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Electric Charge

Electric Charge

= Chargeisthe property of matterresponsible for the electric force
= Theunit of chargeis the coulomb (C), where one coulomb is defined as:
The charge carried by an electric current of one ampere in one second

= Chargeisascalarquantity
Quantisation of Charge

= Matteris made up of atoms
= Electrons have a negative charge
= Protons have a positive charge
= Neutrons are neutral (no charge)

= Most everyday objects are neutral (zero charge) because they contain atoms with equal numbers of
protons and electrons
= Thisisbecause protons and electrons both have a magnitude of charge equal to the elementary
charge

= Anobjectcanbecome charged whenit obtains an excess of protons or electrons
= The quantity of charge will always equal a whole number of protons or electrons
= Therefore, chargeis quantised

Direction of Electric Forces

= Whentwo charges are close together, they exert a force on each other, this could be:

= Attractive (the objects get closertogether)

f ——» F_I

(b)
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= Repulsive (the objects move further apart)

= Whethertwo objects attract orrepel depends on their charge
= |fthe charges are the opposite, they will attract
= |fthe charges are the same, they will repel
Attraction or Repulsion Summary Table

Conservation of Electric Charge

Inthe same way that energy must be conserved, charge must also be conserved
The law of conservation of charge states that
The total charge in anisolated system remains constant

This means that charge:
= canbe transferred
= cannotbe created ordestroyed
In this context, anisolated system refers to the objectsinvolvedin the transfer of charge
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@ Worked example

Fouridentical metal spheres have charges of ga=-8.0uC,gg=-2.0uC,gc=+5.0uC,andgp =+12.0
uC.

(a) Two of the spheres are brought into contact briefly, and then they are separated. Which
spheres are they if the final charge oneach one is +5.0 uC?

(b) All four spheres are broughtinto contact briefly and then separated. What is the final charge on
each sphere?

(c) How many electrons would have to be added to one of the spheresin (b) to make it electrically
neutral?

Answer:
(a)
Step 1: Apply the principle of conservation of charge to the scenario

= Whentwo charged spheres come into contact, the charges are shared between them until they
are evenly distributedi.e. both spheres have the same charge
= The charge oneach sphereis equal to the average of the two charges

Q, + 0,
Qﬁna] ~ 2

Step 2: Determine the charge on each sphere

= Forthe average charge tobe +5 pC, the sum of the two charges must be +10 pC
= This canonly be achieved with chargesqg=-2.0 uCandgp=+12.0 uC

_120-2.0
final 2 +5.0uC
(b)

Step 1: Apply the principle of conservation of charge to the scenario

= Thecharge oneach sphereis equal to the average of the four charges (i.e. the total chargeis
equally distributed between all four spheres)

Q +0Q,+0Q,+0Q,
innal = 4

Step 2: Determine the charge on each sphere

= The average charge oneach sphereis

_ 120 +5.0 -2.0-8.0
final ~— 4

=+1.75pC
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Note: youwould also get the same resultif youusedqg=qp=+5.0 uC
(c)
Step 1: Recall the charge of an electron and that charge is quantised

= Electronshaveachargeofe=-1.60x10"17C
= Therefore, the number of electrons required is

charge on sphere

number of electrons = -
Step 2: Determine the number of electrons required
1.75%x 1076
number of electrons = —————= = 1.094 X 1013
1.60x 10

= Therefore, 1.1x 103 electrons are required to neutralise one of the charges
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Millikan's Oil Drop Experiment

Millikan's Oil Drop Experiment

= This experiment was conducted by Millikan and Fletcherin1909
= |tdetermined the value of the fundamental elementary charge

Method for Millikan's Oil Drop Experiment

= Afine mist of oil drops is sprayedinto a chamber
= Qilisusedinstead of water because it does not evaporate quickly
= This means the mass of the drops will remain constant
= Asthedrops pass out of the spray nozzle they are charged by friction (alternatively, they can also be
ionised by X-rays)
= Somedropslose electrons and become positively charged
= Some drops gain electrons and become negatively charged
= Thedropspassinto aregion between two metal plates and are viewed using a microscope
Equipment Set Up for Millikan's Oil Drop Experiment

Qil sprayed in fine droplets
/

U Yo "
oL e ey Pinhole
.o 0"e o 5 Ca Xray to produce
T charge on droplet

& B \

Electrically
charged brass
plates

:\(') ELECTRODE

Charged oil
droplet under
observation

Telescopic
eyepiece

In Millikan's Oil Drop Experiment oil is sprayed into a chamber before passing between metal plates
where the electric and gravitational forces are compared

Electric vs Gravitational Force
No Electric Field

= The oildrops fallunder gravity between the metal plates
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Theyreach a terminal velocity when the airresistance and gravitational force acting on the drop are
equal

With Electric Field

A potential difference is applied between the metal plates which creates an electric field
The charged oil drops begin to rise when the electric field is strong enough

This means the upward electrical force is greater than the gravitational force

The equationforelectric forceis:

F = Eq

Where:
= E=electric field strength(NC)
= [ =electrostatic force onthe charge (N)
= g=charge(C)
The distance the drops rise depends upon their mass
With the correct potential difference applied, the electric and gravitational forces can become equal
and opposite
The equation for gravitational force, which comes from Newton's second law, is:

W = mg

Where:
= W=weight of drop(N)
= m=mass of drop (kg)
= g =gravitational field strength (N kg™
By equating the electric and gravitational forces of the drops, the value of fundamental charge was
determinedtobe1.60 x10-19 C
The magnitude of the charge on any object is found to be a multiple of 1.60 x 1071 C
Therefore, Millikan's experiment provides evidence for the quantisation of charge
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Static Electricity

Static Electricity

= There are several methods by which electric charge can be transferred, such as
= charging by friction
= charging by electrostatic induction
= charging by contact

Charging by Friction

= Whentwoinsulators are rubbed together, electrons are transferred through friction
= Depending onthe materials, one insulator will become negatively charged and the other positively
charged

= Forexample, whenacloth androd are rubbed together, electrons are transferred from the rod to the
cloth

= This occurs because negatively charged electrons are transferred from one material to the other
= The material, in this case, therod, loses electrons
= Since electrons are negatively charged, the rod becomes positively charged

= Asaresult, the cloth has gained electrons and therefore is left with an equal negative charge
= Charging by frictionis not limited to solid insulators, it can occur between any two substances
e.g. liquid flowingin a pipe
Earthing

= To prevent atransfer of charge through contact, both bodies can be grounded

= This meansthey are connected electrically to the earth

= |fachargedbodyis grounded (earthed), it will discharge until it has a potentialof OV
Earth Circuit Symbol

An Earth symbolin a circuit indicates a point that is keptat O V

= FElectrical appliances are kept safely at O V by connection to an earthed conductor, usually a wire
made from copper, that allows a current to flow to the Earth
= Thisisbecause a current will always take the path of lowerresistance
= Since copperhas alowerresistance than, forexample, a person, any build-up of charge will flow to
the Earth through the copper wire rather than the person
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Charging by Electrostatic Induction

Electrostaticinductionis the separation of charge caused by a nearby charged object without any
physical contact
= Note: thisis not the same as electromagnetic induction
When a charged object is placed near a material, electrons in the material move towards or away from
the surface
This causes the charges within the material to be redistributed
As aresult, one side of the material gains an excess of either positive or negative charges
An everyday example of electrostatic inductionis when a comb, previously charged by friction, is
placed near smalluncharged pieces of paper
= The negative charge onthe comb repels electrons away from the top of the paper, leaving the
bottom negatively charged
= The top of the paperis attracted towards the comb and the bottom of the paperis repelled
= Asthetop of the paperis closer to the comb, the attractive force is larger than the repulsive force,
so thereis aresultant upward force

Charging a conducting sphere by induction

Aninitially neutral conducting sphere can become charged by induction
= Achargedrodis brought near the sphere without touching it and causes the charges onit to
separate
= The sphereis grounded to allow electrons to move onto, oraway from the sphere
= Whenthe chargedrod and earth connection are removed, the excess charge remains

Charging by Contact

Charge can also be transferred when there is physical contact between two objects
It often occurs between a charged insulator and an earthed conductor, when
= Thereisalarge potential difference between the two objects
= Theinsulator prevents the charge from flowing out into a neighbouring object
When the two objects touch, electrons flow from one to the other to reduce the potential difference
betweenthem
An example of charge transfervia contactis a 'shock’ felt when touching a doorknob
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Charging a conducting sphere by contact

Aninitially neutral conducting sphere can become charged by contact with a charged object
= Achargedrodis broughtinto contact with the sphere
= Electrons are transferred from the rod onto the sphere
= Whentherodisremoved, the excess charge remains

Dangers of Static Electricity

When the potential difference between two objects becomes very large
= the electric field between them becomes strong enough to cause the breakdown of air
= acurrentcanflow as an electrical discharge (spark) through the air
This can be dangerousin certain situations, such as
= electrocution e.g. by lightning
= ignition of a fire or explosion by a spark
A spark may ignite an explosion or fire when close to a flammable gas orliquid, for example, when
refuelling aeroplanes
Therisk canbe reduced by connecting the fuel tank to the Earth with a wire called the bondingline
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Coulomb's Law

Coulomb's Law

Allcharged particles generate an electric field
= This field exerts a force on charged particles which are nearby
The electric force between two charges is defined by Coulomb’s law, which states that:
The electric force between two point charges is directly proportional to the product of
the charges and inversely proportional to the square of their separation

This electric force can be calculated using the expression:
qlqz

1‘2

F=k

Where:

» F=electricforce(N)

= @ g, =magnitudes of the charges (C)

= r=distance between the centres of the two charges (m)

= k=Coulomb constant (8.99 x 109N m2 C-2)
Coulomb's law for two chargesis analogous to Newton's law of gravitation for two masses

= This means that electric and gravitational forces are very similar

= Forexample, bothforces follow aninverse square law with the separation between charge or mass
Coulomb's constantis given by:

B 1
4‘]'[80

Where ¢ is the permittivity of free space

" £0=8.85x10"12C2N-"m-2andrefers to chargesinavacuum

= Thevalue of the permittivity of airis taken to be the same as ¢p

= Allother materials have a higher permittivity e > o

= cisameasure of the resistance offered by a material in creating an electric field within it
The value of k depends on the material between the charges

= Inavacuum,k=8.99 x 109N m2C-2

Repulsive & Attractive Forces

Unlike the gravitational force between two masses whichis only attractive, electric forces canbe
attractive orrepulsive
Between two charges of the same type:

= The product g;qzis positive, so the forces have positive signs

= Positive forces mean the charges experience repulsion
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= Fortwo opposite charges:
= Theproduct giqzis negative, so the forces have negative signs
= Negative forces mean the charges experience attraction

@ Worked example
An alpha particleis placed 2.0 mm from a gold nucleus in a vacuum.
Taking them as point charges, calculate the magnitude of the electric force acting between the nuclei.

= Protonnumber of helium=2
= Protonnumberof gold=79
Answer:

Step 1: Write down the known quantities

= Separationbetween charges, r=2.0mm=2.0x10"3m

= Elementary charge, e =1.60 x 10719 C (from the data booklet)

= Coulomb constant, k=8.99 x 109 N m2 C-2 (from the data booklet)
Step 2: Calculate the charges of the alpha particle and gold nucleus

= Analpha particle (helium nucleus) has 2 protons, hence it has a charge of:
qr= 2e=2x(1.60x 10_]9)

= Agoldnucleus has 79 protons, henceit has a charge of:
g2=79e=79 x(1.60 x10719)

Step 3: Write down Coulomb's law

9,9,

F=k—

Step 4: Substitute the values and calculate the magnitude of the electric force

2x79%(1.60x 10719)2
(2.0x 1073)2

F = (8.99x 109 x = 9.1xX 10721 N@2s.f)
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Different Values of Permittivity

= Permittivity is the measure of how easy it is to generate an electric field in a certain material
= Therelativity permittivity €-is sometimes known as the dielectric constant
= Foragivenmaterial,itis defined as:

The ratio of the permittivity of a material to the permittivity of free space

= Relativity permittivity can be expressed as:
&
g = -
0
= Where:
= g =relative permittivity
= £=permittivity of a material (Fm-")
» £o=permittivity of free space (Fm™)
= Relative permittivity has no units becauseitis a ratio of two values with the same unit
= Whenthereis amaterial between two charges, the Coulomb constant becomes

1
4me
= |nair, therelative permittivityis1,so & = 80
= |nothermaterials, the Coulomb constantreducesas &€ = SrSO

Examples of Relative Permittivity

= Some values of relative permittivity for different insulators are shown in the table below:

Material Relative Permittivity, €,
free space (vacuum) 1
air 1.00054
paper 4
polystyrene 3
ceramic 100-15000
paraffin 2.3
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pure water 80

@ Worked example

Calculate the permittivity of a material that has a relative permittivity of 4.5 x 10"". State an appropriate
unit foryour answer.

Answer:

Step 1: Write down the relative permittivity equation

&
8r S
80
Step 2: Rearrange for permittivity of the material €
E= &E&

ro0

Step 3: Substitute the values and calculate

e=(4.5x101)x(8.85x 10712) = 3.98 = 4.0Fm'(2s1)
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Electric Field Strength

Electric Field Strength

An electric field is aregion of space in which an electric charge experiences a force
The electric field strength at a point is defined as:
The force per unit charge experienced by a small positive test charge placed at that point

The electric field strength can be calculated using the equation:

F
E=—
q

Where:
= E=electric field strength (N C)
= F=electric force onthe charge (N)
= g =magnitude of the charge (C)
Note that the definition specifies that a positive test charge is used
This sets a clear convention for the direction of an electric field, for example, in a field of strength E:
= Apositive charge + @ experiences aforce E( in the direction of the field

= Anegative charge — ( experiences aforce Eq in the opposite direction
Hence, electric field strengthis a vector quantity and is always directed:

= Away from a positive charge

= Towards a negative charge

Electric Field Strength due to a Point Charge

The strength of an electric field due to a point charge decreases with the square of the distance
= Thisisaninverse square law, similarto Coulomb's law
Using Coulomb's law, this can be written as

F_ Kk

qg r

Where k = Coulomb constant (N m2 C-2)
Acharged sphere acts the same as a point charge, with the same charge as the sphere, at the sphere's
centre

= Within the sphere, however, the electric field strengthis zero
This means that the electric field of a charged sphere, outside the sphere, is identical to that of a point
charge

Combining Electric Fields

Both electric force and field strength are vector quantities
Therefore, to find the electric force or field strength at a point due to multiple charges, each field can
be combined by vector addition
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For charges along the same line, the resultant field is the vector addition of the field due to both charges
at a particular point

= Forapointonthe sameline as two charges gjand g, with field strengths Ey and Ez respectively, the
magnitude of the resultant field will be:
= The sum of the fields, Ej + Ey, if they are both in the same direction
= The difference between the fields, E; - E, if they are in opposite directions
= Thedirection of the resultant field depends on
= the types of charge (positive or negative)
= the magnitude of the charges
= Forapointwhich makes aright-angled triangle with the charges, the resultant field can be determined
using Pythagoras theorem
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@ Worked example

Acharged particle experiences a force of 0.3 N at a point where the magnitude of electric field
strengthis 3.5 x 104N C-,

Calculate the magnitude of the charge on the particle.
Answer:

Step 1: Write down the equation for electric field strength

F

E=—

q
Step 2: Rearrange for charge Q

F

17 E

Step 3: Substitute in the values and calculate:
0.3
g=——"—>=8571x1076 = 8.6 X107 °Cc@sf)

3.5x 104

= Theparticle has acharge of 8.6 x 10 C or 8.6 uC
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@ Worked example

Ametal sphere of diameter15 cmis uniformly negatively charged. The electric field strength at the
surface of the sphereis 1.5 x 105V m-'.

Determine the total surface charge of the sphere.
Answer:
Step 1: List the known quantities

= Electric field strength, E=1.5x10°V m-!
= Radiusof sphere,r=15/2=75cm=7.5x10"2m
= Coulomb constant, k=8.99 x 107N m2 C-2
Step 2: Write down the equation for electric field strength

kq
E=7

= |tispossible to treat the sphere as a point charge with the same total charge, asitis uniformly
charged
Step 3: Rearrange for charge Q

Step 4: Substitute in the values and calculate:

_ (1.5x10%) x (7.5x 1072)?
- 8.99 X 10°

q = 9.38x 107 8¢

= The spherehasacharge of 9.4x10-8Cor94nC
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Electric Field Between Parallel Plates

= The magnitude of the electric field strengthin a uniform field between two charged parallel platesis
defined as:

E=F

= Where:
= E=electric field strength (Vm™)
= V=potential difference between the plates (V)
= d=separationbetween the plates(m)
= Note: both units for electric field strength, Vm-"and N C-, are equivalent
= The equation shows:
= The greaterthe voltage between the plates, the stronger the field
= The greater the separation between the plates, the weaker the field
= Thisequation cannot be used to find the electric field strength around a point charge
= Thisisbecause the field around a point charge isradial
= The electric field between two plates is directed:
= Fromthe positive plate (i.e. the one connected to the positive terminal)
= Tothe negative plate (i.e. the one connected to the negative terminal)
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@ Worked example

Two parallel metal plates separated by 3.5 cm have a potential difference of 7.9 kV between them.
Calculate the electric force acting on a point charge of 2.6 x 1071 C when placed between the plates.
Answer:

Step 1: List the known quantities

= Potential difference betweenplates, V=7.9kV=7900V
= Distance betweenplates,d=3.5cm=0.035m

» Charge,q=2.6x10"15C
Step 2: Equate the equations for electric field strength

%
E field between parallel plates: E = g

Efieldonapointcharge: £ = —

Step 3: Rearrange the expression for electric force F

av

F=d

Step 4: Substitute values to calculate the force on the point charge

P (2.6 X 10715) X 7900
B 0.035

= 5.9x10710N@2s1)
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Electric Field Lines

Representing Electric Fields

= Fieldlines are usedtorepresent the direction and magnitude of an electric field
= |nanelectric field, field lines are always directed from the positive charge to the negative charge
= |nauniform electric field, the field lines are equally spaced at all points, this means that
= The electric field strengthis constant at all points in the field
= Theforce onatestcharge has the same magnitude and direction at all pointsin the field
= [naradial electric field, the field lines spread out with distance, this means that
= Thefieldlines are equally spaced as they exit the surface of the charge
= However, the radial separation between the field lines increases with distance
= Therefore, the magnitude of electric field strength and the force on a test charge decreases with
distance

Electric Field around a Point Charge

= Around apoint charge, the electric field lines are directly radially inwards or outwards:
= |fthe chargeis positive (+), the field lines are radially outwards
= [fthe chargeis negative (-), the field lines are radially inwards

= Aradial field spreads uniformly to or from the chargein all directions, but the strength of the field
decreases with distance
= The electric fieldis stronger where the lines are closer together
= The electric fieldis weaker where the lines are further apart
= This shares many similarities to radial gravitational field lines around a point mass
= Since gravity is only an attractive force, the field lines will look similar to the negative point charge,
whilst electric field lines can bein either direction

Electric Field around a Conducting Sphere

= Whenaconducting sphere (whether solid or hollow) becomes charged:
= Repulsive forces betweenisolated point charges cause them to become evenly distributed
across the surface of the sphere
= Theisolated point charges will either be an excess of negative charges (electrons) or positive
charges (protons)
= Theresulting electric field around the sphere is the same as it would be if all the charges were placed at
the centre
= This means that a charged conducting sphere can be treated in the same way as a point charge in
calculations
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= Fieldlines are always perpendicular to the surface of a conducting sphere
= Thisisbecause the fieldlines show the direction of the force on a charge
= [fthelines were not perpendicular, that would mean there must be a parallel component of the
electric force acting
= Thiswould cause charges on the surface of the conductorto move
= |fthishappens, electric repulsion causes the charges torearrange themselves until the parallel
component of the force reduces to zero
= Asaresult of the perpendicular field lines, the electric field is zero at all points inside the sphere
= Thisisbecause the forces on atest charge inside the sphere would cancel out

Electric Field between Two Point Charges

= Fortwo opposite charges:
= Thefieldlines are directed from the positive charge to the negative charge
= The closer the charges are brought together, the stronger the attractive electric force between
them becomes

= Fortwo charges of the same type:
= Thefieldlines are directed away from two positive charges or towards two negative charges
= Thecloserthe charges are brought together, the stronger the repulsive electric force between
thembecomes
= Thereis aneutral point at the midpoint between the charges where the resultant electric force is
zero
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Electric Field between Two Parallel Plates

When a potential difference is applied between two parallel plates, they become charged
The electric field between the plates is uniform
= The electric field beyond the edges of the plates is non-uniform

Electric Field between a Point Charge and Parallel Plate

= The field around a point charge travelling between two parallel plates combines
= The field around a point charge
= The field between two parallel plates
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@ Worked example

Sketch the electric field lines between the two point charges in the diagram below.

S

Answer:

= Electric fieldlines around point charges have arrows which point radially outwards for positive
charges and radially inwards for negative charges

= Arrows (representing force on a positive test charge) point from the positive charge to the
negative charge

N
+
N
|
A
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Electric Field Strength & Line Density

= The spacing, ordensity, of field lines, represents the strength of an electric field
= Astronger fieldis represented by the field lines which are closer together
= Aweaker fieldis represented by the field lines which are further apart

Strength of a Uniform Field

= The strength of a uniform electric field, such as between two parallel plates, depends on the size of the
potential difference between them
= When a higher potential difference is applied across the plates:
= Thedensity of the field lines is higher
= The electric fieldis stronger
= Theforce thatacts onatestchargeinthe fieldis greater
= When alower potential differenceis applied across the plates:
= Thedensity of the field lines is lower
= The electric fieldis weaker
= Theforcethatacts onatestchargeinthe fieldislower

= |nauniform field, the field lines will always be equally spaced, but the spacing willincrease or decrease
depending on the field strength
Strength of a Radial Field

= Since electric field strength decreases with distance from a point charge, radial fields are considered
to be non-uniform
= The strength of aradial electric field depends on
= The magnitude of the charge
= Thedistance between the charge and a point
= Sphere A (from the diagram) has the lowest density of field lines, which meansit has
= The weakest electric field
= The smallest magnitude of charge atits surface
Sphere C (from the diagram) has the highest density of field lines, which means it has
= The strongest electric field
= The greatest magnitude of charge atits surface
= The shape of aradial field occurs because field lines must be perpendicular to any conducting surface
= Therefore, electric field lines are equally spaced at the surface of a point charge


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

Electric Potential (HL)

Electric Potential

= The electric potential at a pointis defined as:
The work done per unit charge in taking a small positive test charge from infinity to a
defined point

= Electric potentialis measuredinJC-lorV
= |tis ascalar quantity but has a positive or negative sign to indicate the sign of the charge

= |nasimilarway to gravitational potential, electric potential also has a value of zero at infinity
= The electric potential at a point depends on:

= The magnitude of the point charge

= Thedistance between the charge and the point

Electric potential for a positive charge

= Around anisolated positive charge, electric potential:
= hasapositive value
= increases when atest charge moves closer
= decreases whenatest charge moves away

Electric potential for a negative charge

= Around anisolated negative charge, electric potential:
= hasanegative value
= decreases whenatest charge moves closer
= increases when atest charge moves away
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Calculating Electric Potential

= The electric potential around a point charge can be calculated using:

ko

€ r

= Where:
= Vg =electric potential (V)
= @ =magnitude of the charge producing the potential (C)
= k=Coulomb constant (Nm2C-2)
= r=distance from the centre of the point charge (m)
= Forapositive (+) charge:
= potential Vg increases as the separation rdecreases
= energy must be supplied to a positive test charge to overcome the repulsive force
= Foranegative (-) charge:
= potential Vo decreases as the separationrincreases
= energyisreleased as a positive test charge movesin the direction of the attraction force
= The electric potential has aninversely proportional relationship with distance
= Unlike gravitational potential whichis always negative, the sign of the charge corresponds to the sign
of the electric potential
= Note: this equation also applies to a conducting sphere. The charge on the sphereis treated asif itis
concentrated at the centre of the sphere, i.e. like a point charge
Graph of potential against distance for a positive charge



https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

Combining Electric Potentials

= To find the potential at a point caused by multiple charges, each potential can be combined by
addition
= Forexample, the combined potential of two point charges at a pointis:

ko, kQ,
V= +

h )

= Where:
= @, @, =magnitude of the charges (C)
= n,rp=distance between each charge and the point (m)
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@ Worked example

AVan de Graaff generator has a spherical dome of radius 15 cm. Itis charged up to a potential of 240
kV.

Calculate

(a) the charge stored onthe dome
(b) the potential at a distance of 30 cm from the dome

Answer:
Part (a)
Step 1: List down the known quantities

= Radiusofthedome,r=15cm=15x10"2m
= Potential difference, V=240kV =240 x 103V
= Coulomb constant, k=8.99 x 109N m2C-2
Step 2: Write down the equation for the electric potential due to a point charge

_ ko

r

v

Step 3: Rearrange for charge Q

Step 4: Substitute in values

_0.15x(240x10%) csoxii-d M,
Q= "Zoox100 4 Ny

Part (b)
Step 1: Write down the known quantities

= Charge storedinthe dome, Q =4.0x10¢C
= Distance, r=radius of the dome + distance fromthe dome =15+30=45cm=0.45m
= Note: we are treating the Van de Graaff as a point charge, so we take the distance from the
centre of the dome
Step 2: Write down the equation for electric potential due to a point charge

_ ko

r

|4
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Step 3: Substitute in values

Ve (8.99x 10%) x (4.0 x 1079)
B 0.45

= 79.9%x 103 = 80kv(2sf)
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Electric Potential Energy (HL)

Electric Potential Energy

= |nasystem of two ormore charges, electric potential energy is stored due to the electric forces
betweenthem
= The electric potential energy of a systemis defined as
The work done in bringing all the charges in a system to their positions from infinity

= FElectric potential energy can be positive or negative depending on the charges involved
= Thisis different to gravitational potential energy which always has a negative value
= Electric potential energy has a positive value when:
= theelectric forceisrepulsivei.e. between two similar charges
= energyisreleased as charges become separated
= Electric potential energy has a negative value when:
= theelectric forceis attractive i.e. between two opposite charges
= energy must be supplied to separate the charges
= Agraph of potential energy E, against distance r can be drawn for two like charges and two opposite
charges
= The gradient of the graph at any particular pointis the value of electric force F at that point
Graph of electric potential energy against distance
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Electric Potential Energy Equation

= The electric potential energy of two point charges is given by:

E = kqqu
p

= Where:
= E=electric potential energy (J)
= qj, g2 =magnitudes of the charges (C)
= r=distance between the centres of the two charges (m)
= k=Coulomb constant (Nm2C-2)
= Similarto electric potential, values of electric potential energy depend on the signs of gl and g2
= Bydefinition, potential V = O atinfinity, therefore E, = O at infinity
= The electric potential energy of two charges separated by a distance R can also be determined from
the area under a force-distance graph
= However, determining this area for distances between R and infinity is difficult, so itis much simpler
to use the equation above

Changein Electric Potential Energy

= Thereis achangein electric potential energy when one charge moves away from another
= Thisisbecause work must be done onthe field to bring similar charges together, or to separate
opposite charges
= Conversely, workis done by the field to separate similar charges, or to bring opposite charges
together
= Whenacharge g, moves away from a charge qj, the change in electric potential energy is equal to:

1 1
ME, = kg g+ -+
p 12\1'1 1‘2/

= \Where:
= r=initial separation between charges(m)
= rp=final separation between charges (m)

= Thechangeinelectric potential energy between two chargesis analogous to the changein
gravitational potential energy between two masses

Determining work done from a force-distance graph

= Thework doneinmoving a charge can also be determined from the area under a force-distance graph
= Thisis equivalent to the changein electric potential energy of a moving charge
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@ Worked example

An a-particle 3He is moving directly towards a stationary gold nucleus 1%Au.

At adistance of 4.7 x 101> m the a-particle momentarily comes to rest.
Calculate the electric potential energy of the particles at thisinstant.

Answer:
Step 1: Write down the known quantities

= Distance,r=4.7x10""m

= Elementarycharge,e=1.60x10"17C

= Coulomb constant, k=8.99 x 107N m2 C-2
Step 2: Determine the magnitudes of the charges

= Analpha particle (helium nucleus) contains 2 protons
= Charge of alpha particle, g1 =2e
= The gold nucleus contains 79 protons
= So,charge of gold nucleus, g2 =79%¢
Step 3: Write down the equation for electric potential energy

q,9
E o= g2
p r

Step 4: Substitute values into the equation

2x79%(1.60x 10719)2
(4.7%10715)

E = (8.99 x 10°) x = 7.7x 10712 )2s1)
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Electric Potential Gradient (HL)

Work Done on a Charge

= Whenacharge moves through an electric field, work is done
= Theworkdoneinmoving a charge qis given by:

W=gAV

= Where:
= W=work done onorby the field (J)
= g =magnitude of charge movingin the field (C)
= AV =potential difference between two points (J ch

Electrical Potential Difference

= Two points at different distances from a charge will have different electric potentials
= Thisisbecause the electric potential increases with distance from a negative charge and
decreases with distance from a positive charge
= Therefore, there will be an electric potential difference between the two points equal to:

AV=YV -V

= Where:
= V;=final electric potential (J C-1)
» V;=initial electric potential (J C)
= The potential difference due to a point charge can be written:

1 1
AV=kQT—7
3 1

= Where
= Q=magnitude of point charge producing the potential
= k=Coulomb constant (Nm2C-2)
= r;=finaldistance from charge Q (m)
= r=initial distance from charge Q (m)
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Electric Potential Gradient

= Anelectric field canbe described in terms of the variation of electric potential at different pointsin the

field
= Thisisknown as the potential gradient
The potential gradient of an electric field is defined as:
The rate of change of electric potential with respect to displacement in the direction of
the field

A graph of potential Vagainst distance rcan be drawn for a positive or negative charge @
Thisis a graphical representation of the equation:
kQ

V=—
r

The gradient of the V-rgraph at any particular pointis equal to the electric field strength E at that point
This can be written mathematically as:

Where:
= E=electric field strength (Vm™)
= AV =potential difference between two points (V)
= Ar=displacementinthe direction of the field (m)
The negative signisincluded to indicate that the direction of the field strength E opposes the direction
of increasing potential
Graph of electric potential against distance

For more help, please visit www.exampaperspractice.co.uk
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= The key features of this graph are:

Allvalues of potential are negative for a negative charge

Allvalues of potential are positive for a positive charge

Asrincreases, Vagainst rfollows a 1/rrelation for a positive charge and a -1/rrelation for a negative
charge

The gradient of the graph at any particular pointis equal to the field strength E at that point

The curveis shallower than the corresponding E-r graph

Determining potential from a field-distance graph

The potential difference due to a charge can also be determined from the area under a field-distance
graph

A graph of field strength E against distance r can be drawn for a positive or negative charge Q

Thisis a graphical representation of the equation:

The area under the E-r graph between two points is equal to the potential difference AV between those
points
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Electric Equipotential Surfaces (HL)

Electric Equipotential Surfaces

Equipotential surfaces are lines of equal electric potential
= They are always perpendicular to the electric field lines

Inaradial field, the equipotential lines are represented by concentric circles around the charge
= The equipotential lines become farther away from each other withincreasing radius
= |nauniform electric field, the equipotential lines are equally spaced
If acharge moves along an equipotential surface (orline), no work is done
= This means the potential energy of the charge does not change
Equipotential lines are used to represent potential gradient
Forexample, for a positive point charge:

= Thelinesbecome closer togethernearer the charge, this represents the potential gradient
becoming steeper

= |f apositive test chargeis pushed towards the charge, more work must be done to move it

gradually closer
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Equipotential Surfaces & Electric Field Lines

= Equipotential surfaces can be drawn to represent the electric potential fora number of scenarios, such
as

= forapointcharge

= formultiple charges (up to four point charges)

= inside and outside solid and hollow charged conducting spheres

= between two oppositely charged parallel plates
Equipotential surface for a point charge

= |naradial field, such as around a point charge, the equipotential lines:
= are concentric circles around the charge
= become progressively further apart with distance

= |facharged conducting spherereplaced a point charge, the equipotential surface would be the same

Equipotential surface for multiple charges

= Theequipotential surfaces for a dipole (two opposite charges) and for two like charges are shown
below:


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

= Anequipotential surface between two opposite charges can be identified by a centralline ata
potential of OV
= Thisis the point where the opposing potentials cancel

= Anequipotential surface between two like charges can be identified by a region of empty space
betweenthem

= Thisisthe point where the resultant field is zero

Equipotential surface between parallel plates

= |nauniform field, such as between two parallel plates, the equipotential lines are:
= horizontal straight lines
= parallel
= equally spaced
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Magnetic Fields

Representing Magnetic Fields

= Amagnetic field is aregion of space in which a magnetic pole will experience a force
= Amagnetic fieldis created either by:
= Moving electric charge
= Permanent magnets
= Permanent magnets are materials that produce a magnetic field
= Astationary charge will not produce a magnetic field
= Amagnetic field is sometimesreferred to as a B-field
= Amagnetic field is created around a current-carrying wire due to the movement of electrons
= Although magnetic fields are invisible, they can be observed by the force that pulls on magnetic
materials, such asiron or the movement of a needle in a plotting compass

Magnetic Flux Density

= The strength of amagnetic field can be described by the density of its field lines
= The magnetic flux density B of a field is defined as
The number of magnetic field lines passing through a region of space per unit area

= Magnetic flux density is measured in teslas (T)

= Onetesla, 1T, isdefined as
The flux density that causes a force of 1N on a1 m wire carrying a current of 1A at right
angles to the field

= The higher the flux density, the stronger the magnetic fieldi.e. regions where field lines are closer
together
= Thelowerthe flux density, the weaker the magnetic fieldi.e. regions where field lines are further apart

Representing Magnetic Fields

= Like with electric fields, field lines are used to represent the direction and magnitude of a magnetic
field
= |namagnetic field, field lines are always directed from the north pole to the south pole
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= The simplestrepresentation of magnetic field lines can be seen around bar magnets
= These canbe mappedusingiron filings or plotting compasses
= The key aspects of drawing magnetic field lines are:
= Arrows point out of a north pole andinto a south pole
= Thedirection of the field line shows the direction of the force that a free magnetic north pole
would experience at that point
= Thefieldlines are stronger the closer the lines are together
= The fieldlines are weaker the further apart the lines are
= Magnetic field lines never cross

Magnetic Field Between Two Bar Magnets

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

Uniform Magnetic Fields

= |nauniform magnetic field, the strength of the magnetic field is the same at all points
= Thisisrepresented by equally spaced parallel lines, just like electric fields

The Earth's Magnetic Field

= OnEarth,inthe absence of any magnet or magnetic materials, a magnetic compass will always point
north
= Thisisbecause the north pole of the compassis attracted to the Earth's magnetic south pole (whichis

the geographic north pole)
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Right Hand Grip Rule

= Magnetic fields are formed wherever a current flow, such asin:
= |ongstraightwires
= |ongsolenoids
= flatcircularcoils
Magnetic Field around a Current-Carrying Wire

= Magnetic field linesin a current-carrying wire are circularrings, centred on the wire

= Thefieldlines are closertogether near the wire, where the field is strongest

= The fieldlines become further apart with distance from the wire as the field becomes weaker
= Reversing the current reverses the direction of the field

= Thefieldlines are clockwise or anticlockwise around the wire, depending on the direction of the
current
= Thedirection of the magnetic field can be determined using the right-hand grip rule
= Thisis determined by pointing the right-hand thumb in the direction of the currentin the wire and
curling the fingers onto the palm

= Thedirection of the curled fingers represents the direction of the magnetic field around the wire
= Forexample, if the currentis travelling vertically upwards, the magnetic field lines will be directed
anticlockwise, as seen from directly above the wire
= Note: the direction of the currentis taken to be the conventional current i.e. from positive to negative,
not the direction of electron flow
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Magnetic Field around a Solenoid

= Asseenfroma current-carrying wire, an electric current produces a magnetic field
= Anelectromagnet utilises this by using a coil of wire called a solenoid

= Thisincreases the magnetic flux density by adding more turns of wire into a smaller region of space
= Oneend of the solenoid becomes a north pole and the other becomes the south pole

i

The magnetic field lines around a solenoid are similar to a bar magnet

= Asaresult, the field lines around a solenoid are similar to a bar magnet
= The fieldlines emerge from the north pole
= The fieldlinesreturn to the south pole
= The poles of the solenoid can be determined using the right-hand grip rule
= The curled fingers represent the direction of the current flow around the cail
= The thumb pointsinthe direction of the field inside the coil, towards the north pole

Magnetic Field around a Flat Circular Coil

= Afliat circular coilis equivalent to one of the coils of a solenoid
= The fieldlines emerge through one side of the circle (north pole) and enter through the other (south
pole)
= Aswithasolenoid, the direction of the magnetic field depends on the direction of the current
= This canbe determined using the right-hand grip rule
= |tiseasierto find the direction of the magnetic field on the straight part of the circular coil to
determine which direction the field lines are passing through
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@ Worked example

The currentinalong, straight vertical wire is in the direction XY, as shown in the diagram.

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

Answer:

= Concentric circles
" Increasing separation between eachcircle

" Arrows drawninan anticlockwise direction
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