10.1 Describing Fields




Electric Fields & Gravitational Fields

The concept of field lines can be used to visually represent:

N
AR

The gravitational field, g, around a The electric field, E,

_ around a charge (or
mass (or collection of masses). collection of charges)
Units: N kg1 o

Units: N C1

Magnetic fields can also be
represented using field lines.




Electric Fields & Gravitational Fields

Field lines represent both the magnitude and direction
of the force that would be felt by the test object that is
placed inside a field.

« The magnitude of the force
of the force Is represented by
how close the field lines are
to each other.

@(((((ﬂ@))))?)))

« The direction of the force is
represented by the direction
of the field lines.




Electric Fields & Gravitational Fields

Hence for both electric and gravitational fields, as a test
object is moved:

« along afield line, work will be done (force and
displacement are in the same directions)

« at right angles to a field line, no work is done (force
and displacement are perpendicular

. . Field Lines
Field Lines

é é

<—O—> Motion of mass Motion of mass
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é é

Work is done. Work is not done.



Potential, V, (Gravitational or Electric)

The potential (gravitational or electric) is
defined as the energy per unit test point
object that the object has as a result of
the field it is placed In.

e : Energy
Gravitational potential, V =
| Mass
Units: J kg™
| | Energy
Electric potential, V =
Charge

Units: J C1



Potential Difference AV (Electric & Gravitational)

Potential is the energy per unit test object. In general,
moving a mass between two points in a gravitational field
and moving a charge between two points in an electric
field means that work is done. When work is done, the
potentials at the two points will be different, therefore
resuling in a potential difference.

 If positive work is done on the test object as it moves
between two points, then the potential between the two
points must increase.

 If work is done by the test object as it moves between
two points, then the potential between the two points
must decrease.



Potential Difference AV (Electric & Gravitational)

Gravitational Potential Difference between two points,

Work done in moving test mass |
AV, = Units: J kg
test mass

Electric Potential Difference between two points,

Work done in moving test charge )
AV, = test charge Units: J C

Thus to calculate the work done, W, in moving a charge ¢
or mass m between two points in a field we have:

W = qAV, W =mAV,



Equipotential Surfaces

Using a charge as an example, we can represent how the
electric potential varies around a charge by identifying
the regions where the potential is the same. These are

called equipotential surfaces.

/ \ The lines around the point

Il S ."nl .
{ t d f—w[ﬁ‘- charge shown in the
airt _20¥ x 8 : :
|E'r.ar,:_;-|- @) ) 20V 10V diagram connect all points
R around the charge with the

same potential. These lines
are equipotentials.

The same logic can be applied to masses with regards to
gravtiational potential (varies with height)



Equipotential Surfaces & Field Lines

There is a simple relationship between field lines and lines of
equipotential — they are always at right angles to one
another. If we move along an equipotential, all the points are
at the same potential thus there is no potential difference
and no work done. When we move along an equipotential, we
are moving at right angles to the field lines, hence no work
is done. !

Field lines and equipotentials are at right angles



Examples of Equipotentia
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10.2 Gravitational Field, potential and energy

Parts adapted from Giancoli Lecture Powerpoint, EW



10.2 Gravitational field, potential and energy

« Gravitational Potential and Gravitational Potential Energy
« Gravitational Potential due to point mass

* Relationship between Gravitational Field Strength and
gravitational potential gradient

« Gravitational potential due to one or more point masses

* Equipotential surfaces due to one and two point point
masses

* Relationship between equipotential surfaces and field lines
« Explain and derive Escape Speed

*Orbital Motion

‘Weightelessness



Gravitational Potential Energy
Recap:

The difference in gravitational potential energy (GPE)
when a mass moves between two different heights near
the Earth’s surface is given by mg(h,-h,).

Points to note:

« This derivation/calculation assumes that the gravitational
field strength g is a constant. However, Newton’s theory of
Universal Gravitation states that the field strength MUST
change with distance. Hence this equation can only be
used if the distance moved is not very large.

« The equation assumes that GPE has a magnitude of zero
at the Earth’s surface. (Fundamentally ‘incorrect’)



Gravitational Potential Energy
The true zero of GPE is taken as infinity.

potential enerpy decreases as zero of potential enargy taken
gravitational force does wiork o b at infinity
i — =
i Y
| M fE— - - s il o
I.'\'\'._-F. L im F'j Im I .' m Fl. Im
-

a5 m mdnves towands M in the force onm increases

E.Q.

If the potential energy of the mass, m, was zero at infinity
and it lost potential energy moving towards mass M, the
potential energy must be negative at a given point P.




Gravitational Potential Energy

Gravitational Potential Energy of a mass
at any point in space Is defined as the
work done (by an external force) in
moving it from infinity to that point.

The mathematics needed to work this is out of syllabus as
It requires the use of calculus. It can be shown that:

Gravitational Potential Energy of a mass m

(due to mass M) GMm
E —
I

P




Gravitational Potential Energy

Potential energy E, Potential energy at

decreases as Infinity Is taken to be

Gravitational Zero

force does work g
®------—-------—- < L ety -
m F, m F; m

-3 MJ Ep2:-2 MJ Ep3:-1 MJ

As m moves towards M:
Force F on m increases: Fl > F2 > F3

Potential Energy E, decreases:
GMm 9 Eo E,; < Epa <Eps

i E.g:-3MJ <-2 MJ <-1 MJ



Increasing E,

»
»

Gravitational Potential Energy

An object only has zero E, when itis
no longer within the gravitational field,

Farth When lifting an object against a gravitational
@ field, e.g. launching a rocket, work is done on
the object, that is, energy is transferred to the
* : object. The object’s gravitational potential
| energy, E,, that is, the energy it has due to its
'r position within the gravitational field, increases
| as aresult.
|
[ d
Ep o =
i
|
|
I
1

that is, at infinity.
|

Notice that E; increases by getting less negative.
It increases to a maximum value of zero!



I

Points to note about

Gravitational Potential Energy

E, Is a scalar quantity measured in Joules (J).

E, Is Independent of the path taken from infinity.

E, at infinity is by definition taken to be ZERO.

E, Is always a negative value.

. At the earth’s surface, the difference in gravitational

potential energies is given by AE = mgh.

. The equation AE = mgh is an approximation because g

IS NOT constant with height. It can only be used if the
vertical distance we move, h, is small.

. Gradient of Ep against r graph = Gravitational Force.



Gravitational Potential Vg

Gravitational Potential V, due to a mass M
at a point is defined as the work done per
unit mass (by an external force) to bring a
test mass from infinity to that point.

to infinity




Gravitational Potential Vg

GM
r

V. =

9

Vy 1 kg'lA

» Ir/m

Gradient of V against r graph =g




Gravitational Potential Vg

1.V, is a scalar quantity measured in J kg

2. The gravitational potential as a result of lots of
masses Is just the addition of the individual potentials.
This is an easy sum since V; Is a scalar quantity.

Potential at A due to m, A _  PotentialatAduetom,

-, _ ]
=-60 J kgt =-40J kgt

Overall Potential at A due to
both m, and m,

= (- 60) + (-40) = -100 J kg1 m,




Escape Sp eed Vescape

The Escape Speed a rocket is the
speed needed to be able escape

the gravitational attraction of the
planet.

In other words, it has to get to an
Infinite distance away.

In reality it doesn’t actually go to
Infinity. It just means that the
rocket is effectively free of the
gravitational attraction of the
planet. We say that it has
“escaped” the planet’s
gravitational pull.




Derivation of expression for Vescaloe
GMm

R
R is the radius of the planet, mis the mass of the rocket

E,atinfinity=E =0
Thedifference In E between the surface of the planet

E at surface of planet=E,; ., =

and infinity = AE ) = E . — Ej i = G—I\Ffm

So Minimum Kinetic Energy needed :G_I\F:Im

1 GMm

= MVegeape = —=—

2 P R This derivation assumes
y ) GM the planet is isolated.

escape R



Derivation of expression for Vescape

\/ZGM
V — -

escape R

GM
R2
Therefore we can get an alternative expression for v, .

Vv =./20R

escape

We remember that g =

Substituting values for g and R gives a value of
Y of about 11 km s for the Earth.

escape

Note that vqc4pe dO€s Nnot depend on the mass of
the rocket.



Example

Mars has a mass of 6.39 x 10%° kg and a radius of 3.39 x 10°m.
Determine the speed at which a mass of 20 kg needs to be
travelling in order to escape the gravitational attraction of Mars.

2GM

\ R

v€SC

2(6.67 X 10-11)(6.39 x 1023)
N (3.39 x 10°)

=5.0 x 10°3m s~ 1



Relationship between Gravitational Field
Strength and Gravitational Potential Gradient

AV
Ar

This equation says that the gravitational field strength is equal to the
negative of the gradient of the gravitational potential. Thus in a graph of
gravitational potential versus distance, the negative of the slope is the
gravitational field strength.

g:

Gravitational field strength = - Potential gradient

The gravitational field strength is equal to the negative
potential gradient of the gravitational field.



Derivation of Relationship between Gravitational Field
Strength and Gravitational Potential Gradient

W
Out of syllabus/For interest AV =
only m
Change in gravitational F < Ar
potential is equal to the AV =
work done by an external m
force on a unit mass. -
In other words, it is equal to AV = Ar
the negative of the work m
done by gravity on a unit AV = —gAr
mass.
g—_AV
AT




Energy of Orbiting Satellite

Satellite of mass, m
Planet of mass, M

GMm

Gravitational Potential Energy E  =—

r

Gravitational Force = Centripeta Force
GMm mv* IGM E=E, +E,
.. = —>\V=_|—
' ! = _ 1 GMm
Kinetic Energy E, :Em\/2 _ L clvlm 2 T
2 2 1 c__1GMm
2 r

Total Energy = KE + PE

GMm

+ (-




Graph of PE, KE and Total Energy of an
Orbiting Satellite
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Orbital Motion

Geosynchronous satellites orbit at much greater
distances from the Earth and have orbital times
equal to 24 hours. These satellites can be made
to stay in the same area of sky and follows a
figure of eight orbit, but the overhead position as
viewed from the surface wanders.

A geostationary orbit is a special case of
geosynchronous orbit where the satellite does
not appear to move if viewed from the surface.



Weightlessness

In the situation pictured in the figure below, It is possible for the
scale to show a reading of zero. For example, If the lift cable
breaks and the lift is accelerating downwards at a rate equal to
the acceleration of gravity, g.

The person would appear to be
| weightless for the duration of the fall
= because the scale and person are
o= 10ms-2| resultare force gl | falling at the same acceleration
T i 11" =" " hence there is no contact force
| ||[romeEnil hetween them. They are in free-fall

_—.=£=_._l_" be recorded

onscales  foqether.

accelerating down at 10 me 2

As the person is not truly ‘weightless’, it makes more sense to
term this as apparent weightlessness.




“Weightlessness” in orbital motion

An astronaut in an orbiting space station would also
appear to be weightless. This is because the space
station and the astronaut are both in free fall.

The gravitational pull on
the astronaut provides the
centripetal force needed
for the astronaut to stay in
orbit. The same is true for
the space station.
Therefore there is no
contact force between the
satellite and the astronaut,
so, we have apparent
weightlessness.




“Weightlessness” in orbital motion

~
~
~
~

Orbital path\ S o
IS a circle

Gravitation attraction on
space station (and the
astronaut inside) provides
centripetal force needed to
stay in orbit




10.2 Electric field, potential and energy

Parts adapted from Giancoli Lecture Powerpoint, Eric Wee



10.2 Electric field, potential and energy
 Electric potential and electric potential
energy
*Expression for electric potential

Formula for electric field strength and
potential gradient

Potential due to one or more point
charges

Equipotential surfaces and electric field
lines



Electric Potential

The definition of electric potential is very much like that of
gravitational potential in that the potential is zero at infinity.

sotential increases zero of potentia
as charge 1= moved taken to be at
in against repulsion infinity
-.-.- --.-
|+ . = T & =
0 F i 2 g F q F
=

AZ g comes in the force on g increases

If the positive charge g is moved closer to Q, work must be
done on . Hence potential increases. This is because the two

charges repel and so a force must be applied to g to make it
move closer to Q.



Electric Potential

1. An electric charge creates an electric field in the space around it. It also
creates a related quantity, an electric potential.

2. Consider a positive charge Q and a positive test charge qg. If the charge q is
moved closer to Q, work must be done on g. Hence potential increases. This
IS because the two charges repel and so a force must be applied to q to
make it move closer to Q.

3. If the work done in moving the positive test charge g from very far away (at
Infinity) to some position P near Q is W, then the quantity

Note: Infinity is a
W convenient way of
V - | — saying a point far
removed from all other
q electrical influences

defines the potential at P.

4. Definition: The electric potential at a point in an electric field is
defined as the work done per unit charge in moving a small
positive test charge from infinity to that point.




final position of test
charge q
@

initial position of test charge
g is very far from Q

5. The work done to bring the small positive test charge q from far away to a point P
near the charge Q goes into electric potential energy. The route taken by the charge g
to get to P does not affect the amount of work done.

6. The electric potential at infinity is taken as zero.

7. The unit of electric potential is the volt,and 1V =1J C1L.



8. The electric potential energy E, of the test charge q is given by the following:

where V is the electric potential at some point .

9. The change in electric potential energy AE, of the test charge g moving
between two points is given by the following:

AE = AVQ

where AV is the electric potential difference between two points.




10.Concept of potential difference AV

Consider now an arrangement of charges that creates an electric potential in
the space around it. point B at 28 V

point Aat 15V

A charge of 2 C is initially at A is moved to B.

The change In electric potential energy AE, = Eg —E, = (Vg — V,)
=2(28-15)=26J

This is the amount of work that must be done.

In general, the work that must be done on a charge g to move it from point

A, where the potential is V,, to a point B where the potential is Vg IS given by

W =AE,=q (Vg —V,)=9qAV W — Avq




11. Conservation of mechanical energy

A V,
Consider a charge g of mass m moving from point A to point B,

work done by the electric force acting on the charge is opposite to the work
done on the charge by an external force and so

Welectric =-q (VB — VA)

we also know that the work done by the net force on a body equals to the
change in kinetic energy. Thus
Welectric =-dq (VB _ VA) =2 mV82 - 1/zvaZ

which simplifies to

Yamv,? + gV, =% mvg? + qVg



12. Electric field strength E between parallel plates

Since electric field strength E is uniform in between the plates, a small
positive test charge q, if released, will accelerate uniformly by an electric
force givenby F=Eqg=ma

Work done by the electric field W =Fd=Eqd

Since work done is given by W= gAV

sowe getAV=Ed

or more commonly, it is expressed in the form

AV where AV is the potential difference

E — between the plates, and d is
d their separation




Electronvolt

1. The energy scale that characterizes the atomic world is one of about 10-18 J.
This is a tremendously small amount of energy by macroscopic standards; the
joule is not an appropriate energy unit.

2. A more convenient unit is the electronvolt, eV.

3. One electronvolt is defined as the work done when a charge equals to one
electron charge Is taken across a potential difference of one volt.

4. ThusleV=16x1019Cx1V=1.6 x101°]

5. If a charge of two electron charges is taken across a potential difference of 2
V, the work done will then be 4 eV.



Question

1. What is the speed of a mass 1.6x10%7 kg whose kinetic energy is 5000 eV?
(109 ms?)



Charges Moving In Electric Field

parabolic pa

\ - -7 | |
L o _____j T L LN '-.I..-"
Electron

‘ -:II.-

ov
Motion of electron entering uniform electric field between parallel plates

AV

For a uniform field, Field strength E = Ad

Electron is accelerated upwards, hence it experiences a force F = ma

F qE qV

S A= — — where m is the mass of the electron.
m m md

o It LA j
| ¢

To determine the final speed of the electron, we find the the resultant of v,
(remains constant) and v, (need to determine via kinematics).




Questions

1. Acharge of 5.0 yC and mass 2.0x10° kg is shot with a speed of 300 ms!
between two parallel plates kept at a potential of 200 V and 500 V. What will

be the speed be when the charge travels from the 200 V plate to the 500 V
plate? (297 ms1)

2. What must the initial velocity of an electron be if it is to reach from one plate
at 2.0 V to the other plate at 0 V and momentarily stops there? (Charge of
one electron = 1.6x10-1° C and mass of an electron = 9.1x10-31 kQ)

(8.4x10° ms™)



Charges Moving In Magnetic Fields

(®)
Recap: charged particles undergo circular j¢&—_ TR
motion and hence orbits when they enter Nep o g
magnetic fields that are perpendicular to “ «
the direction of motion of the particles. x
\ magnetic field out
force: | of plane of peper
Bay MY — ®
. q . r mv /l current
Radius of circle,r = B_q s /
conventional 1 force F—i__ ma
>-_ urreru‘ ‘: _:‘}‘/‘/_/

Id out of plane of peper

‘lr ( @ ) magnetic fiel




Charges Moving In Magnetic & Electric Field

Despite the fact that magnetic fields lead to circular orbits and electric fields
lead to parabolic trajectories, we can use them to accelerate charged particles
In a single direction/straight path as shown in the figure below.

N

B-field directed into the

page

We achieve this by orientating the magnetic and electric fields at right angles to
each other. In the figure above, the magnetic force on the electron is downwards
while the electric force is upwards — they balance each other out.

F=qE & F=Bqv This means that there is one particular

speed - for a given ratio of E and B at
E which the forces acting on the electron

> P = —
B are balanced.



Electric potential & electric potential energy

1. If the potential at some point P in an electric field is Vp, and we place a
charge q at P, the quantity E, = qV; Iis the electric potential energy of the
charge Q.

2. For a point charge Q, the electric potential at a point P, a distance r is

given by Q kQ

V —_ —_— The proof of this equation is by
using calculus (not required)
Ae X I

3. Thus the electric potential energy of a test charge placed at P would
then be

__ Qq

Are ¥

|J:1|r_*.|'ﬁ'.=|| V
= -n-—...—:h-_




4. Consider a sphere of radius R with a charge Q.

v

e

- Q
On the surface of the sphere, the potential is V = 47g,R
| Q
At a distance r from the centre of the sphere, V =
Are, ¥

But at any point inside the sphere the electric potential is constant and has the
same value as the potential at the surface.



5. Charges will distribute themselves uniformly on the outside of a conducting
sphere.

Outside the sphere: the field lines and equipotential surfaces are the same
as If all the charge was concentrated at a point in the centre of the sphere.

Inside the sphere: there is no net contribution from the charges outside the
sphere and the electric field is zero. The potential gradient is thus zero
meaning that every point inside the sphere is at the same potential — the
potential at the sphere’s surface.

The graphs below show how the field and potential vary for a sphere of radius a.

[a] E/V et (b] .

t v point

*\ charge
% Lllle d
LHErg

slope falls

offas




Positive charge

Negative charge

v



Examples

1 Find the electric potential energy between the proton in a hydrogen atom and
an electron orbiting the proton at a radius 0.5x10-1° m. The proton has a charge
1.6x1019 C, equal and opposite to that of the electron.

From the formula
_ Qg
E,=

Are, ¥

1.6x10"x(-1.6x107")
0.5x107*°

= 9x10° x

=-4.6x1018]



Potential Due to Multiple Charges

The potential due to multiple charges at one point can be found by adding up
the individual potentials due to the individual charges at that point.

Do

O\rz £
Q,

P

Potential at P =

(potential due to Q,) + (potential due to Q,) +
Q, (potential due to Q)

Remember: The electric potential at any point outside a charged
sphere is exactly the same as if all the charge had been
concentrated at its centre.



2. The diagram shows four charges placed at the corners of a rectangle. Find
the potential of the point P. (2100 V)

+8”C+6nC
3cm
:
3cm

4cm



3. Find the electric potential a distance of 0.50x101° m from the proton of the
hydrogen atom.

Q
V= drer
1.60x107"°
= 9x10° x
0.50x107*°

= 29V



Relation between electric field strength and
electric potential gradient

potential difference Bringing a positive charge from Ato B
e = ¥l means work needs to be done against

| |
I I
| potential =V, | the electrostatic force. o
| potential = Vg : ::lc':;t on :l,IJ
"} : I'IP . : = point chal ge - '_'_r_il'_a_tl.':
T i 2 i A 1 E;Ii_'.'-_-'" )
',JI_ |__;I|l'_|' "-.l'“-_-l'_h_ __._w..[_I:IE_I_I_I:_] _____ _i____;_
| i f———— e -
: |
: 1 direction of force
<+ distanced = applied by external
agent on test charge
The work done W = —qEx o atAand B

[negative sign arises because the direction of the force needed to
do the work is opposite to the direction of E]

S F = — 1w = — av [Since AV = m] Units: Vm?, N C?
q x Ax q

Electric field strength = - Potential gradient

Note: The area under a electric field versus distance graph gives us the potential
difference.




COMPARISON BETWEEN ELECTRIC 8& GRAVITATIONAL FIELD

Electrostatics

Gravitational

Force can be attractive or repulsive

Coulomb's law — for point charges
_ 4, =k 4,4,
ET 4me rt IS

Force always attractive

Newton's law — for point masses
m]mi

F=4 =

Electric Aeld
charge producing Held

electric field /
F iy d)
E=2-= Te 3 = k=

/

test charge

Gravitational field

mass producing field
gravitational field "\

\\ F Gm,

test mass

Electric potential due to a point charge

q g,
V = e = et
e 4“HEDF r

Gravitational potential due to a point mass, #1,
(et

-4 r

Electric potential gradient
— ﬂ.[ll:
Ar

H =

Gravitational potential gradient
AV,
Ar

g=-

Electric potential energy

E =qv q[‘?: o qul'ql

P '_4HEE_J"_ r

Gravitational potential energy

_ zMm

E =mV = T



Uniform Fields

Field strength is equal to the negative of potential gradient.

A constant field thus means:

« Aconstant potential gradient i.e. a given increase in distance will
equate to a fixed change in potential.

« In 3D this means that the equipotential surfaces will be flat planes

that are equally space apart. In 2D equipotential surfaces will be
equally spaced.

« Field lines (perpendicular to equipotential surfaces) will be equally
spaced parallel line.



Uniform Fields

Constant Gravitational Field

The gravitational field near the surface of a planet is effectively constant.
At the surface of the Earth, the field lines will be perpendicular to the
Earth’s surface. Since g = 9.81 m s, the potential gradient must also be
9.81 J kgt m.

PE using PE = mgh PE from 1st principles
zero at surface zero at infinity

30000 helght = 3 xm —6.2575 x 107 )
20000 J height = ¢ xm £.2584 x 107 J
100004 *he'ghf‘ Lk _6.2593 x 107 J

PE difference, /APE = 10 000 J

0l ———6.2603 x 107 )
surface of Earth



Uniform Fields

Constant Electric Field

« The electric field in between charged parallel plates is effectively
constant in the middle section.

* In the figure below, the potential difference between the plates is V
. : . N 4
and the separation is d. Thus the electric potential gradient is 2 and

the constant field in the centre of the plates, E = _Z

d

Units: V m or J C! (Both can be used)

« Strictly speaking, the electric field between two charged parallel plates
cannot remain uniform throughout the plates and there will be an edge

effect.
R V=70V
[~ — b0V
T 50V
I— R} L
Edge Effect ol agy  zero potential often
\ — _20v takento be negative
- —. 10V _- terminal of hattery
v

Equipotential lines between charged plates



