atright angles to a magnetic field with flux
density Bis defined by the equation

F =BILsin6

e Where:
o F=forceonacurrentcarryingconductorinaB field(N)
o B =magnetic fluxdensity of external B field(T)
o |=currentinthe conductor(A)

L =length of the conductor(m)

o
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o §=anglebetweenthe conductorand external B field (degrees)

¢ This equation shows that the greaterthe current orthe magnetic field strength, the greater

the force onthe conductor
B FIELD

F = BIL sin®

\

0
CONDUCTOR
// L \ AT AN ANGLE
TO B FIELD

V V V|V V

|F INTO THE PAGE

"y
A > =
l S~
~
~
-
S~
8=90° > (CONDUCTOR
] = —1° PERPENDICULAR
TO B FIELD
~
~
~
-~
=

Magnitude of the force on a current carrying conductor depends on the angle of the
conductor to the external B field

¢ Themaximumforce occurs whensin6=1
o This means 0 =90° andthe conductoris perpendicular to the B field
o This equation forthe magnetic force now becomes:

F=BIL

¢ Theminimum force (O)iswhensin6=0
o This means 0 =0°andthe conductoris parallel to the B field

e |tisimportanttonotethata current-carrying conductor will experience no force if the
currentin the conductoris parallel to the field
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YOURNOTES

*9 Worked Example !
[

Acurrent of 0.87 Aflows in a wire of length 1.4 m placed at 30° to a magnetic field of
flux density 80 mT.Calculate the force on the wire.

Step 1: Write down the known quantities
Magnetic fluxdensity, B=80mT=80x10"3T
Current,1=0.87A
Lengthof wire,L=1.4m
Angle between the wire and the magnetic field, 6 = 30°
Step 2: Write down the equation for force on a current-carrying conductor
F =BILsin6
Step 3: Substitutein values and calculate
F=(80x1073) x(0.87) x (1.4) x sin(30) = 0.04872 = 0.049 N (25.f)

Origin of the Forces Between Current-Carrying Conductors

e Acurrentcarryingconductor, such as a wire, produces a magnetic field aroundit
¢ Thedirection of the field depends on the direction of the current through the wire
o Thisis determined by the right hand thumb rule

o Parallel current-carrying conductors will therefore either attract orrepel each other
o Ifthecurrents arein the same direction in both conductors, the magnetic fieldlines
between the conductors cancel out - the conductors will attract each other
o Ifthecurrents arein the opposite direction in both conductors, the magnetic fieldlines
between the conductors push each otherapart - the conductors willrepel each other

WIRES WITH CURRENTS IN WIRES WITH CURRENTS IN
OPPOSITE DIRECTIONS WILL REPEL THE SAME DIRECTION WILL ATTRACT

N
A DIRECTION OF
CURRENT FROM
RIGHT HAND
BOTH CURRENTS IN THUMB RULE BOTH CURRENTS
OPPOSING DIRECTIONS INTO THE PAGE

Both wires will attract if their currents are in the same direction andrepel ifin opposite
directions
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¢ When the conductors attract, the direction of the magnetic forces will be towards each
other

¢ When the conductors repel, the direction of the magnetic forces will be away from each
other

¢ Themagnitude of each force depend on the amount of current and length of the wire

*9 Worked Example

° , .
Twolong, straight, current-carrying conductors, WXand YZ, are held ata close

distance, as shownindiagram1.

X Y

diagram 1

The conductors each carry the same magnitude currentin the same direction. A
planview from above the conductors is shownin diagram 2.

current out current out
of paper of paper

e o

diagram 2

Ondiagram 2, draw arrows, one in each case, to show the direction of:

e Themagnetic field at X due to the currentin wire YZ (label this arrow Byz)

e TheforceatXas aresult of the magnetic field due to the currentin the wire YZ
(label this arrow Fy7)

¢ Themagnetic fieldatY dueto the currentin wire WX (label this arrow Byyy)

e TheforceatY as aresult of the magnetic field due to the current in the wire WX
(label this arrow Fyyy)
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YOURNOTES
i

BWX

¢ Newton’s Third Law states:
o Whentwo bodies interact, the force on one body is equal but opposite in direction to
the force on the otherbody

» Therefore, the forces on the wires actin equal but opposite directions

(’) ExamTip

Remember that the direction of current flow is the flow of positive charge (positive
tonegative), andthisis in the opposite direction to the flow of electrons
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Solving Problems Involving Magnetic Forces

¢ Thereis alot of mathematics surrounding magnetism and magnetic forces
e Thekeyequations are:

Force on a current-carrying conductor:
F=BIL

Force onamoving charge:
F=Bqv

Radius of a moving charge in a magnetic field:
my

r=——
gB

* Below are two worked examples demonstrating different situations involving magnetic
forces

*> Worked Example

°
A5 cmlength of wireis at 90° to the direction of an external magnetic field. When a

currentof 1.5 Aflows through the wire it experiences a force of 0.06 N from the
motor effect.

Calculate the magnetic flux density of the magnet.

Step 1: List the known quantities
e Length,L=5cm=0.05m
e Current,I=15A
e Force,F=0.06N

Step 2: Write out the equation for magnetic force
F=BIL

Step 3: Rearrange the equation to make B the subject

B= F
I
Step 4: Substitute values into the equation
B 08T
~1.5%x0.05
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*> Worked Example

This questionis about the movement of an electrically charged particleinto a
magnetic field. An electron enters a magnetic field and moves in an approximately
circularpath as shown below.

X XX X XX
X X X X XX
X X X X XX

1. Explain whetherthe speed of the proton is the same when entering and exiting
the magnetic field.

2.The magnetic field has a strength of 0.3 T and the velocity of the electron
before entering the magnetic fieldis 8.6 x 109m s'to the left. Show that the
radius of the motion of the electronsis 1.63cm.

Part(a)
o Theansweris thatthe work done by the magnetic force on the charge must be zero
o Thisis becausetheforceitselfis atright angles to the velocity
o Since thework doneis zero, therefore the kinetic energy does not change between
entering andleaving the magnetic field
o Thereforethe speedis thesame

Part (b)
Step 1: List the known quantities
e Magnetic fieldstrength,B=0.3T
* Velocity of electron (before entering field), v=8.6 x 106m s 'totheleft
¢ Radius of motiontobeshown,r=1.63cm

Step 2: Equate the magnetic force and the force of circular motion
¢ This can be doneforthe situation since the circular motion is caused by the
magnetic force

qvB=

Step 3: Rearrange the equation to find the radius
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YOURNOTES
qvBr=mv? 1
gBr=mv
_mv
r= B

Step 4: Substituteinthe values

(9.1x10731) x (8.6 x 109)
= 06x1019) x(3x 1073)

=1.63x 1072 m

Step 5: State final answer

R=1.63x102m=1.63cmin a circularmotion
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