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Gravitational & Electrostatic Fields
e Afieldcanbedefinedas

Aregionin which an object will experience a force, such as gravitational or
electrostatic, at adistance

¢ Agravitational field can be defined as:

The gravitational force per unit mass exerted ona point mass
¢ Anelectrostatic field can be defined as:

The electric force per unit charge exerted on a small positive test charge
¢ Fields canbe describedin terms of field strength, whichis defined as:

force acting on a test object

Field strength = size of test object

e Electric field strength, E, and gravitational field strength, g, therefore, have very similar
equations
o Despite a few differences, they are analogous to one anotherin many ways
e Inboth cases, the nature of the test objectis as follows:

o Gravitational fields: smallmass,m
o Electrostatic fields: small positive charge, g

Uniform Fields

e Agravitational fieldis a region of space in which objects with mass will experience a force
e Thegravitational field strength can be calculated using the equation:

F
&= m
e Where:
o g=gravitational field strength (N kg™
o F=gravitationalforce onthemass (N)
o m=mass (kg)

The direction of the gravitational fieldis always directed towards the centre of the mass
o Gravitational forces are always attractive and cannot be repulsive

An electric fieldis aregion of space in which an electric charge will experience a force
e Theelectric field strength can be calculated using the equation:
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Where:
o E=electric field strength (N C)
o F=electrostatic force onthe charge (N)
o Q=Charge(C)
Itisimportanttouse a positive test chargein this definition, as this determines the
direction of the electric field
The electric field strength is a vector quantity, itis always directed:
o Away from a positive charge
o Towards a negative charge
Opposite charges (positive and negative) attract each other
Conversely, like charges (positive-positive ornegative-negative) repel each other

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

al <

Where:
o E=electric field strength (Vm™)
o V=potential difference between the plates (V)
o d=separation between the plates (m)

The electric field strength is now defined by the units Vm-~!
o Therefore, the units Vm'are equivalent to the units N C!

The equation shows:
o The greaterthe voltage (potential difference) between the plates, the stronger the
field
o The greaterthe separation between the plates, the weaker the field

This equation cannot be used to find the electric field strength around a point charge (since
this would be a radial field)

The direction of the electric field is from the plate connected to the positive terminal of the
celltothe plate connected to the negative terminal
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POTENTIAL DIFFERENCE
BETWEEN THE PLATES

+ -
| |
| /
v
E
= ELECTRIC FIELD LINES
N ARE DIRECTED FROM THE
.| PLATE CONNECTED TO
<> THE POSITIVE TERMINAL
d TO THAT CONNECTED TO
SEPARATION ﬂ THE NEGATIVE TERMINAL
OF THE PLATES

The E field strength between two charged parallel plates is the ratio of the potential
difference and separation of the plates

¢ Note: if one of the parallel plates is earthed, ithas avoltage of OV

Radial Fields

¢ Apointcharge ormass produces aradial field
o Achargedspherealsoacts asapointcharge
o Asphericalmass also acts as apointmass

Radial fields always have aninverse square law relationship with distance
o This means the field strength decreases by a factor of four when the
distanceris doubled

¢ The gravitational force Fg between two masses is defined by:

Gmlm2
FG = T
¢ Where;
o Fg=gravitational force between twomasses (N)
G=Newton’s gravitational constant
°o mj, m2=two points masses (kg)
o r=distance between the centre of the two masses (m)

o

The electric field strength Eata distancerdue to a point charge Qin free spaceis defined
by:

Q

= 2
4 e, r
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e Where: YOURNOTES
o Q=thepointcharge producing theradial electric field (C) 1

o r=distance fromthe centre of the charge (m)
o go=permittivity of free space (Fm™) = (g,=8.85X 10712 Fm™1)

¢ This equation shows:
o Theelectric field strengthin a radial fieldis not constant
o Asthedistance,r,fromthe chargeincreases, Edecreases by a factor of 1/r2

Gravitational vs Electrostatic Forces

¢ Thesimilarities and differences between gravitational and electrostatic forces are listedin
the table below:

Comparing G and EFields
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Gravitational Fields

Electric Fields

Origin of the force Mass Charge
Force between

two point masses/ Fo = M B.o &
charges r* F A Tie,r?

Type of Force

Attractive force

Attractive force
(opposite charges)
Repulsive force
(Like charges)

Field Strength

_F -k
9=M E= Q
Field strength due GM Q
to @ point mass/ 9==3 Ei= FTert
charge
Field Lines Around a point mass: Around a (negative) point
charge:
-Q
L
In a uniform field (surfdce In auniform field (between
of aplanet): charged) parallel plates:
[AARER] o
Potential __GM V= Q
T 4Te,r

Equipotential
Surfaces

In auniform field (surface
of aplanet):

Zasagas:

Around d point chadrge:

In a uniform field (between
charged) parallel plates

+ + + + + + o+ o+

A Y- Y-

Work Done on a
Mass or Charge

AW = MaV

YOURNOTES
i

e Thekey similarities are:
o Themagnitude of the gravitational and electrostatic force between two point masses
orcharges areinverse square law relationships
o Thefieldlines around a point mass and negative point charge are identical
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o

Thefieldlines in a uniform gravitational and electric field are identical YOURNOTES
The gravitational field strength and electric field strengthboth have a1/r? 1
relationshipin a radial field

The gravitational potential and electric potential both have a1/rrelationship

Equipotential surfaces forboth gravitational and electric fields are spherical around a

point mass or charge and equally spaced parallel lines in uniform fields

Thework donein each fieldis either the product of the mass and change in potential

orcharge and change in potential

o]

o

(e}

[e]

e Thekey differences are:
o The gravitational force acts on particles with mass whilst the electrostatic force acts
on particles with charge
o The gravitational forceis always attractive whilst the electrostatic force can be
attractive orrepulsive
o Thegravitational potential is always negative whilst the electric potential can be either
negative or positive

*> Worked Example

[ ] . .
Two parallel metal plates are separated by 3.5 cm and have a potential difference of

7.9kV.

Calculate the electric force acting on a stationary charged particle between the
plates thathas a charge of 2.6 x107° C.

Step 1: Write down the known values

o Potential difference, V=7.9kV=7.9 x103V
o Distance betweenplates,d=3.5cm=3.5x102m
o Charge,@=2.6x10"°¢C

Step 2: Calculate the electric field strength between the parallel plates

E= v._ 79x10 =2.257 X 105 Vm™!
T d T 35x102 “ m

Step 3: Write out the equation for electric force on a charged particle
F = QE
Step 4: Substitute electric field strength and charge into electric force equation

F= QE = (2.6 x 10715) x (2.257 x 105) = 5.87 x 1071N = 5.9 x 10710 N (2s.f.)
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O Exam Tip YOURlNOTES
¥ Rememberto use the correct equation depending on whetherthereis
a uniform orradial field.

Forelectric fields:

o Uniform fields: parallel plates / capacitors
¢ Radialfields: around point charges

For gravitational fields:

e Uniform fields: nearthe Earth's surface
e Radialfields: around masses (e.g. planets and moons)

You should be able to tell the type of field from the field lines. Uniform fields have
equally spaced, parallel field lines.
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Gravitational & Electrostatic Field Lines
Gravitational Field Lines

¢ Thedirection of a gravitational field is represented by gravitational fieldlines
e The gravitational fieldlines around a point mass are radially inwards
¢ The gravitationalfieldlines of a uniform field, where the field strength is the same at all
points, is represented by equally spaced parallel lines
o Forexample, the fields lines on the Earth’s surface

FIELD LINES ARE
RADIALLY INWARDS

NON-UNIFORM GRAVITATIONAL
FIELD LINES OF AN ISOLATED MASS /\

POINT MASS

FIELD LINES EQUALLY
SPACED AND PARALLEL

UNIFORM GRAVITATIONAL FIELD
LINES WHERE g IS THE SAME

EARTH’S SURFACE

Gravitational fieldlines for a point mass and a uniform gravitational field

¢ Radial fields are considered non-uniform fields
o The gravitational field strength gis different depending on how faryou are from the
centre
¢ Parallel fieldlines on the Earth’s surface are considered a uniform field
o The gravitational field strength gis the same throughout

Point Mass Approximation

e Fora point outside a uniform sphere, the mass of the sphere may be considered to be a point mass at its
centre
o Auniform sphereis one whereits mass is distributed evenly
o The gravitational fieldlines around a uniform sphere are therefore identical to those
around a point mass

¢ Anobjectcanberegardedas pointmass when:
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Abody covers a very large distance as compared to its size, so, to study its motion, its size
ordimensions can be neglected

¢ Anexample of thisis field lines around planets

_FIELD LINES TOWARDS
CENTRE OF THE MASS

RADIAL FIELD LINES !%
EVENLY SPACED

UNIFORM SPHERE e.g. A PLANET

NON-UNIFORM GRAVITATIONAL
FIELD LINES OF A SPHERE

Gravitational fieldlines around a uniform sphere are identical to those on a point mass

¢ Radialfields are considered non-uniform fields
o So, the gravitational field strength gis different depending on how faran objectis from
the centre of mass of the sphere

(’) ExamTip

Always label the arrows on the field lines! Gravitational forces are attractive only.
Remember:

* Foraradialfield:itis towards the centre of the sphere or point charge
¢ Forauniform field: towards the surface of the object e.g. Earth

Representing Electric Fields

¢ Thedirection of electric fields is represented by electric field lines
¢ Electric fieldlines are directed from positive to negative
o Therefore, the fieldlines must be pointed away from the positive charge
andtowards the negative charge

e Aradial field spreads uniformly to or from the chargein all directions
o e.g.thefieldarounda point charge orsphere

¢ Arounda point charge, the electric field lines are directly radially inwards or outwards:
o Ifthechargeis positive (+), the fieldlines are radially outwards
o Ifthechargeis negative (-), the field lines areradially inwards
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POSITIVE POINT
CHARGE

NEGATIVE POINT
CHARGE

FIELD LINES
DIRECTED
TOWARDS

A NEGATIVE
CHARGE

This shares many similarities to radial gravitational field lines around a point mass

o Since gravityis only an attractive force, the field lines willlook similar to the negative

point charge, whilst electric fieldlines can bein eitherdirection

Auniform electric field has the same electric field strength throughout the field
o Forexample, the field between oppositely charged parallel plates

o Thisis represented by equally spaced fieldlines and shares many similarities to

uniform gravitational field lines on the surface of a planet

Anon-uniform electric field has varying electric field strength throughout
o Thestrength of an electric fieldis represented by the spacing of the field lines:
o Astronger fieldis represented by the fieldlines which are closer together
o Aweaker fieldis represented by the fieldlines which are further apart

The electric fieldlines are directed from the positive to the negative plate

UNIFORM E FIELD BETWEEN
TWO CHARGED PARALLEL
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The electric field between two parallel plates is directed from the positive to the negative
plate. AuniformE field has equally spaced fieldlines

e Aradialfieldis considered a non-uniform field
o Electric field strength Evaries with distance from a charged particle

*> Worked Example

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

© O

¢ Electric fieldlines around point charges have arrows which point radially outwards for
positive charges andradially inwards fornegative charges

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

< + > ==
(') ExamTip
* Always labelthe arrows on the field lines! The lines must also touch the surface of the
source charge or plates.
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Gravitational & Electrostatic Potential
Gravitational Potential

e Thegravitational potential energy (G.P.E) is the energy an object has when lifted off the
ground
¢ G.P.Eis given by the familiarequation:

GPE=mgh

e The G.P.Eonthesurface of the Earthis taken to be zero
o This means workis done tolift the object
o Theequationis only valid for objects that are close to the Earth's surface

¢ However, outside the Earth’simmediate influence, G.P.E can be better defined as:
The energy an object possess due toits positionin a gravitational field
e The gravitational potential ata point can, therefore, be defined as:
The work done per unit mass in bringing a test mass frominfinity to a defined point

« Itisrepresented by the symbol,Vandis measuredin Jkg™'
e Cravitational potentialis always a negative value, this is because:
o Itis definedas havingavalue of zero atinfinity
o Sincethe gravitationalforceis attractive, work must be doneonamass toreach
infinity

¢ Onthesurface of amass(such as aplanet), gravitational potential has a negative value
o Thevaluebecomesless negative,i.e.itincreases, with distance fromthat mass

* Work has to be done against the gravitational pull of the planet to take a unitmass away
fromthe planet
¢ The gravitational potential at a point depends on:
o The mass of the object producing the gravitational field
o Thedistancethe centre of mass to the point

V=0 AT oo
(VERY FAR AWAY)

’
’
s
’

4
V=-3.0x10"Jkg

V DECREASES
THE SATELLITE WILL
FALL TOWARDS EARTH V INCREASES

DUE TO GRAVITATIONAL
ATTRACTION

WORK NEEDS TO
V=-50x10"Jkg™" |BE DONE TO PULL
THE SATELLITE AWAY
FROM EARTH
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Gravitational potential decreases as the satellite moves closer to the Earth

Gravitational Potential Difference

Two points at different distances from a mass willhave different gravitational potentials
because the gravitational potentialincreases with distance

Sotherewillalso be a gravitational potential difference between the two points, which is
represented by the symbol AV

Gravitational potential difference, AV, is given by:

AV= Vf— V.
1
Where:
o Vs=final gravitational potential (J kg™
o Vj=initial gravitational potential (J kg™

Adifferencein gravitational potential will give a differencein gravitational potential energy,
which can also be calculated

Calculating Gravitational Potential

The equation for gravitational potential Vis defined by the mass M and distancer:

GXM
r

Where:
o V=gravitational potential (J kg™
G=Newton’s gravitational constant
o M=mass of the body producing the gravitational field (kg)
o r=distance from the centre of the mass to the pointmass (m)

(e}

The gravitational potential always is negative nearanisolated mass, such as a planet,
because:

o Thepotentialwhenris atinfinity («) is definedas O

o Workmustbe doneto move a mass away from a planet (Vbecomes less negative)

Itis also a scalarquantity, unlike the gravitational field strength which is a vector quantity

Gravitational forces are always attractive, this means as rdecreases, positive work is done
by the mass when moving from infinity to that point
o Whenamassis closertoaplanet, its gravitational potential becomes smaller (more
negative)
o Asamass moves away from a planet, its gravitational potential becomes larger(less
negative) untilitreaches O atinfinity

This means when the distance (r) becomes very large, the gravitational force tends rapidly
towards O ata point furtheraway from a planet
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AS r DECREASES, THE
METEOR IS MOVING
IN THE DIRECTION OF
THE FIELD LINES.

ITS G.P.E DECREASES
AND SO DOES ITS
POTENTIAL.

AS r INCREASES, THE
METEOR IS MOVING

AGAINST THE FIELD
LINES (AGAINST THE |
PULL OF GRAVITY).
ITS G.P.E INCREASES
AND ITS POTENTIAL
ALSO INCREASES.

POTENTIAL OF METEOR

AT THIS POINT = ﬂ

GRAVITATIONAL
FIELD LINES

Gravitational potential increases and decreases depending on whether the objectis
travelling towards or against the fieldlines frominfinity

*> Worked Example

o
Aplanet has a diameter of 7600 km and a mass of 3.5 x 1023 kg. Arock of mass 528

kg accelerates towards the planet frominfinity.

Calculate the gravitational potential of therock at a distance of 400 km above the
planet's surface.

Step 1: Write the gravitational potential equation

GXM
r

Step 2: Determine the value of r
o risthedistance fromthe centre of the planet

Radius of the planet = planet diameter+2=7600 +2 =3800 km
r=3800+400=4200km=4.2x10°m

Step 3: Substituteinvalues

Ve (6.67x10711) x(3.5x10%%) 5.6 105 J ka1
B 42106 m £

Graphical Representation of Gravitational Potential
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Gravitational field strength, g and the gravitational potential, V can be graphically
represented against the distance from the centre of a planet, r

g, Vandrarerelated by the equation:

Where:

AV
8= Ar

o g=gravitational field strength (Nkg™)
o AV=changein gravitational potential (J kg™
o Ar=distance from the centre of a point mass (m)

The graph of Vagainstrfora planetis:

SURFACE OF
\% THE PLANET

P

-1 RELATION

_____‘_D_____ _
I
|
B

S S NI Se— | ;]

V ON THE SURFACE
OF THE PLANET

The gravitational potential and distance graphs follows a -1/rrelation
The key features of this graph are:
o Thevalues forVareallnegative
o Asrincreases, Vagainstrfollows a-1/rrelation

o

]

The gradient of the graph at any particular pointis the value of g at that point
The graph has ashallowincrease asrincreases

To calculate g, draw a tangent to the graph at that point and calculate the gradient of the

tangent

o This gives you a graphicalrepresentation of the equation:

Where Gand M are constant

The graph of gagainstrforaplanetis:

Page 16 of 64

©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

g
g ON THE
SURFACE OF % RELATIONSHIP
THE PLANET

THE CHANGE IN GRAVITATIONAL
POTENTIAL aV IS THE AREA
UNDER THE GRAPH

A

ST ________ PR

p r

SURFACE OF
THE PLANET

The gravitational field strength and distance graph follows a 1/r? relation

The key features of this graph are:

o}

o}

o

]

Thevalues forgare all positive

Asrincreases, gagainstrfollows a 1/r?relation (inverse square law)
The area under this graphis the changein gravitational potential AV
The graph has a steep decline asrincreases

The area under the graph can be estimated by counting squares, if itis plotted on squared
paper, orby splittingitinto trapeziums and summing the area of each trapezium

o}

Theinverse square law relation means that as the distance rdoubles, the value of g
decreases by a factor of four

This is a graphical representation of the equation:

Wh

GM
P2
ere GandM areconstant
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9 YOURNOTES

Worked Example
H l

Sketch a graph on the axes below to indicate how the gravitational potential varies
with distance along a line outwards from the surface of planet Awhichis 80 times
the mass of planet B.

GRAVITATIONAL

POTENTIAL /MJkg™" SURFACE SURFACE
OF A OF B
0 f f
DISTANCE

GRAVITATIONAL

POTENTIAL /M Jkg~ SURFACE SURFACE
OF A OF B
0

DISTANCE

e Graphincreases fromalarge negative value for Vat the surface of Aas distanceincreases
e Uptoavaluecloseto, butbelow O nearthe surface of planet B

The graph then falls nearthe surface of planet B

e FromapointmuchclosertoplanetBthanA

Electric Potential

e Inordertomove a positive charge closerto another positive charge, work must be done to
overcome the force of repulsion between them
o Similarly, to move a positive charge away from a negative charge, work must be done
to overcome the force of attraction between them

e Energyis therefore transferred to the charge thatis being pushed upon
o This means its potential energy increases

¢ |fthe positive chargeis freeto move, it will start to move away from the repelling charge
o As aresult, its potential energy decreases backto O

e Thisis analogous to the gravitational potential energy of a massincreasing asitis being
liftedupwards and decreasing as it falls
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The electric potential at a pointis defined as:

The work done per unit positive charge in bringing a point test charge from infinity
to adefined point

Electric potentialis a scalar quantity
o This meansitdoesn’thave a direction

However, electric potential can have a positive ornegative sign, thisis becauseitis:
o Positivearoundanisolated positive charge
o Negativearoundanisolated negative charge
o Zero atinfinity

Positive workis done by the mass from infinity to a point around a positive charge and
negative workis done around a negative charge. This means:
o When a positive test charge moves closerto a negative charge, its electric potential
decreases
o When a positive test charge moves closer to a positive charge, its electric potential
increases

To find the potential at a point caused by multiple charges, the total potentialis the sum of
the potential from each charge

WORK NEEDS TO BE V/ INCREASES V=0 AT oo
DONE TO PUSH THE + |(VERY FAR AWAY)
POSITIVE TEST CHARGE o
TOWARDS ANOTHER
POSITIVE CHARGE @* \/ DECREASES

THE TEST CHARGE WOULD
NORMALLY MOVE AWAY FROM
THE POSITIVE CHARGE DUE TO
ELECTROSTATIC REPULSION

THE TEST CHARGE

V=0 AT oo
S L VIORCREBSES  weRy PR awav)
MOVE TOWARDS o'

THE NEGATIVE CHARGE
DUE TO ELECTROSTATIC _
ATTRACTION . \V INCREASES

WORK NEEDS TO BE DONE
TO PULL THE POSITIVE
TEST CHARGE AWAY FROM
THE NEGATIVE CHARGE

The electric potential V decreases in the direction the test charge would naturally movein

due torepulsion orattraction

Electric Potential Difference

¢ Two points at different distances from a charge will have different electric potentials

o Thisis because the electric potentialincreases with distance from a negative charge
anddecreases with distance from a positive charge

» Therefore, there will be an electric potential difference between the two points
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o Thisisrepresented by the symbol AV
¢ AVisnormally given as the equation
AV= Vf— VI.

¢ Where:
o V¢=finalelectric potential (J C)
o Vj=initial electric potential (J C)

o Adifferencein electric potential will give a differencein electric potential energy, which can
also becalculated

Graphical Representation of Electric Potential

« Electric field strength, Eandthe electric potential, V can be graphically represented
againstthedistance fromthe centre of acharge, r

e E,Vandrarerelated by the equation:

AV
Ar
e Where;
o E=electric field strength (Vm™)
o AV=changein potential (V)
o Ar=displacementin the direction of the field (m)

An electric field can be defined in terms of the variation of electric potential at different
points in the field:

The electric field at a particular point is equal to the gradient of a potential-
distance graph at that point

e Thepotential gradientin an electric fieldis defined as:

Therate of change of electric potential withrespect to displacementinthe
direction of the field

The graph of potential Vagainst distance rfora negative or positive chargeis:
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| GRAPH OF ELECTRIC POTENTIAL | YOURNOTES
l

® M W
E=§—\r/5 ‘? _____ /E"T RELATION

|

a
TN T N N TR TR TR N
T

The electric potential around a positive charge decreases with distance andincreases with

distance around a negative charge

¢ Thekey features of this graph are:

o}

o

o

o

o}

Thevalues for Vare allnegative fora negative charge

Thevalues for V are all positive for a positive charge

Asrincreases, Vagainstrfollows a 1/rrelation for a positive charge and -1/rrelation for
anegativecharge

The gradient of the graph at any particular pointis the value of Eat that point

The graph has a shallowincrease (or decrease) asrincreases

e Theelectric potential changes according to the charge creating the potential as the
distancerincreases fromthe centre:

o

o

Ifthe chargeis positive, the potential decreases with distance
If the chargeis negative, the potentialincreases with distance

e Tocalculate E, draw atangent to the graph at that point and calculate the gradient of the
tangent
e Thisis a graphicalrepresentation of the equation:

Q

T 4me r
o

¢ Where Q and 4meg are constants

e Thegraph of Eagainstrforachargeis:
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% RELATIONSHIP

THE CHANGE IN ELECTRIC POTENTIAL
AV IS THE AREA UNDER THE GRAPH

A

The electric field strength E has a 1/r? relationship

The key features of this graph are:

o Thevalues forEare all positive

Asrincreases, Eagainstrfollows a 1/r? relation (inverse squarelaw)
The area underthis graphis the changein electric potential AV

The graph has a steep declineasrincreases

o]

o

o

e Theareaunderthe graph can be estimated by counting squares, if itis plotted on squared
paper, orby splittingitinto trapeziums and summing the area of each trapezium

¢ Theinverse squarelawrelation means thatas the distancerdoubles, Edecreases by a
factorof4

e Thisis a graphicalrepresentation of the equation:

__Q

41e 12
o

Where Q and 4meg are constants

(’) Exam Tip

Drawing, interpreting or calculating frominverse square law graphs are common
exam questions - there are lots of similarities between gravitational and electric field
graphs:

Graphs of field strength against distance should start off steeperand decrease
rapidly comparedto that of potential graphs against distance, to distinguish itas an
inverse square law (1/r?) relation instead of just an inverse relation (1/r)

There are plenty of differences too:

Forexample, gravitational potential always increases with respect to distance
whereas electric potential canincrease or decrease

Oneway torememberwhetherthe electric potentialincreases ordecreases with
respect to the distance from the chargeis by the direction of the electric fieldlines -
the potential always decreases in the same direction as the fieldlines andvice
versa.
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Equipotential Surfaces

e Equipotentiallines (when workingin 2D) and surfaces (when workingin 3D) join together
points thathave the same gravitational potential
e Thesearealways:
o Perpendicularto the gravitational fieldlines in both radial and uniform fields
o Represented by dotted lines (unlike field lines, which are solid lines with arrows)

¢ Inaradialfield(eg. a planet), the equipotentialllines:
o Are concentric circles aroundthe planet
o Become furtherapart furtheraway from the planet

¢ Inauniform field (eg. nearthe Earth's surface), the equipotentiallines are:
o Horizontal straight lines
o Parallel
o Equally spaced

e Potential gradientis defined by the equipotential lines

¢ No work is done when moving along an equipotential line or surface,
only between equipotential lines or surfaces
o This means thatan object travelling along an equipotential doesn'tlose or gain energy
andAvV=0

RADIAL FIELD

EQUIPOTENTIAL
LINES

GRAVITATIONAL
------- FIELD LINES

NO WORK
IS DONE AS

OBJECT MOVES

ALONG —60 MJkg™
EQUIPOTENTIAL =l
LINES ?

N ’
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UNIFORM FIELD

EQUIPOTENTIAL
LINES

aV EQUALLY 1;
SPACED

GRAVITATIONAL
FIELD LINES

[EARTH'S SURFACE |

Gravitational equipotential lines in a non-uniform and uniform gravitational field

RADIAL E FIELD

/E ELECTRIC FIELD LINES 3\

°~

S T S N o
- ~ X

('k' I’ ,[\. N A} l’
\q,/ ' ~t \ %
! VTN [}
T
i
1

43 : !
1 1
NS o T
SEOwEY 9 \
% SO P / N
\ = ’ \
,
e E

QUIPOTENTIAL LINES
ARE FURTHER APART

NO WORK IS DONE AS A
CHARGE MOVES ALONG
EQUIPOTENTIAL LINES

UNIFORM E FIELD

-{THIS MEANS
— THE POTENTIAL
IS LOWER

=

EQUIPOTENTIAL LINES
ARE EQUALLY SPACED

THIS MEANS THE
POTENTIAL GRADIENT
IS CONSTANT

Egquipotential lines around a radial field or uniform field are perpendicular to the electric field lines

¢ Thedistinction between radial and uniform fields is an important one

¢ Inaradial field (eg. a point charge), the equipotentiallines:
o Areconcentric circles aroundthe charge
o Become furtherapart furtheraway fromthe charge
o Remember: radial fieldis made up of lines which follow the radius of a circle

¢ Inauniformfield (eg. between charged parallel plates), the equipotentiallines are:

o}

[e]

o

]

Horizontal straightlines
Parallel
Equally spaced

Remember: uniform fieldis made up of lines which are a uniform distance apart
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YOURNOTES

*> Worked Example !

In the following diagram, two electric charges are shown which include the electric
fieldlines

a) Draw thelines of equipotentialincluding at least fourlines and atleast one that
encircles both charges

b) By considering the field lines and equipotentials from part (a), state what can be
assumed about the two charges

Part (a)

= Thelines of equipotential need to be perpendicularto the field lines at all times
= Theselines are almost circularwhen they are near the charges
= Andwhen moving out furtherthelines of equipotential coverboth charges.

Thelines of equipotential can be seen below

Page 25 of 64

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



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

Part (b)
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Remember equipotential lines do not have arrows, since they have no particular
direction and are not vectors.
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S
o

Y
fEex

= |tcanbeassumedthatboth charges are positive since the fieldlines point

= |tcanalsobeassumedthatthe charge onthelefthas alargercharge thanthe
chargeontherightsince:
= |thasagreaterdensity of fieldlines
= |thasalargersphere of influence shown by the lines of equipotential
= The point of zero electric field strength between the two charges is closerto
therightcharge

Make sure to draw any straight lines with a ruler ora straight edge.
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Potential & Potential Energy

Work Done on aMass

¢ When amassis movedagainst the force of gravity, workis done
¢ Theworkdonein movingamass mis given by:

AW=mXAV

¢ Where:
o AW=changeinwork done(J)
o m=mass (kg)
o AV=changein gravitational potential (J kg™

This changein work doneis equalto the changein gravitational potential energy (G.P.E)
o WhenV=0,thenthe G.P.E=0

e Thechangein G.P.E, orwork done, foran object of mass m at a distance r;from the centre
of alargermass M, to adistance of rp furtheraway can be written as:
GMm GMm 1 1
AG.P.E=———|— =GMm|— - —
L \ O ) \Ii 5)

o Where:
= M=mass thatis producingthe gravitational field (eg. a planet) (kg)
= m=mass thatis movingin the gravitational field (eg. a satellite) (kQ)
= rp=firstdistance of mfromthe centre of M (m)
= rp =seconddistance of m fromthe centre of M (m)

* Workis donewhen an objectin a planet's gravitational field moves against the gravitational
fieldlinesi.e.: away from the planet

G.P.E INCREASES FURTHER
AWAY FROM THE
PLANET’S SURFACE
HIGHER G.P.E
-AG.P,E
= () =

LOWER G.P.E

- GMm

-
o G.PE AT 1,

2

Page 27 of 64

©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

Cravitational potential energy increases as a satellite leaves the surface of the Moon

> Worked Example
°
Aspacecraft of mass 300 kg leaves the surface of Mars to an altitude of 700 km.

Calculate the work done by the spacecraft. Theradius of Mars = 3400 km, Mass of
Mars = 6.40 x102%kg

Step 1: Write down the work done (or change in G.P.E) equation

1 1
AG.P.E= GMm{— - —)
i %)
Step 2: Determine values forr;andr,
ryis theradius of Mars = 3400 km =3400 x 10°m
ryis theradius +altitude = 3400 + 700 = 4100 km =4100 x 103 m

Step 3: Substitutein values

1
3400% 103 4100% 103

AG.P.E=(6.67Xx10711) x (6.40 x 1023) x 300 X ( )

AG.P.E=643.076 X 106 =640 MJ
Work Done on a Charge

¢ When a mass with charge moves through an electric field, work is done
e Theworkdonein movinga charge qis given by:

AW=gx AV
¢ Where:
o AW=changeinwork done(J)
o g=charge(C)
o AV =changein electric potential (J C)

¢ This changeinwork doneis equalto the changein electric potential energy (E.P.E)
o WhenV=0,thentheE.P.E=0

¢ ThechangeinE.P.E, orwork done, fora point charge g ata distance r;fromthe centre of a
largercharge Q, to a distance of rp furtheraway can be written as:

1 1

AE.P.E= &(— -—)
4me . I
o "2 1

o Where:
= Q=chargethatis producing the electric field (C)
= g =chargethatis movingin the electric field (C)
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= 1;=first distance of g from the centre of Q (m) YOURNOTES
= 1, =seconddistance of g from the centre of @ (m) 1

E.P.E DECREASES AS
q* MOVES FURTHER
* AWAY FROM Q
oq

Qq
ey, < CEPE AT

EP.E AT e

Qq
4TTe,r,

E.P.E INCREASES AS
q~ MOVES FURTHER
q- AWAY FROM Q

E.P.E AT 1,0 @
77 Qq
Qq e, °E.P.E AT 1,

Work is done when moving a point charge away from another charge

* Workis donewhen a positive charge in an electric field moves against the electric field lines
orwhen anegative charge moves with the electric field lines

> Worked Example

The potentials at points Rand S due tothe +7.0 nC charge are 675Vand 850V
respectively.

+7.

o

nC

150 mm i

NTRT®

220 mm

Calculate how much workis donewhen a +3.0 nC chargeis movedfromRt0 S.

Step 1: Write down the known quantities

o p.d.atR V=675V
o p.d.at§,V,=850V
o Charge,g=+3.0nC=+3.0x10"7C

Step 2: Write down the work done equation
W=qgxAV
Step 3: Substitutein the values into the equation
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W=(3.0x10"%) x(850-675)=5.3x1077 ) YOURNOTES

i

(') ExamTip

¥ Make sure tonot confuse the AG.P.E equation with AG.P.E =mgAh, they look similar
but referto quite different situations.

The more familiar equationis only relevant for an object liftedin a uniform
gravitational field, meaning very close to the Earth’s surface, where we can model
the field as uniform.

The new equation for G.P.E does notinclude g. The gravitational field strength, which
is different on different planets, does not remain constant as the distance from the
surfaceincreases. Gravitational field strength falls away according to the inverse
square law.

Remember that g in the work done equationiis the charge thatis being moved,
whilst Qis the charge which is producing the potential. Make sure not to get these
two mixed up. Itis common for both to be given in the question, as in our worked
example. You are expected to choose the correct one.
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Potential Energy Calculations

Electric Potential Energy of Two Point Charges
® The electric potential energy Ep at pointin an electric field is defined as:
The work done in bringing a charge frominfinity to that point

e Theelectric potential energy of a pair of point charges Q,and Q5 is defined by:

0%,
P 4XTX g, X1
¢ Where:
o E,=-electric potential energy (J)

o r=separation of the charges @;and Q2 (m)
o go=permittivity of free space (Fm)

¢ Thepotential energy equationis defined by the work donein moving point charge @, from
infinity towards a point charge Q.

¢ Theworkdoneis equalto:

W=gxAV,

o Where:
= W=workdone(J)
= V=electric potential due to a pointcharge (V)
= Q=Charge producing the potential (C)

e This equationisrelevant to calculate the work done due on a chargein a uniform field
o Unlike the electric potential, the potential energy will always be positive
o Recallthatatinfinity, V=0 therefore E, =0

¢ |tis moreusefulto find the change in potential energy, forexample, as one charge moves
away from another

o Thechangein potential energy from a charge Q;at a distance r;from the centre of
charge Q> toadistanceryis equalto:

Q,%Q
AE l_zx(i_i)

p 4XT[X80 r I,

o Thechangein electric potential AVis the same, without the charge Q>

1 1
el
TU 80 Tl I'2

¢ Thereis anothersimilarity with gravitational potential, as both equations are very similarto
the changein gravitational potential between two points neara point mass
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*> Worked Example

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

Atadistance of 4.7 x 107> m, the a-particle momentarily comes torest.

Calculate the electric potential energy of the particles at this instant.

Step 1: Write down the known quantities

o Distance,r=4.7x10""m
o Thecharge of oneproton, g =+1.60x10"7C

An alpha particle (Helium nucleus) has 2 protons

o Charge of alphaparticle, Q;=2x1.60x1077=4+3.2x10"17C
The gold nucleus has 79 protons

o Chargeof goldnucleus, Q;=79 x1.60 x 1077 = +1.264 x 107 C
Step 2: Write down the equation for electric potential energy

Q,xQ,

p_4xnxg0><r

Step 3: Substitute values into the equation

_ (3.2x10719) x (1.264 x 10717)
P (4mx8.85x10712) x (4.7 % 10~15)

=7.7x10712J

Gravitational Potential Energy Between Two Point Masses

e The gravitational potential energy (G.P.E) at pointin a gravitational field is defined as:

The work donein bringing a mass from infinity to that point
e Theequation for G.P.E of two pointmasses mandM ata distanceris:

GXMXm
r
e G.P.Eis calculatedusingmgh, butrecall thatatinfinity, g=0 andtherefore G.P.E=0

AGPE = mgAh<{crance N HEGHT ()

CHANGE IN GRAVlTATlONALV GRAVITATIONAL FIEELD
POTENTIAL ENERGY (J) STRENGTH (9.81 Nkg-")

G.P.E=—

e |tis moreusefultofindthe changein G.P.Eforexample for a satellite which is liftedinto

space fromthe Earth’s surface
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o Thechangein G.P.Efrom foran object of mass m atadistancer,fromthe centre of
mass M, to adistance of rp furtheraway is:

GXMXm GXMXm 1 1
AG.P.E=_ P - - =GXMXmX -

2 rl r1 1‘2

Changein gravitational potential energy between two points
o Thechangeinpotential Agis the same, without the mass of the object m:

s (MY (11)

Changein gravitational potential between two points

G.P.E INCREASES FURTHER
AWAY FROM THE
PLANET’S SURFACE

-
= (M)

LOWER G.P.E

- GMm

>
o G.PE AT 1,

2

Gravitational potential energy increases as a satellite leaves the surface of the Moon

) Worked Example

Calculate the differencein potential energy when a satellite of mass 1450 kgwhen
itis moved from a distant orbit of 980 km above Earth’s surface to a closer orbit of
480 km above the Earth’s surface. Assume the Earth’s mass tobe 5.97 x 1024 kg
andtheradius of the Earthtobe 6.38 x10°m.

Step 1: Write down the known quantities

Initial distance of orbit above Earth’s surface: 980 km
Final distance of orbitabove Earth’s surface: 480 km
Mass of the satellite:m =1450 kg

Earth’s mass:M =5.97x10%%kg

Radius of the Earth: 6.38 x10m

[e]

o

]

e}

o

Step 2: Write down the equation for change in gravitational potential energy
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GXMXm GXMXm 1 1
AG.P.E= — S - =GXMXmx|—-—

L) \ T ) \h 5
Step 3: Convert distances into standard units and include Earth radius
o Distance from centre of Earthto orbit 1
9.8x10°m +6.38x10°m=7.36x10°m
o Distance from centre of Earth to orbit 2:
4.8x10°m+6.38x10m =6.86x10°m

Step 4: Substitute values into the equation

AG.P.E=6.67% 10-11 x5.97x 107 x 1450 - Vos72x10° 7
\7.36x 106  6.86x 106 )

Step 5: State final answer

o Thedifferencein gravitational potential energy between the two orbits is: 5.72x10%J
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l
Potential Gradient

Electric Potential Gradient
¢ Anelectric field can be definedin terms of the variation of electric potential at different
points in the field:

The electric field at a particular point is equal to the negative gradient of a
potential-distance graph at that point

e Thepotential gradientis defined by the equipotential lines
o These demonstrate the electric potentialin an electric field and are always drawn
perpendicularto the fieldlines

RADIAL E FIELD

EQUIPOTENTIAL
LINES /E ELECTRIC FIELD LINES g\

-

< EQUIPOTENTIAL LINES {i-{THiS MEANS
ARE FURTHER APART [ THE POTENTIAL
IS LOWER

UNIFORM E FIELD

I 1 EQUIPOTENTIAL LINES
11t -1 -1t -"r—-1- ARE EQUALLY SPACED
- I
THIS MEANS THE
POTENTIAL GRADIENT

IS CONSTANT

Equipotential lines around a radial field or uniform field are perpendicular to the electric field
lines

¢ Equipotentiallines arelines of equal electric potential
o Aroundaradial field, the equipotential lines are represented by concentric circles
aroundthe charge withincreasingradius
o Theequipotential lines become further away from each other
o Inauniform electric field, the equipotential lines are equally spaced

e Thepotential gradientin an electric fieldis defined as:

Therate of change of electric potential withrespect to displacementin the
direction of the field

e Theelectric field strengthis equivalent to this, except with a negative sign:

Page 35 of 64

©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

AV
Ar

e Where;
o E=electric field strength (Vm™)
o AV=changein potential (V)
o Ar=displacementin the direction of the field (m)

e Theminus signisimportant to obtain an attractive field around a negative charge anda
repulsive field around a positive charge

lGRAPH OF ELECTRIC POTENTIALJ

|

LI I BN B B B B B |

|
al
T TN TR R TN TR N T
L L NN B B B R

The electric potential around a positive charge decreases with distance andincreases with
distance around a negative charge

¢ Theelectric potential changes accordingto the charge creating the potential as the
distancerincreases fromthe centre:
o Ifthechargeis positive, the potential decreases with distance
o Ifthechargeis negative, the potentialincreases with distance

¢ Thisis becausethetestchargeis positive

Gravitational Potential Gradient
¢ Agravitational field can be definedin terms of the variation of gravitational potential at
different points in the field:

The gravitational field at a particular point is equal to the negative gradient of a
potential-distance graph at that point

¢ Thepotential gradientis defined by the equipotential lines
o Thesedemonstrate the gravitational potentialin a gravitational field and are always
drawn perpendicular to the fieldlines
e Thepotential gradientin a gravitational fieldis defined as:

Therate of change of gravitational potential withrespect to displacementin the
direction of the field
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e Gravitational field strength, gandthe gravitational potential, V can be graphically YOURNOTES
represented against the distance from the centre of a planet, r 1
_ AV
£ T Ar
e Where:

o g=gravitational field strength (N kg™
o AV=changein gravitational potential (J kg™
o Ar=distance fromthe centre of a point mass (m)

e Thegraph of Vagainstrforaplanetis:

SURFACE OF
\% THE PLANET

p

-1 RELATION

_____‘_0_____ _
]
|
|

N S NI S | ;)

V ON THE SURFACE
OF THE PLANET

The gravitational potential and distance graphs follows a -1/rrelation
¢ Thekey features of this graph are:
o Thevalues forVare allnegative
o Asrincreases, Vagainstrfollows a -1/rrelation
o Thegradient of the graph at any particular pointis the value of g at that point
o Thegraphhas ashallowincreaseasrincreases

e Tocalculate g, draw a tangent to the graph at that point and calculate the gradient of the
tangent
e Thisis a graphicalrepresentation of the equation:
GXM
r

where GandM are constant

*> Worked Example

Determine the change in gravitational potential when travelling from 3 Earth radii

(from Earth’s centre) to the surface of the Earth.

Assume that the mass of the Earthis 5.97 x 1024 kg and the radius of the Earth s
6.38x10°m

Step 1: List the known quantities
o Earth’smass, Mg=5.97 x10%%kg
o Radius of the Earth, re=6.38 x10ém
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o Initialdistance, =3 xre=3x(6.38 x109)m=1.914x10" m YOURNOTES

o Finaldistance,r,=1xrg=6.38 x10°m 1
o Gravitational constant, G=6.67 x10""m3kg's2

Step 2: Write down the equation for potential difference

1 1
AV= —GXMEX(— ——1
\L h)

Step 3: Substituteinthe values:

1 1
— _ -11 4 -
AV=—(6.67x10711) x (5.97 x 102 )X(6.38X106 1.914x 107 )

AV=-416x107 Jkg™

Step 4: State the final answer:
o When travelling from 3 Earth radii to one Earth radii the potential differenceis: -4.16 x

107 Jkg™!

(') Exam Tip
®  One way torememberwhetherthe electric potentialincreases ordecreases with
respect to the distance from the chargeis by the direction of the electric field lines.
The potential always decreases in the same direction as the field lines andvice

versa.
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Potential Difference

¢ The potential differenceis defined as:

The work done by moving a positive test charge from one point to anotherinan
electric field

¢ Theunits for potential difference are:
o Joules per Coulomb forelectrostatic potential difference
o Joules perKilogram for gravitational potential difference
¢ This canberelatedtothe concept of equipotentials where the movement of a small test
mass or positive test charge from one equipotential to anothervisually represents a
potential difference
o Further, potential difference also occurs across electrical components whichis also
known as voltage

Uniform Electric Field Strength

¢ Themagnitude of the electric field strength in a uniform field between two charged parallel
platesis defined as:

eV
T d

e Where:
o E=electric field strength (Vm™)
o V=potential difference between the plates (V)
o d=separation between the plates (m)

« Note: the electric field strength is now also defined by the units Vm™!
e Theequationshows:
o The greaterthe voltage between the plates, the stronger the field
o The greaterthe separation between the plates, the weaker the field

¢ This equation cannot be usedto find the electric field strength around a point charge (since
this would be a radial field)

e Thedirection of the electric fieldis from the plate connected to the positive terminal of the
celltothe plate connected to the negative terminal
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AT THE EDGE OF THE
PLATES, THE FIELD POTENTIAL DIFFERENCE
BOWS OUT DUE TO " _ BETWEEN THE PLATES
THE FRINGE EFFECT | |

VI

Y

ELECTRIC FIELD LINES
N ARE DIRECTED FROM THE
PLATE CONNECTED TO

\// THE POSITIVE TERMINAL

Ssg - TO THAT CONNECTED TO

THE NEGATIVE TERMINAL
SEPARATION OF
THE PLATES

The E field strength between two charged parallel plates is the ratio of the potential
difference andseparation of the plates

* Note: if one of the parallel plates is earthed, ithas avoltageof OV

Derivation of Electric Field Strength Between Plates

* Whentwo pointsin an electric field have a different potential, thereis a potential
difference between them
o Tomoveacharge across that potential difference, work needs to be done
o Two parallel plates with a potential difference AV across them create a uniform electric
field

POTENTIAL DIFFERENCE
BETWEEN THE PLATES

I\
+ =
e POINT CHARGE
+ Q -

HF,“

+ | [ELECTRIC FORCE |~ [[UNIFORM ELECTRIC
A FIELD
4 _

d

DISTANCE BETWEEN
PLATES

The work done on the charge depends on the electric force and the distance between the
plates

o Potential differenceis defined as the energy, W, transferred per unit charge, Q, this can also
be written as:

av="2
Q
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e Therefore, the work donein transferring the charge is equal to:
W=AVXQ
¢ When acharge Q moves from one plate to the other, its work doneis:
W=Fxd

¢ Where;
o W=workdone(J)
o F=force(N)
o d=distance(m)

¢ Equatetheexpressions forwork done:

FXd=AVXQ
¢ Rearrangingthe fractions by dividing by @ and d on both sides gives:

F_Aav
Q d

e Since E = — theelectric field strength between the plates can be written as:

Q

v
d

> Worked Example

[ ] . .
Two parallel metal plates are separated by 3.5 cm and have a potential difference of

7.9kV.

Calculate the magnitude of the electric force acting on a stationary charged
particle between the plates thathas acharge of 2.6 x 10712 C.

Step 1: Write down the known values
o Potential difference, V=7.9kV=7.9x103V
o Distance betweenplates,d=3.5cm=3.5x10"2m
o Charge,@=2.6x10"1°C

Step 2: Write down the equation for the electric field strength between the parallel
plates

_ AV F
=—g = 0
Step 3: Rearrange for electric force, F
_QAV
F==3
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Step 4: Substitute the values into the electric force equation YOURNOTES
l

_ (2.6x10715) x (7.9%x10%)
- (3.5%x 1072)

=5.869x10-1°N

Step 5: State the final answer
o Themagnitude of the electric force acting on this charged particleis 5.9 x 100N

(’) ExamTip

Remember the equation for electric field strength with Vand dis only used for

parallel plates, and not for point charges (where you would use )
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YOURNOTES

!
Potentialina Charged Sphere

¢ Theelectric potential in the field due to a point chargeis defined as:

Q

4xnxeoxr

o Where:
= V=theelectric potential (V)
= Q=thepointcharge producingthe potential (C)
" o= permittivity of free space (Fm™)
= r=distancefromthe centre of the pointcharge (m)

e This equation shows that fora positive (+) charge:
o Asthedistance fromthe chargerdecreases, the potential Vincreases
o Thisis because morework has to be done on a positive test charge to overcome the
repulsive force

e Foranegative(-)charge:
o Asthedistance fromthe chargerdecreases, the potential V decreases
o Thisis becauseless workhas tobe doneon a positive test charge thanks to the effect
of the attractive force

Unlike the gravitational potential equation, the minus signin the electric potential
equation willbeincludedin the charge
The electric potential changes according to aninverse square law with distance

+Q
INSIDE THE CHARGED
SPHERE, THE POTENTIAL
V IS CONSTANT v

INVERSE LAW REDUCTION
IN POTENTIAL WITH
INCREASING DISTANCE

DISTANCE r

The potential changes as aninverse law with distance near a charged sphere

¢ Note: this equation stillapplies to a conducting sphere. The charge on the sphereis treated
asifitconcentrated at a pointin the sphere from the point charge approximation

Page 43 of 64

©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

*> Worked Example

AVan de Graaf generatorhas a spherical dome of radius 15 cm. Itis chargedup to a
potential of 240 kV. Calculate:

a) The charge stored on the dome

b) The potential at a distance of 30 cm from the dome

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

= Radius ofthedome,r=15cm=15x10"2m
= Potential difference, V=240 kV =240 x 103V

Step 2: Write down the equation for the electric potential due to a point charge

_ Q

a 4X X g X

Step 3: Rearrange forcharge Q

Q=VX4xXmxe Xr

Step 4: Substituteinvalues

Q=(40%x103) x(4x tx8.85%10712) x(15%1072) = 4.0 X 1076 C = 4.0 uC

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

o Q=chargestoredinthedome=4.0uC=4.0x10°C
o r=radius of the dome + distance fromthe dome =15+30=45cm =45 x102m

Step 2: Write down the equation for electric potential due to a point charge

s ©

B 4XTXE XT

Step 3: Substituteinvalues

Ve (4.0x 1076)
T (4xmx8.85%x10712) x (45% 1072)

=79.93x103=80 kV
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9 YOURNOTES

Worked Example
° l

Ametal sphere of diameter15 cmis negatively charged. The electric field strength
atthe surface of the sphereis 1.5 x 10°Vm-!. Determine the total surface charge of
the sphere.

Step 1: Write down the known values

o Electric field strength, E=1.5x10°Vm"!
o Radius of sphere,r=15/2=75cm=7.5x10?2m

Step 2: Write out the equation for electric field strength

Q

4xnxa0><r

Step 3: Rearrange forcharge Q

Q=VX4XmXe Xr

Step 4: Substituteinvalues

Q=(4xmx8.85x10712) x (1.5 % 105) x (7.5x1072)2=9.38 X 1078 C = 94 nC
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Escape Speed

To escape a gravitational field, a mass must travel at the escape velocity
o Thisis dependent onthe mass andradius of the object creating the gravitational field,
such as aplanet,amoon ora blackhole
Escapevelocity is defined as:

The minimum speed that will allow an object to escape a gravitational field with no
further energy input

Itis the same forallmassesin the same gravitational fieldie. the escape velocity of a rocket
isthe same as a tennis ball on Earth

An objectreaches escape velocity when allits kinetic energy has been transferred to
gravitational potential energy
This is calculated by equating the equations:

Where:
o m=mass of the objectin the gravitational field (kg)
o v=escape velocity of the object (ms™)
o G=Newton's Gravitational Constant
o M=mass of the object to be escaped from (ie. a planet) (kg)
o r=distance fromthe centre of mass M(m)

Since mass mis the same on both sides of the equations, it can cancel on both sides of the
equation:

1 GXM
—X2=
2 r

Multiplying both sides by 2 and taking the square root gives the equation forescape

velocity, v:
/ 2XGXM
V=, ————
r

This equationis not given on the datasheet. Be sure to memorise how to derive it
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ROCKET LEA\/lNG‘ g . ESCAPE i
Bl EARTH’S g FIELD ' B \/ELociTy B

< 4

| DISTANCE
FROM MASS MR

Foranobject toleave the Earth's gravitational field, it will have to travel at a speed greater
than the Earth's escape velocity, v

¢ Rockets launched fromthe Earth's surface do not need to achieve escape velocity toreach
their orbit around the Earth
e Thisis because:
o They are continuously given energy through fuel and thrust to help them move
o Lessenergyis neededto achieve orbit than to escape from Earth's gravitational field

e Theescape velocity is not the velocity needed to escape the planet but to escape the
planet's gravitational field altogether
o This couldbe quite alarge distance away from the planet

) Worked Example

°
Calculate the escape velocity at the surface of the Moon given thatits density is

3340 kgm™3 andhas amass of 7.35 x 1022kg.Newton's Gravitational Constant =
6.67 x 107N m2kg2

Step 1: Rearrange the density equation for radius:

4
p= Vand V= gﬂﬁ
_ M _ 3IM
P=y AP

Eﬂr3
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3IM YOURNOTES
41 p 1

=3

Step 2: Calculate theradius by substituting in the values:

e M=7.35x10%kg
e p=3340kgm™3

= 1.7384 x 10°m

EE (7.35 x 10?2)
r= 477 X 3340

Step 3: Substituterinto the escape velocity equations:

_JzGM _\/2X(6.67><10‘”)X(7.35><1022)
r

1.7384 x 10°

V=2.37kms"!

(') ExamTip
¥ When writing the definition of escape velocity, avoid terms such as 'gravity' orthe
'gravitational pull / attraction' of the planet. Itis best to refer toits gravitational
field.
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YOURNOTES
l
Orbital Motion, Speed & Energy

¢ Since mostplanets andsatellites have a near circular orbit, the gravitational force Fg

between the sun oranotherplanet provides the centripetal force needed to stay in an orbit

o Boththe gravitational force and centripetal force are perpendicular to the direction of
travel of the planet

e Considera satellite with mass m orbiting Earth with mass M at a distance rfrom the centre

travellingwith linear speedv

Fe=Fcirc
e Equatingthe gravitationalforce to the centripetal force fora planet or satellite in orbit gives:

GXMXm mXv?

r r
¢ Themass of the satellite m will cancel out on both sides to give:

GxXM
R=—
r
e Where:
o v=linearspeed of the mass in orbit (ms™')
G=Newton's Gravitational Constant
o M=mass of the object being orbited (kg)
r=orbitalradius (m)

[e]

o

¢ This means that all satellites, whatever their mass, willtravel at the same speedvina
particularorbit radius r
o Since thedirection of a planet orbitingin circularmotion is constantly changing, the
centripetal acceleration acts towards the planet

CENTRIPETAL FORCE
TOWARDS THE CENTRE
OF EARTH

—_———

GRAVITATIONAL FORCE
e TOWARDS THE CENTRE
OF THE EARTH

\ 1
RADIUS OF ORBIT e

Asatellitein orbit around the Earth travels in circular motion

Time Period & Orbital Radius Relation
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¢ Sinceaplanetorasatelliteis travellingin circular motion when in order, its orbital time YOURNOTES
period T to travel the circumference of the orbit 21r, the linear speedvis: 1
2XTXr
V= _—
T

¢ Thisis aresult of the well-known equation, speed =distance / time and firstintroducedin
the circular motion topic

¢ Substitutingthe value of thelinear speed v from equating the gravitational and centripetal
forceintothe above equation gives:

2XTmXry¥ GXM
( T )= r

« Squaring out the brackets andrearranging for T2 gives the equation relating the time
period T and orbitalradiusr;

V2=

4x M2 Xr3
= GXM
¢ Where:
o T=time period of the orbit (s)
r=orbitalradius (m)
G=Newton's Gravitational Constant
o M=mass of the object being orbited (kg)

o

o

¢ Theequation shows that the orbital period T is related to theradius rof the orbit. This is also
known as Kepler’s third law:

Forplanets or satellites in a circular orbit about the same central body, the square
of the time period is proportional to the cube of the radius of the orbit

Kepler's third law can be summarised as:

T?ar
Graphical Representation of T2 « r3

e Therelationship between Tandrcan be shown using a logarithmic plot
° T2 . r3
o 2xlog(T) « 3 xlog(r)
e The graph of log(T) inyears againstlog(r) in AU (astronomical units) for the planets in our
solarsystemis a straightline graph:
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l
100
0
g
S 10+
£
/1_
0.1+
o

log (r) (AU)

¢ The graph does not go through the origin sinceithas a negative y-intercept
¢ Onlythelogofboth Tandrwillproduce a straightline graph

*> Worked Example

[ ] . " .
Abinary starsystem constant of two stars orbiting about a fixed point B. The star of

mass Mrhas a circular orbit of radius Rjand mass My has aradius of Ro. Both have
linearspeedvandanangularspeed» aboutB.

State the following formula, in terms of G, M5, R;and R,
(i) Theangularspeed w of M;

(i) The time period T foreach starin terms of angular speed »
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(i) The angular speed w of M, YOURNOTES
Step 1: Equate the centripetal force to the gravitational force l
MRz = 2MiM2

(R1+R2)?

Step 2: M, cancels on both sides
Ruco? = GM,
(R1+R2)?

Step 3: Rearrange for angular velocity o

GM,

= RIR1+R)2

_ [_GCM2
© = \JRi(R1+Ro)2

(i) The time period T for each star in terms of angular speed w

Step 4: Square root both sides

Step 1: Write down the angular speed w equation with time period T
Step 2: Rearrange for T

Step 3: Substitute in w from part (i)

GM R1(R1+R5)2
T=2m+ 2 =2n 1(R1+Ry)
Rl(R1+R2)2 GM2

Energy of an Orbiting Satellite

¢ Anorbiting satellite follows a circular path around a planet

¢ Justlike an object movingin circularmotion, it has both kinetic energy (KE) and gravitational
potential energy (GPE) andits total energy is always constant

e Anorbiting satellite's totalenergy is calculated by:
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} | 1 | YOURNOTES
! ; AS THE ORBITAL RADIUS !
| : INCREASES, THE TOTAL
rve [T TN T AR ‘ ENERGY DECREASES
3 0 1 1 1
N | ‘ ‘
(U] | ] |
o ! | |
w | ]
4 | ] ]
@ T e - Y SRR
~ve | 3 3
1 RADIUS 2r 4r

ORBIT RADIUS (m)
A graph showing the kinetic, potential and total energy fora mass at varying orbital
distances fromamassive body
Total energy = Kinetic energy + Gravitational potential energy

¢ This means that the satellite's KEand GPE are also both constant in a particular orbit
o Ifthe orbitalradius of a satellite decreases its KEincreases andits GPE decreases
o Ifthe orbitalradius of a satelliteincreases its KE decreases andits GPEincreases

=<

AT LARGER r:
oHIGHER GPE
°oLOWER KE
°LONGER T

SATELLITE TRAVELS
SLOWER

SATELLITE TRAVELS
FASTER

—————

AT SMALLER r:
°oLOWER GPE

oHIGHER KE
°SHORTER T

{ ORBIT Y

{ ORBIT X

AtorbitY, the satellite has greater GPE andless KE than at at orbit X

¢ Asatelliteis placedin two orbits, XandY, around Earth

e AtorbitX, where theradius of orbit ris smaller, the satellite has a:
o Largergravitational force onit

Higherspeed

HigherKE

Lower GPE

[e]

o

o
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o Shorterorbital time period, T

e AtorbitY,where theradius of orbitris larger, the satellite has a:
Smaller gravitational force onit

Smaller speed

LowerKE

Higher GPE

Longer orbital time period, T

o

(e}

[e]

o

]

*) Worked Example
[ ]
Two satellites AandB, of equalmass, orbit a planet atradii R and 3R respectively.
Which one of the following statements is incorrect?
A Ahas morekinetic energy and less potential energy than B
B Ahas ashortertime period and travels fasterthan B

C Bhaslesskinetic energy and more potential energy than A

D Bhasalongertime periodandtravels fasterthan A

ANSWER: D

o SinceBis atalargerorbitalradius (3Rinstead of R) it has a longer time period since T2 -
R3 foran orbiting satellite

o However, satellite B willtravelmuch slower than A

o Itslargerorbitalradius means the force of gravity willbe much lower for B than for A

") ExamTip

If you can'trememberwhich way around the kinetic and potential energy increases
anddecreases, think about the velocity of a satellite at different orbits. Wheniitis
orbiting close to a planet, it experiences a larger gravitational pull and therefore
orbits faster. Since the kinetic energy is proportional to v2, it, therefore, has higher
kinetic energy closerto the planet. To keep the total energy constant, the potential
energy must decrease too.

O

Page 54 of 64

©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

Orbital Energy Calculations

¢ Asynchronous orbitis:

When an orbiting body has a time period equal to that of thebody being orbited
and inthe same direction of rotation as that body

e Theseusually referto satellites (the orbiting body) around planets (the body being orbited)
¢ Theorbit of a synchronous satellite can be above any point on the planet's surface andin
any plane
o Whentheplane of the orbitis directly above the equator, itis known as a
geosynchronous orbit

Geostationary Orbit

e Many communication satellites around Earth follow a geostationary orbit
o Thisis sometimes referred to as a geosynchronous orbit

¢ Thisis a specific type of orbitin which the satellite:
o Remains directly above the equator
Isin the plane of the equator
Always orbits at the same point above the Earth’s surface
o Moves fromwest to east (same direction as the Earth spins)
o Has an orbitaltime period equal to Earth’s rotational period of 24 hours

(e}

(e}

¢ Geostationary satellites are used for telecommunication transmissions (e.g. radio) and
television broadcast
¢ Abasestation on Earth sends the TV signalup to the satellite whereitis amplified and
broadcastbackto the groundto the desiredlocations
o Thesatellitereceiverdishes on the surface must pointtowards the same pointin the sky
o Sincethe geostationary orbits of the satellites are fixed, thereceiver dishes can be
fixed too

Low Orbits

¢ Somessatellites are in low orbits, which means their altitude is closer to the Earth's surface
+ Oneexample of thisis a polar orbit, where the satellite orbits around the north and south
pole of the Earth
* |ow orbits are useful for taking high-quality photographs of the Earth's surface. This could
be usedfor:
o Weather
o Military applications
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’ : : : YOURNOTES

COMMUNICATION SIGNALS l
TO OTHER PARTS OF =
THE WORLD

CIRCULAR ORBIT

s WITH A PERIOD
OF 24 HOURS

SATELLITE IN GEOSTATIONARY
s ORBIT DIRECTLY ABOVE THE
EARTH’S EQUATOR

Geostationary satellite in orbit

*> Worked Example

Calculate the distance above the Earth's surface that a geostationary satellite will
orbit. Mass of the Earth = 6.0 x 10%* kg, Radius of the Earth = 6400 km

STEF 4 KEPLER’S THIRD LAW EQUATION
47053

T2
GM

STEP 2 REARRANGE FOR r, THE RADIUS OF THE ORBIT
r=_|GMT?
3 2
47T
STEP 3 SUBSTITUTE IN VALUES

THE TIME PERIOD T FOR A GEOSTATIONARY ORBIT IS
24 HOURS = 86400s

1
o 3Jem x 407" x 6.0 x 1024 x (86400)°

477>

r=42297523.87m= 4.2%10"m (2 s.f.)

STEP 4 CALCULATE DISTANCE ABOVE THE EARTH'S SURFACE
r IS THE DISTANCE FROM THE CENTRE OF THE EARTH TO
THE SATELLITE

DISTANCE ABOVE SURFACE = RADIUS OF ORBIT — RADIUS OF EARTH
= 4.2 x407 - 6400 x 10°
=36x107m (2 s.f)

Orbital Motion

¢ When a satelliteis movingin orbital motion, the velocity of the satellite will be given by:

GM

Vsate]]ite - r

¢ Where
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o vsatelite = Velocity of the satellite (ms™)
o M=mass of the Earth (orlarge body being orbited) (kg)

o

G = The gravitational constant = 6.67 x 107" NmZ2kg 2

o r=the orbitalradius of the satellite (m)
Therefore the kinetic energy of the satellite will be:

Where

N { GMY_GMm
k-2 I T ) T T

o Ex=kinetic energy (J)
o v=velocity (ms™)
o M=mass of the Earth (orlarge body being orbited) (kg)
o m=mass of satellite or orbiting object (kg)
o G=Thegravitational constant = 6.67 x 10" Nm2?kg2
o r=theorbitalradius of the satellite (m)
The gravitational potential energy of an orbiting objectis:

Where

GMm
P r

o Ep=potentialenergy (J)

o M=mass of the Earth (orlarge body being orbited) (kg)
o m=mass of satellite or orbiting object (kg)

o G=Thegravitational constant = 6.67 x 107" Nm?kg~2

o r=theorbitalradius of the satellite (m)

The total energy for any satelite orbiting a massive body is found from the combination of
potential energy and kinetic energy
o Theresultis showinthe equation below:

Where

+E GMm GMm GMm 5
= - = — = ——XmX
p 2r r 2r 2 m=v

o Er=Thetotalenergy of the satellite (J)

o Ep=Thepotential energy of the satellite (J)

o Ex=Thekinetic energy of the satellite (J)

o v=thevelocity of the satellite (ms™)

o M=mass of the Earth (orlarge body being orbited) (kg)
o m=mass of satellite or orbiting object (kg)

o G=Thegravitational constant = 6.67 x 107" Nm?kg 2

o r=theorbitalradius of the satellite (m)
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Forces & Inverse-Square Law Behaviour

e The gravitational force between two bodies outside a uniform field (for example, between
the Earth andthe Sun) is defined by Newton’s Law of Gravitation which states that:

The gravitational force between two point masses is proportional to the product of
the masses and inversely proportional to the square their separation

¢ Inequation form, this can be written as:

¢ Where:
o Fg=gravitational force between twomasses (N)
G=Newton’s gravitational constant
°o mj, M2 =two points masses (kg)
r=distance between the centre of the two masses (m)

o

o

r

Y
.\

aTl
a'l

(

The gravitational force between two masses outside a uniform field is defined by Newton’s
Law of Gravitation

e Themass of a uniform sphere can be consideredto be a point mass atits centre
o Thepointmass approximationis a valid assumption if the separation between two
objects is much larger than their radii
o Thisis why Newton’s law of gravitation applies to planets orbiting the Sun

e Thel/r?relationis calledthe‘inverse square law’
o This means thatwhen a mass is twice as faraway from another, its force due to gravity
reduces by (V2)2="a
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YOURNOTES
*> Worked Example !
[

Asatellite with amass of 6500 kgis orbiting the Earthat 2000 km above the
Earth's surface. The gravitational force between themis 37 kN.

Calculate the mass of the Earth.

Radius of the Earth =6400 km.

STER 1 NEWTON'S LAW OF GRAVITATION

Gm,m
N
m, IS THE MASS OF THE SATELLDEHESE CAN BE
m, IS THE MASS OF THE EARTH ANY WAY AROU!\IID
STEP 2 | REARRANGE FOR m, (MASS OF EARTH)
A,
=m2
Gm,

STEP 3 CALCULATE THE DISTANCE r

r IS THE DISTANCE BETWEEN THE CENTRE OF THE EARTH
AND SATELLITE

r=DISTANCE OF SATELLITE ABOVE THE SURFACE +RADIUS
OF THE EARTH

2000 km SATELLITE

EARTH

r = 2000 + 6400 = 8400 km = 8400 x 10°m

STEP 4 SUBSTITUTE IN VALUES o 37 kN
NEWTON’S (8400 x 10%)2 x 37 x 10°
GRAVITATIONAL 6.67 x 107" x 6500

CONSTANT

= 6.0x10%kg (2 s.f)

Coulomb's Law

¢ Allcharged particles produce an electric field around it
o This field exerts a force on any other charged particle withinrange

The electrostatic force between two charges is defined by Coulomb’s Law

o Acharge of auniform spherical conductor can also be considered as a point charge at
its centre

e Coulomb’s Law states that:

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

The Coulomb equationis defined as:

Where:
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]

F¢ = electrostatic force between two charges (N) YOURNOTES
Q (or @;) and g (or @») = two point charges (C) 1

k = Coulomb's constant (8.99x10? Nm?2 C-?)

o gg=permittivity of free space

r=distance between the centre of the charges (m)

o]

(e}

o

r

F F

Q E > < E

+
@
o

The electrostatic force between two charges is defined by Coulomb’s Law

o Thel/r?relationis called theinverse square law
¢ This means thatwhen a chargeis twice as faras away from another, the electrostatic force
between themreduces by (V2)2=Va

¢ Ifthereis a positive and negative charge, then the electrostatic force is negative, this can
beinterpreted as an attractive force
« |fthecharges arethe same, the electrostatic forceis positive, this can beinterpreted as a
repulsive force
o Sinceuniformly charged spheres can be considered as point charges, Coulomb’s law
can be appliedto find the electrostatic force between them as long as the separation
is taken from the centre of both spheres

) Worked Example

° o .
An alpha particleis situated 2.0 mm away from a gold nucleus in a vacuum.

Assuming them to be point charges, calculate the magnitude of the electrostatic
force acting on each of the charges. Atomic number of helium = 2, Atomic number
of gold =79, Charge of an electron =-1.60 x 10717 C.

Step 1: Write down the known quantities

Distance,r=2.0mm=2.0 x10"m

The charge of one proton = +1.60 x 10717 C

An alpha particle (helium nucleus) has 2 protons

Charge of alpha particle, Q;=2x1.60 x 1077 =+3.2x 1077 C
The gold nucleus has 79 protons

Charge of goldnucleus, Q,=79 x1.60 x 10717 = 41,264 x 107 C

(e}

[e]

o

o]

o

(e}

Step 2: The electrostatic force between two point charges is given by Coulomb’s Law

F = kxQxq QXxq
e 2 _4XT[X80X1‘2
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Step 3: Substitute values into Coulomb's Law YOURNOTES
l
_ (3.2x10719) x(1.264 x 10717)
e (4xmx8.85%10712) x (2.0 x 1073)?

=9.092x 10721 =9.1 x 102! N

(’) Exam Tip

¥ Acommon mistakein exams is to forgetto add together theradius of the planet
(whichis the distance from the centre of mass to the surface) and then, the height
above the surface of the planet.

Sketching a diagram will remind you of these two distances andis really a few
seconds well spent!
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Forceson Charges & Masses

¢ Theelectric field strength equation can berearranged forthe force Fonacharge Qinan
electricfieldE:

F=QXE

¢ Where:
o F=electrostatic force onthe charge (N)
o Q=charge(C)
o E=electric field strength (NC™)

¢ Thedirection of the force is determined by the charge:
o Ifthechargeis positive (+) the forceis in the same direction as the Efield
o Ifthechargeis negative(-) the forceisin the opposite direction to the Efield

e Theforce onthecharge willcause the charged particle to accelerateif its in the same
direction as the Efield, ordecelerateif in the opposite

STATIONARY POSITIVE CHARGE
EXPERIENCES A FORCE TO THE
LEFT (TOWARDS THE NEGATIVE

CHARGE) IN THE ELECTRIC FIELD
SINCE THE CHARGE IS POSITIVE

A"

<
= <
. .
Nz
\ ™~
<
™~
THE MAGNITUDE OF THE ELECTRIC FIELD LINES
FORCE IS DETERMINED BY ARE DIRECTED AWAY
THE SIZE OF THE CHARGE FROM POSITIVE TOWARDS
AND ELECTRIC FIELD STRENGTH NEGATIVE CHARGE

An electric field strength E exerts a force F ona charge +Q ina uniformelectric field
* Note: theforce willalways be parallel to the electric field lines
Motion of Charged Particles

e Acharged particlein an electric field will experience a force onit that will causeittomove

» |facharged particle remains stillin a uniform electric field, it willmove parallel to the electric
fieldlines (along oragainst the fieldlines depending onits charge)

e |Ifacharged particleis in motion through a uniform electric field (e.g. between two charged
parallel plates), it will experience a constant electric force and travelin a parabolic
trajectory
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+ + + + + + + + o+ YOURNOTES

| ]
@ POSITIVE 1l
e . PARTICLE
PARABOLIC
TRAJECTORY F
|

’A POSITIVE CHARGE WILL TRAVEL TOWARDS THE NEGATIVE PLATE

NEGATIVE
PARTICLE

S 7|

‘A NEGATIVE CHARGE WILL TRAVEL TOWARDS THE POSITIVE PLATE|

The parabolic path of chargedparticles in a uniform electric field

¢ Thedirection of the parabola willdepend on the charge of the particle
o Apositive charge willbe deflected towards the negative plate
o Anegative charge willbe deflected towards the positive plate

e Theforceontheparticleis the same at all points andis always in the same direction
¢ Note: anuncharged particle, such as a neutron experiences no force in an electric field and
willtherefore travel straight through the plates undeflected
¢ Theamount of deflection depends on the following properties of the particles:
o Mass - the greaterthe mass, the smaller the deflection andvice versa
o Charge - the greaterthe magnitude of the charge of the particle, the greaterthe
deflection andviceversa
o Speed - the greater the speed of the particle, the smaller the deflection andvice versa

) Worked Example

o . . . . . .
Asingle proton travelling with a constant horizontal velocity enters a uniform

electric field between two parallel charged plates.The diagram shows the path
taken by the proton.

.

Draw the path taken by a boron nucleus that enters the electric field at the same
point and with the same velocity as the proton.Atomic number of boron =5

Mass number of boron =11
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Step 1: Compare the charge of the boron nucleus to the proton

o Boronhas 5 protons, meaningit has a charge 5 x greater than the proton
o Theforce onboron willtherefore be 5 x greaterthan on the proton
Step 2: Compare the mass of the boron nucleus to the proton

o Theboronnucleus has a mass of 11 nucleons meaningits massis 11 x greaterthan the
proton
o Theboron nucleus will therefore be less deflected than the proton
Step 3: Draw the trajectory of the boron nucleus

o Sincethe mass comparison is much greaterthan the charge comparison, the boron
nucleus willbe muchless deflected than the proton
o Thenucleusis positively charged since the neutrons in the nucleus have no charge
= Therefore, the shape of the path will be the same as the proton

N P
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