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(a) show an understanding of the concept of an electric field as an example of a field of
force and define electric field strength at a point as the electric force exerted per unit

positive charge placed at that point.

(b) represent an electric field by means of field lines.

(c) recognise the analogy between certain qualitative and quantitative aspects of
electric field and gravitational field.

(d) recall and use Coulomb’s law in the form F =QQ, /47, for the electric force

between two point charges in free space or air.

(e) recall and use E =Q/47zze(,r2 for the electric field strength of a point charge in free
space or air.

(f) calculate the electric field strength of the uniform field between charged parallel
plates in terms of potential difference and plate separation.

(g) calculate the forces on charges in uniform electric fields.

(h) describe the effect of a uniform electric field on the motion of charged particles.

(i) define electric potential at a point as the work done per unit positive charge in
bringing a small test charge from infinity to that point.

(i) state that the field strength of the electric field at a point is numerically equal to the

potential gradient at that point. _
(k) use the equation V =Q/4ze¢,r for the electric potential in the field of a point charge in

free space or air.

Links Between There are four fundamental forces in physics: the gravitational, electromagnetic, strong

Sections and
Topics

and weak interactions. While the strong and weak interactions explain phenomena at the
sub-atomic level, a large number of daily human experiences can be explained by

gravitational and electromagnetic interactions.

Electromagnetic interactions involve particles that have a property called electric charge,
an attribute that appears to be just as fundamental as mass, or even more so — charge
seems to be precisely quantised, while it is not clear if mass is quantised. An object with
mass experiences a force in a gravitational field, and electrically-charged objects
experience forces in electric and magnetic fields. Like mass-energy, charge obeys a
conservation law as well. There are important analogies and distinctions between

concepts in the gravitational field and in the electrical field topics. :
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A charge produces an electric field in the space around it, and a second charge placed
in this field experiences a force due to this field. The electric force between two isolated
point charges is governed by Coulomb's law, which is mathematically similar to Newton's
law of gravitation for isolated point masses. We can use the concepts of work done and
energy in the context of electrical interactions as well, and these ideas provide another
route to solving problems that can in certain cases bring out the simplicity of the
situation. Terms like electric potential and electric potential energy are defined similarly
as with gravitational potential and gravitational potential energy.

Practical use of electricity often occurs in circuits rather than in free space. Circuits
provide a means of conveying energy and information from one place to another. Within
a circuit, the complicated effects of forces and electric fields at the microscopic level
result in a macroscopic description where consideration of energy and electric potentials
mostly suffices. The collective movement of charges results in electrical current, driven
by potential differences (also known as voltages). Both current and potential difference
can be experimentally measured. Applying the principles of charge and energy
conservation provide powerful tools to analyse a variety of electrical circuits.

The mystery of magnetism was first discovered in magnetic stones by the ancients.
Today, we understand magnetism as an effect inseparable from electricity, summarised
by Maxwell's laws of electromagnetism. Unlike electric forces, which act on electric
charges whether moving or stationary, magnetic forces act only on moving charges.
Moving charges produce a magnetic field, and another moving charge or current placed
in this magnetic field experiences a force. This apparent asymmetry in electromagnetic
phenomena contributed to the development of the theory of relativity.

Applications Technologies harnessing electrical and magnetic properties pervade modern society.
and Relevance Converting energy into electrical energy traditionally involves the induced electromotive
to Daily Life force and current produced by a changing magnetic flux or a time-varying magnetic field.
Transmitting electrical energy over long distances is made feasible by the use of
alternating current and voltage transformers. Semiconductor devices in computers and
smartphones are the product of our deep understanding of the physics of electricity and
magnetism in solid state materials. Innovations are also pushing on the quantum frontier.

Even more fundamentally, elastic forces in springs and contact forces between surfaces
arise from electrical forces at the atomic level. In biology, electricity is also important in
signalling and control. The heart rhythms are maintained by waves of electrical
excitation, from nerve impulses that spread through special tissue in the heart muscles.

Links to Core Systems and Models and Representations Conservation
Ideas Interactions Laws
e Frasthe  Microscopic model of the flow of charges | e Conservatiqn
interaction e Ohm's law (for ohmic conductors) of charges in

circuits
e Conservation

between a charge

and an external £- | * Faraday's law

field « Common representations: diagrams of of energy in
electric circuits, field lines and circuits
* Fgas - equipotential lines, magnetic flux density o Lenz's law as
ggfvl\-/aegfg moving pattems; ¢ cgrr':;ervation
charge and an » Simplifying assumptions: e.g. point of energy
external B-field charges, negligible internal resistance,

infinitely extended planes
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Coulomb’s Coulomb's law states that the force between two point charges is proportional to the
Law product of the charges and Inversely proportional to the square of the distance

between them.

Definition
, , , Qq
Mathematically, it is written as Fiot X
Or, L _1_'9"-‘?- '
Are, 1

where Q and q are the charges (in coulomb, C), r the distance between them and & the
permittivity of free space, which has a value of 8.85 x 1072 Fm™".

Wke ”‘"""}U Fepdd, i ”jh of Fur rnlf“'rt valibe '}”3” aftraect e Hln of Fus T’}'J""-
Note:

e Both Coulombs’ law and Newton's law of gravitation are sometimes referred to as
inverse-square laws.

e The major difference between gravitational force and electric (or electrostatic)
force is that the former is always an attractive force while the latter can be
attractive or repulsive. This is because there are two types of charges — positive
and negative. Like charges repel, while unlike charges attract.

00

Example 1 Two charges Q (+2.0 uC) and g (+1.0 uC) are separated by a distance of 3.0 m.
Q. _ o7
) 3.0m g

(a) Determine the magnitude and direction of the force acting on g by Q.
(b) If q is negatively charged instead, but with the same magnitude, determine the

. magnitude and direction of the force on g by Q.
Solution (a) Magnitude of force,
F= 1.Q _ ' (41 x10"4) (Hoxiomh
T Ame, 1 T (e s Loxiy
£ (s -
Since both charges are positive, the force acting on g due to Q is directed away from Q
or to the right.

(b) Magnitude of force,
F=: 20xo7?

Since both charges are oppositely rcharged, the force acting on q due to Q is directed
towards Q or to the left.

£
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Example 2

Solution

12:2 [HEEREEEE

Electric Field

Three charges Q; = +2.0 uC, Q, = +1.0 uC and Q; = +3.0 uC are arranged as shown.

. 92‘, A
Ld [}

1.0m

20m
Determine the magnitude and direction of the resultant force acting on Q.

Let F, and F; be the force acting on Q,; due to @, and Q;
respectively. Qs F1

: (29) 1

1 Q1Q3 - —
dme, ry? 4T(rawey) O

F
(24 %10°°) (4 mog%

(‘J_.u)‘
: 13 %107

al i
100, _ 1 Lokt t) (3 oxip™t)

&= 4rs, rzaz A2 Lo
) 3\ -1) 2
HE |F\”F{" c s xe2) 2 1 (R exin Y

. 003

F1=

*we.

92306 x10°3

Fo.030 N (2¢.8)

The magnitude of the resultant force, |

and it is acting at an angle ¢ below the horizontal given by

ER)
3.3

. ,
‘11\6 : t\

¢y Q)

0=

When one charge is first introduced, it creates a field of influence around ?tsglf that
permeates the entire universe. Any other charge that is introduced thereafter will interact

with this field, and hence experience a force.

An electric field is a region of space in which a charge placed in that region
experiences an electric force

Page |40f25



RAFFLES INSTITUTION
PHYSICS DEPARTMENT

Electric Field The electric field strength at a point is defined as the electric force exerted per unit

Strength positive charge placed at that point.
Mathematically, it is written as
a ‘11 F deeids Lirch ., L. uthi - "H 7
- =l vl E=— dire )y, ) b L1 ri
T * Y Er . q 3

where E is the electric field strength and F is the force acting on the charge q.

Y |\ f.‘u( J{ ‘}1‘( (9
V& >r 7
r‘*

lov o
Note: i P
Electric field strength is a vector quantity. AN
Its direction is that of the force acting on a positive charge. & ©

It points from a region of 'higher electric potential to a region of lower electric
potential'(see later section 13.4).

Its unitisNC'orvVm™.

Some A-Level questions refer to it as just “electric field".

R

Example 3 A charge of -2.0 uC experiences a force of 8.0 N when placed at a point in an electric
field. Determine the electric field strength at the point.

L dotimt rrableg P uniform o (o4

Soluti '
SERt The magnitude of the electric field strength is E = g = 5‘5%;%"5-'5 =4.0x10°NC”

The direction of the electric field strength is opposite to that of the force acting on the
negative charge.

e halsd o‘rro;“‘a_ 1. fot u
ot — re gadvic

Electric Field A positive point charge q is placed a distance r from another positive point charge Q.

Strength due
toaPOEnt Q "'""'""‘""""""“"""'r ---------------- L
Charge ®-
: ; y " . 1 Qxgq
The charge g will experience a force F given by Coulomb’s law: F = 2 2
Ey

From the definition of electric field strength E =§, the electric field strength E due to

charge Q at a distance r from it is

4rey 1

A

Note that an electric field exists around any charged object and its field strength does not
require the presence of another charge such as g, which can be viewed as a test charge.
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Example 4

Solution

Two charges Q; = +2.0 pC and Q; = +1.0 uC are placed at the corners of a triangle with
dimensions as shown.

Ql‘. A
Fid 1

L)
L)
'
)
" !
. ¢ 11.0m
)
L]
(]
[}
1
[}

20m

(a) Determine the electric field strength at the third corner X.
(b) If a charge Q, of +3.0 uC is placed at corner X, determine the force it experiences.

(a) Q0

-,

]
[]
(]
]
[}
4 []
[}
[}
[}
]

Let £, and E, be the electric field strength at corner X due to Q; and Q,, respectively.

&
1 .Q _( (1-0)%Ib
= = - —— 496 xes -1
S 47¢, rl2 YW(B.55x10°L) (q_,)a Y Ne
! CLoghto
i @ e S8 .
£2= =7 = (rerxnyy (Lo)r £990X10 3 N

2
4y 1,

S i
Juitvrite g yme. .

The magnitude of the resultant field strength at corner Xis
E={E12+ E22= Ji('f-‘!‘ﬂlb‘)'\'"r (f.“'”‘h‘)‘l © loo o8 not

The direction of the resultant field strength is at an angle &below the horizontal where

— -1 Eg_ e LL“-}_) . cs'
g =tan [51 = ( vare )

(b) fE'éﬁ6§= (3.0 x 107)(10053) = 0.030 N (2 s.f.)

Since charge Q, is a positive charge, the force acting on it is in the direction of the
electric field strength at the point.

Notice that the answer to (b) is identical to that of Example 2. This is not surprising as
the 2 scenarios are identical. Only the methods used to solve them were different.
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Electric Field  The concept of a field is useful in understanding gravitational, electric and magnetic
Lines forces. The field lines we draw around masses, charges and magnets are used to
denote the direction of the force that will be experienced by a body (that interacts with
the field) placed within the region. It must be emphasised that the electric field is a three-
dimensional pattern, but on paper it is represented by a two-dimensional slice of the

pattern. Below is a qualitative description of electric field.

1) The!direction of an electric field lind indicates the direction of the electric force
actmg on a small positive test charger placed at that point. The direction of the
electric field strength at any point is obtained by drawing a tangent 'to the electric field
line at that point.

Bx—-ht_._h_h__‘. whare d elockne Puqe

’-'-‘—.—-h —— -
A»\\ Porth  YRsdLporti)

\ = |
/f—l—;"““\ L\

o O

2) The density) of the field lines (represented by the spacing between the field lines)
of a region indicates the relative magnitude of the field strength The closer the
fspacing of the fi eld lines, the stronger the field at that regior, and vice versa. Also,
the field lines do not cross one another.

Since the density of field lines at A is higher than at B, the electric field strength at A
has a larger magnitude than that at B.

3) Electric field lines originate from positive charges and terminate on negative

charges (these lines will reach infinity in the absence of another charge).

\

e licus bover orod
magpire inisike
: }“"J f“l}\lr} 5"-17-}&5
.(a) {b) h’?ﬂ“’”
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Electric Field B
Lines due to 2 g
Point Charges
) —
\\‘Q
(a) Positive charges of the same (b) Positive charges of different
magnitude ) Mty i.ma\l magnitudes
gap W
jart R
of Wit — .
(c) Opposite charges of the same (d) Oppos_.lte charges of different
magnitude magnitudes
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Electric Field
Lines in the
Presence of a
Conductor
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brangfes Yo pass 10
Any charges added to an isolated solid or hollow conductor will redistribute
themselves uniformly onto the surface of the conductor until no charge is present within
the conductor.  The prejenc of an elecheie fiald tawrer o fe alaedpors 0 te ik

te :r\;u wahl equilbnum i) achieved hn voder et dleel o
Thte?"tefgft‘e?‘ vk cantele i oxterral eleed oo Reld,
(a) there is no electric field within a solid or hollow conductor;
(b) electric field lines must start and end at the surface of the conductor;

(c) electric field lines are perpendicular to the surface of the conductor - otherwise,
there will be a component tangential to the surface of the conductor which will cause
the charges to move and redistribute until the net force on them is zero.

field 1r ged up uithap th

| Conductor

( | \ H \ ; "_illil.-i"i vt B P ) .J-;L.L J:I
1qM v J_ - ,
| (_?_’,'_‘_‘"\_-‘;}_[ \ +K'+ + + + m

L | - .
—~— k e oy At N0 g pom eteckae fotd, theerath
Electric field lines atdthe surfaces of an isolated conductor placed within an
electric field

A

s R NI
L 5 Sewliiagad 2 R

TR R I e N R e e e e e e e T s
P ol i By Vet o B N Tt e gl g O et e 4-,!

Electric field lines between a point charge and plane conductor

'fﬁ\m_cku; ’
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Graph of It can be shown that for a charged solid or hollow conducting sphere, the electric field

Electric Field outside the sphere behaves as though all its charges are concentrated at its centre.

Strength vs Therefore, we can use the equation for point charges to determine the electric field

Distance fora  strength outside the sphere.

Charged

gosducting Consider a point charge +Q and a sphere with charge +Q. The graphs of electric field
e strength E vs distance r are as shown below.

Inside the conducting sphere, the electric field is zero because all the charges are
uniformly distributed on the surface of the sphere. |}« pottebial uivbap Be rphere Ve 1ag.
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Electric Potential Energy;

Y Electric Potentialand|
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Relationship
between
Electric
Potential &
Potential
Energy

The electric potential at a point Is defined as ‘the work doné per unit positive fuin
charge 'by an external force in bringing aismall test charge from infinity to that u'

poin

e i (ll[‘ﬂt ."‘1‘1' fr" A
Like gravitation, there is no electrical influence at infinity, ahd the potential and potential
energy there is zero.

If Wis the work done by an external force in moving a small positive test charge q from
infinity to a point in the electric field, then the potential V at that point is given by

] e 0
i &

- 4 )
‘.:\'i VH‘E- t".”'f):‘.‘tf“'; frea “4

.

The unit for electric potential is the volt (V), or J C™'. Note that potential is a scalar
quantity, However, unlike gravitation, the electric potential can take both positive and
negative values because the work done by the external force can be both negative and
positive due to attractive and repulsive electric forces, respectively.

We can imagine the external force moving the test charge from rest at infinity and
stopping it at the intended position. The work done by the external force is entirely
converted to the change in potential energy of the system (in the absence of dissipative
forces). Hence, the electric potential energy U of a charge placed at a point of electric
potential V in an electric field is given by

v can bt Safired

=
/ ey
of bag

U=w=qv

Charge q, potential V and potential energy U can be positive or negative.
The signs must be of all quantities used in the equations must be correct.

The electron-

In many situations, the energy gained by a charged particle is small and hence it is

volt (eV) convenient to introduce a new unit of energy called the electron-volt (eV).
The electron-volt is the energy gained by an electron when it is accelerated through a
p.d. of one volt. 1eV =1.60x107" J.
Electric r -
Potential due < > Fext F =
to a Point e HKmmmmm - SR s R
Charge +Q Vv +q U=0
V=0

The electric potential V at a point a distance r from a point charge Q can be derived from
the definition of electric potential.
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Not in syllabus, for interest only: From the definition,

(L T o U P
¥ 9 q° q e\ Ane,r q| dne,r |, Ane,r

1Q

Hence, for a point charge, V=
4ney r

-

Since electric potential energy is U = gV, the electric potential energy of a system of
two point charges is >

u-2 Chorgy: potential ¥ g
Ane,r

~

Unlike gravitation, there is no negative signs in the expression for both V and U, using

the correct signs for Q and q take care of the signs for both V and U. .
Example 5 Two charges Q, = +2.0 pC and Q, = -2.0 uC are placed at the corners of a triangle with
dimensions as shown.
,,-'—"" i 1.0m
Q .- X
R e e .
b 20m

(a) Determine the electric potential at the third corner X. i i e

(b) If a charge Q; of +1.0 uC is placed at corner X, determine the ﬁectric potential
( energy of this new configuration. A
v

I'lfwr-k done by an exiorrd to \Khun. a_ third @W Xt i *N}W

Solution (a) As electric potential is a scalar quantity, to find theypotential at corner X, we add the
potentials at that point due to the two charges algebraically.

L S

Gy, = ——

Vv, (due to Q1) = .o

: (-'l_.ww'v I C AR T AV
Vo (dueto Q)= e, ~ s

Therefore, the net electric potential V at the third corner is Vv, - rqq7- 1 3%%

by T R K

(+1.a*\°'c) (-'L.ouo-‘)

b) The electric potential energy U of the new system is ' Ty
! | : (J‘%-! )
AU - LA\J-. Q,ox\b"’)( —11‘\')_-07 . 8
-0 %10 ¥
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We often encounter situations where charged bodies are moved from one point to
another within an electric field, and we want to determine the energy required to move
them. Consider a charge g at point A being moved to a new point B in an arbitrary
electric field through an arbitrary path,

The change in potential AV (or the potential difference) between two points is given by

AV = Vil = Vinitar |5 Ve = Va)

The positive or negative sign of the potential must be substituted into Vi
and Viiar.

The work done W by an external force (or the change in potential energy of the system)
in moving the charge g is

W=qAV | or | AU=qAV P ahh - 'b“di‘;{‘ rdent

The positive or negative sign of the charge and potential difference must be
substituted into q and AV.
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Example 6

Solution

Because the
particle moves from
one point to
another,

we will first
calculate the
change in
potential, -
then the change
in potential
energy

and finally use
the principle of
conservation of
energy to
determine its
speed.

\'(tj Ao dealic

Prsd rauge ro
Lredien

1 Q

V, =

5

0.10m

e, I, N

P
°

1
1
[}
B!
Ll |

Y7¢€, . (. 0

(toxth ™)

1.0m

e in YO due %o losr of PE

Electric potential at the initial position of P due to S:

F.qq1gx \ofV

Electric potential at the final position of P due to S:

(Loxp™
BRI R .. B
d 4?1‘6'0'-! 'ﬂ\in :
AU =°L(V; -Vi)
R (
ol exre) (rage s - )
UKD F :

By the principle of conservation of energy,

W™ 1 '
INTTINTRETP & S docresgt \n TE
w0 0 Liag e
v lime?
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A fixed, positively charged sphere S of radius 0.10 m carries a charge of 1.0 x 10 C. A
particle P of mass 2.0 x 10~° kg and charge -1.5 x 107'° C is released from rest at a
distance of 1.0 m from the centre of the charged body. Calculate the velocity of the
particle when it strikes the surface of the sphere. Neglect any gravitational effect. '

This means that the electric potential energy of the system decreases as P moves
towards S, which leads to an increase in the kinetic energy of P.
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Analogous to
Contour Lines
in Maps

Equipotential lines are like contour lines on a map which trace lines of equal altitude. In
this case, the "altitude" is the electric potential.

An equipotential line joins points with the same potential. Equipotential lines are
perpendicular to electric field lines. (In 3D space, equipotential lines form
equipotential surfaces.)

Y Movement along an equipotential line or surface requires no workK because there is

no component of electric force along such path (which is always perpendicular to the
electric field lines). It can also be explained by a lack of change in electric potential.

Dashed lines are usually used to represent equipotential lines, while solid lines are
electric field lines.

Uniform
Electric Field

For equally charged parallel conducting plates, like those in a capacitor, the electric field
lines are perpendicular to the plates and the equipotential lines are parallel to the plates.

= : y ' ' - te—I[F]

o o A Her 4 I S S S S SO
( [—— |t

v, ' : : : : : L5

M‘HL&- "M‘T \— : " \ ] [ [l .»!:
tha | I S T
gk ‘\“\.‘ sL e
over potecdid |5 1 1 0 8 b L (R
i S Ry e ws s ey

B i i

’.- = g ) 1 L ia +

10V 20V 30V 40V 50V 60V

Point Charge

In 2D, the equipotential lines around a point charge are circles centred on the charge. In
3D, spherical equipotential surfaces are centred on the charge. The dashed lines
represent voltage at equal increments ~ the equipotential lines get further apart with
increasing distance from the charge.

. .
cccc
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-
e
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-
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Since the electric field strength E = g , the expression becomes

V=[(-E) or.

This implies that electric field strength £ can be obtained from the derivative of electric
potential V with respect to r. Mathematically, this is expressed as

[ o]

Therefore:

N The electric field strength atia point is numerically equal to the potential gradient
Definition .
at that point. :

The negative sign indicates that the electric field points in the direction of decreasing
potential. (The gradient of a V-r graph gives the magnitude of the electric field strength.)

Between F & U Similarly, from the definition of potential energy,
dav

U= L:Fex,dr = J:(——F) dr, or QE= ==

we have
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(kX & Comparisonibetween Electric FieldiandiGravitationaliFie)

F F,
E=-£t =G,
q g m

U

q m

From the table, it is evident that there are similarities between the expressions for
electric and gravitational fields.

-‘«

fornk c}m:ﬁs
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Within a region of uniform electric field
(a) the electric field strength at any point has the same magnitude and direction,
(b) the electric field lines are parallel and equally spaced

Two equally but oppositely charged parallel plates of infinite dimensions can produce a
uniform electric field between them However in the laboratory, the plates used have
finite dimensions and the field at the ends of the plates will not be uniform due 1o fringing
effects. In the subsequent discussion, we will only consider the region near the centre of
the two plates where the field is uniform

—-—-_--—-__-__-_‘_‘5

+ Y - .

+ > > -
+ - .
CoVv + LoV

4
k4

B
+ -
‘-—&.-__ — {:r;Q’af

.\, * < n)"}c

- Fe f":.';_)

t'q,r_,I tha 'j' J

\! I'l" St

Since the electric field between the parallel plates is uniform, the potential gradient at
any point within the plates is given by
dvV AV

—=—=-F =constant
dx Ax

where x is the perpendicular distance from the plate with the higher potential.

Therefore, if we know the potential difference AV between the two plates and the

separation d of the plates, the magnitude of the electric field strength E between the
parallel plates is
E- ]ﬂ
d
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Solution
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PHYSICH DIFPARTMENT

A particle of mass 20 » 107" kg and charge +2e remains stalionary within two paratiol
plates maintained at a potential difference V and separaled by a distance of 5 0 mm By
considering the forces acting on the particle determine V (e = 160 » 10 '* )

negative

4 plate
5.0 mm
A positive

plate

For the particle 1o remain stationary, the upward electnic force Fg balances the downward
weight F4,

Fe = Fﬁ
) 1% g 3

qE = mg v.mgd _(20x107)(9 81}(.)?; 10°) 107
Vv q 2x1.60x10 "

95 =mg

Example 8

.Solution

Two horizontal plates of length 5.0 cm are placed 2.5 cm apart in a vacuum. The upper
plate is maintained at a potential of +60 V relative to the lower plate. An electron is
injected through a hole in the upper plate with a speed of 2.9 x 10° m s™' towards the
lower plate. Determine the distance s from the upper plate where the electron is
momentarily at rest.

2.5cm

D EER S

Since the plates are parallel, the electric field between them is uniform and the electron
will experience a constant electric force F¢ in the direction opposite to its motion.

o =(1.60x10'“')[ 20

) WJ = 3.84)(10-16 N
DX

F-=qE=q

As the electron moves away from the upper plate, its kinetic energy decreases until it is
momentarily at rest.
By the principle of conservation of energy,

loss in KE = gain in EPE

= work done against electric field

0= F.xs
mu®  (9.11x107")(2.9x10°)?
2F, 2(3.84x107')

Note: As the electron is very light, its weight is negligible compared to the electric force it
experiences. Hence, weight is usually ignored in such calculations.

=1.0x107% m

S=

\, ‘)r‘lhiahu*“ "’.'rgft
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Example 9

Solution

v R v

v (,r:i0

(a)

(b)

An electron is projected horizontally between the plates in Example 8 with an initial
speed of 7.5 x 10° m s™'. Neglecting any gravitational and edge effects, (le'.\?(

(a) describe and explain the path taken by the electron while moving between the
plates,
(b) determine the angle the electron makes with the horizontal upon leaving the plates.

(rest mass of electron m, = 9.11 x 107" kg, elementary charge e = 1.60 x 107" C)

T TP O A DL A e
s S

T4 AL ek v L

2.5cm
7.56x10°ms ™"

A

’

T T T P N Ty e B P LT T O V
S R A e S T S e R R e S ]

€ mmmmmm——memacmmm————————— e e e >
parabolic path straight path .

Since the plates are parallel, the electric field between them is uniform! The electron will
experience a constantacceleration (due to the constant electric force) towards the upper

‘positive plate; while its”horizontal velocity remains constant. Hence, the electron will

move in a parabolic path towards the upper positive plate.

Beyond the parallel plates, the electron moves along a straight path.

Horizontally:
£= _S_'K___ ) S.nxl"‘! [ L(L:’ X\b-\f - (D
Uy 3 ix|yt
Vertioally: ( cw) Ces x o7 (0)
Ko w ULERe © T
Wy "ri L) ¢R) Hb.m)( "H\\tlﬂ'h)

lt- 6b le"\ h-\_g"l — @

sul, ® &Q kv VT‘: l&1 ! (\Ht
viin® 2 0 | (\,U\le'l'\) ((,0) |

— ) (6 4643 XIv™Y)

((l_g \,(lt)"l.) IR
1 oeto X A0Y g
lwp ¢ YeR aley x o
Vo] @ Q_SAIUL
Hence: g ¢ Lo.fy ¢+ U\°

It can be seen from this example that the effect of electric field on a charged particle is
similar to that of gravitational field on a mass.
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Quantity Expression Unit Remarks
Eoo_ du, _
Force = dr N ¢ Attractive or repulsive.
(Vector) F-_1 9 « Property of a system of charges.
4rg, r?
E = _av « Points away from positive charge, or into negative
dr V! charge.
Field Strength e_F or « Property of any charge.
(Vector) q NC-' | * The electric field strength at a point is defined as the
i 1 Q electric force exerted per unit positive charge placed
4re, r? at that point.
.Potential Energy U. = 1 Qq J » Positive or negative, depends on product Qq.
(Scalar) ¢ dmg, r » Property of a system of charges.
: U,  Positive or negative, depends on charge Q.
Potential e ? ¢ Property of any charge.
(Scalar) 7 1 Q v e The electric potential at a point is defined as the work

S done per unit positive charge by an external force in
bringing a small test charge from infinity to that point.

‘:) E)'\l)\l’ fmr\l d\lrgtl v.‘.{.ﬁ

Vectors Scalars

. I du 1

B e e
/ dr \ _
Properties of at .-—-P/ F|= 1_Qq A \L} 1 Qgq

least 2 charges - 4me, T

Properties of @
any charge

Q K \ 4 A Q
dre, r? \ g__av / S 4me, 1

dar

1l
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‘(A) Milikan’s Oil- atomizer
Drop Experiment ) \

e

mist of oil droplets
i qE

late P
/——pae F,

microscope light source u u
Vi * V2 *
Fy
©® C.L. Wong
(a) oil drops plate Q (b) mg  (c) mg

Fig. (a) shows a simplified scheme of the Millikan's oil-drop experiment, first used by Robert
Millikan and Harvey Fletcher to determine the electric charge of the electron in 1909. B
measuring the terminal speeds of the oil droplet between the plates, its electric charge can b
measured. Robert Millikan was awarded the Nobel Prize in physics in 1923.

Fig. (b): Without an electric field, the oil droplet falls with terminal speed v;.

An atomizer is used to produce tiny oil droplets which fall through a hole in the upper plate P.
Frictional effects in the atomizer caused the oil droplets to be charged; some positively and
others negatively. The droplets are illuminated by a light source and observed using a
microscope.

First, we can determine the radius r and hence the weight W of an observed oil droplet by
allowing it to fall with terminal speed. The drag force Fy4 acting on the oil droplet is given by
Stokes’ law: F,=6xnrv, Wherev is the terminal speed and 7 is the viscosity of air.

When the oil droplet is falling with terminal speed v;, -g-:rr:’ Pad =% are Par + 6771V,
ar= e L o
2g (poil - Pau)

Fig. (c): With an electric field, the oil droplet rises with terminal speed v..

A uniform electric field is set up between plates P and Q by adjusting the potential difference V
between the plates using a potentiometer circuit (not shown). The electric field strength E

y 4 ; :
between the plates is E= a— \ where d is the plate separation.
The potential difference V causes the oil droplet to rise with a terminal speed v;, such that

%”rspoﬂg + 67mN2 = %”rgpairg * QE
The electric charge g on the oil droplet can then be found by measuring v,.

By repeating the procedure for different oil droplets carrying different charges, Robert Millikan
was able to prove that
e the fundamental unit of electric charge e is 1.60x107" C;

« any charge q is always an integer multiple of ¢, i.e., electric charge is quantized,
« an electron is negatively charged.
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(B) Linear

Accelerator

(LINAC)

(C) Cathode Ray
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The most common method of accelerating a charged particle from rest is to use a
uniform electric field.

@ |

Q
T |
ov -V ov +V
When a particle of charge Q and mass m is accelerated from rest through a potential
difference V and distance d, its acceleration is a= i3 = o= = QY
m m md
The Kinetic energy it gained is AE, =QV,

and its final velocity is

lm(v,2 -v,z):QV = W =J39£- ,if vi=0.
2 m

Oscilloscope ® Accelerates
e . electons to
CRO @ Positive with 5 :
( ) respect to cathode Migiocity
to focus electrons
into a beam
® Heat is generatedin
the filament when Deflects beam vertically and
current flows through it. horizontally respectively /\l
Itthen heats the - A N
cathode. x-plates - |
focusing accelerating y-plates = |
filament anode anode
/ \ ;/«’ vacuum |
‘ |
= il ~ ] I
9 [ —— et |
@ Electrons emitted e basi |
from the hot cathode ==~
/
form a cloud of [cathode grid \ ﬂuorescent-—:
electrons / Em [ Deflection assembly] screer.l I
]
I layer of 1Y \J
@ Sli i conducting
Slightly negative graphite

compared to cathode,
Controls brightness of
screen by controlling
number of electrons
passing through

The main features of a cathode ray sscilloscope
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Deflection by
parallel plates
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Consider a beam of electrons travelling between two horizontal parallel plates as shown
below. The electrons experience a constant upward acceleration between the plates, causing
them to move in a parabolic path with the component of the velocity perpendicular to the
electric field being constant. On exiting the region between the plates, the electrons travel in a
straight line.

-—— X >

D

Vi i

i straight line

y
parabola
. =0 4. O U S RO 1+
v A o P J Cc
. ov | i
f—_ ] — .
Deflection of an electron beam through parallel plates

Within the parallel plates, an electron will experience an upward electrostatic force. This is the
net force acting on the electron (as the weight of the electron is negligible compared to the
electrostatic force acting on it).

F.=eE=ma .'.a=f§—
m

: . " ; 1 :
Horizontally, there is no acceleration, hence u, =v, =v.Using s, =u,t +-é—a_{t2 the time taken

for the electrons to traverse the length of the plates is

I=vt+0 = t=i
v

Considering its vertical motion, its vertical velocity v, after emerging from the electric field is

eE \(1 eEl
v.=u +at=0+|—1||—|=
¥ E m, \v) my

[ ]
The electron traverses a parabolic path AB. When it emerges from the electric field, it no,
longer experiences an electrostatic force and hence travels in a straight line at an angle @ tc..

the horizontal given by

eEl
( m.V) _ ekl

v myv?

<

tang=-—L=
vl

By using s, = Ut +%ayt". the vertical displacement of the electron is
2 2
BP ol (f_) il

2\ m, J\v 2m,v

2 2
Since tan0=E= BE and BP = oE! - = L : EEl
oP v 2myv 2myv
The deflected electron will eventually strike the screen at point D. AOBP and AODC are

similar triangles, hence
V
El) Xe ! xel
Z=£=tan0 = YP=X s 12 = (/Z) = — [V
x OP m\v myv myv'd
Hence, deflection y of the electrons is proportional to the p.d. V between the parallel plates.
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