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Concept of a magnetic field

Magnetic fields due to currents

Force on a current-carrying conductor

Force between current-carrying conductors
Force on a moving charge [Notin H1 syllabus]

Learning Outcomes

Candidates should be able to:

(a)

(b)

(©

(d)

(e)

g @)
(h)

(i)

show an understanding that a magnetic field is an example of a field
of force produced either by current-carrying conductors or by
permanent magnets.

sketch flux patterns due to currents in a long straight wire, a fiat
circular coil and a long solenoid.

I

use B =-‘Li-—, B= ‘UDNI and B = unl for the flux densities of the
2nd 2r

fields due to currents in a long stralght wire, a flat circular coil and a

long solenoid respectively.

show an understanding that the magnetic field due to a solenoid may
be influenced by the presence of ferrous core.

show an understanding that a current-carrying conductor placed in a
magnetic field might experience a force.

recall and solve problems using the equation F = BIL sin &, with
directions as interpreted by Fleming’s left-hand rule.

define magnetic flux density and the tesla.

show an understanding of how the force on a current-carrying
conductor can be used to measure the flux density of a magnetic field

using a current balance.

explain the forces between current-carrying conductors and predict
the direction of the forces.

predict the direction of the force on a charge moving in a magnetic
field. [Notin H1 syllabus]

recall and solve problems using F = BQv sin &, {Notin H1 syllabus]

describe and analyse deflections of beams of charged particles by
uniform electric and uniform magnetic fields. [Not in H1 syllabus]

explain how electric and magnetic fields can be used in velocity
selection for charged particles. [Not'in’ H1 syllabus]



16.1

RAFFLES INSTITUTION 2017
Y5-6 PHYSICS DEPARTMENT

t'of a‘magnetic field

Properties of
magnets

Natural magnets have been discovered from ancient archaeological
sites more than two thousand years old. The term ‘magnet’ comes from
the name of one of the locations these stones were found.

The magnetic properties of a magnet originate at certain regions in the
magnet called poles.

Experiments have shown that
() Magnetic poles are of 2 kinds : North (N) or South (S)
(i) Like poles repel each other, unlike poles attract.
(iii) Poles occur in equal and opposite pairs (dipoles).

(iv) When no other magnet is near, a freely suspended magnet will
align so that the line joining its poles is approximately parallel to
the Earth's North-South axis.

(v) The pole that points towards the north is called the north pole of
the magnet and the other the south pole.

Concept of a
magnetic field

Forces between magnets can be explained using the concept of a
magnetic field.
o A magnet sets up a magnetic field in its vicinity.
o The force exerted by one magnet on another magnet is due to
the interaction between one magnet and the magnetic field of
the other.

A magnetic field is a region of space where a magnetic pole
experiences a force.

Crel paqidic nod

Shu«%/{'k)

Quantitatively, the strength of a magnetic field is expressed by a
quantity called the Imagnetic flux density] Its unit is the tesla (T).
(The magnetic flux density and its unit will be defined later.) Magnetic
flux density is alvector \
G R yed

It is important to note that magnetic fields are produced and
experienced by moving charges, as opposed to electric fields, which
are produced by static charges.
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Representation A magnetic field can be represented by field lines drawn such that:

of a magnetic
field « theltangent'to a field line at a point gives the direction! of 8 at that point,

and

« thelnumber of lines per unit cross-sectional area is}proportional to the
Imagnitude of B.! If the field is uniform, the field lines are evenly spaced.

« the arrows point away from thelN-pole of a magnet toward the S=polel
This is because the direction of the field is given by the direction of the
force that acts on the north magnetic pole of a magnet.

Direction
of BatP

» Parallel field
, lines= Bis

. constant,i.e. a
1‘ uniform field
Field lines close B small

together = B large

(a) non-uniform field (b) uniform field
Fig. 1

)

For a two-dimensional view, magnetic fields can be represented by dots
and crosses, depending on whether it is perpendicularly pointing out or into
the plane of the paper respectively.

B out of page B into page
e @ o o o o ©o X X X X X X X
® © & e o © ©o X X X X X X X
® ¢ 6 © © @& o X X X X X X X
® @ © o ¢ o ¢ X X X X X X X
® © o © o © o X X X X X X X
e € © ¢ o ¢ o X X X X X X X
Fig. 2
Examples of field
patterns
N
S
(b) U-shaped
magnet
(a) Bar magnet Fig. 3
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Earth’s magnetic
field

B\ d ey
N
By Beardh

The Earth's magnetic field is a weak magnetic field believed to be
caused by electric currents circulating within the core of the Earth.

The magnitude and direction of this field varies with position over the
Earth's surface and changes gradually with time.

It is known that the axis of the Earth's magnetic field is approximately
tited 11 ° with respect to its rotational axis. Hence, the geographical
North does not coincide exactly with the magnetic North.

The field pattern is similar to that of a bar magnet embedded deep
inside the centre of the Earth.

o The north of a compass needle points towards the Earth’s magnetic
North pole (because the north end of a compass needle is attracted
to the south of a bar magnet).

geographical

/

magnetic N

31’0\1}\@' Fig. 4

From the field pattern, it can be seen that, near the equator, the Earth’s
magnetic field, Beaqn, is almost horizontal.

At all other positions, the Bean, is inclined at various angles (called the
angle of inclination, «) from the horizontal.

It is convenient to resolve Beaq, into horizontal and vertical components.
1B = Bgarn cos’all
1Bv. = Bgamn Sin ]

Instruments such as compass needles whose motion is confined in a
horizontal plane are affected only by By.




(a) Earth’s local field in a

16.2

The birth of
electromagnetism
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Locally, the Earth's magnetic field' can be considered as a uniform field: the
lines are parallel, equally spaced and point due north.

Fig. 5 (a) shows the Earth's local field in a horizontal plane and Fig. 5 (b)
shows the combined field due to the Earth and a bar magnet with its N pole
pointing N. The crosses indicate neutral points where the resultant field is

Zero.

(b) Effect of Earth’s field on that of
a bar magnet.
X = neutral point

horizontal plane

Fig. 5

‘Magneticfields'due tolcurrents i E i R e e

In 1819, Hans Christian Oersted discovered the magnetic effect of an
electric current. His findings saw the birth of electromagnetism.

o It was found that when a
compass was aligned on one 4
side of a current-carrying

h
conductor, the needle would be @ 1—) @

deflected in one way.
o When aligned on the other side @ @
of the same conductor, the
needle would deflect in the ® @
opposite direction.
o By arranging an assortment of t

compasses around the current-

carrying conductor, the pattern

of the magnetic field which Fig. 6
surrounds it can be seen.

Following Oersted's discovery, experiments deduced that there is a
relationship between the magnetic field of a current carrying conductor and
the current which flows through it.

Yakic CRM"&L = daehng Pl
moury tharge 2 dlushie el | magnehic fiold
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Magnetic field due Fig. 7 shows the field pattern around an infinitely long straight conducting
to an infinitely wire.
long:straight wire The magnetic field lines are concentric circles.

¢ The separation between the field lines increase with distance from the

wire. This indicates that the magnetic flux density decreases in
magnitude.

e The direction of the field can be determined using Maxwell's right-hand
grip rule: Grip the wire using the right hand with the thumb pointing in
the direction of the current - the fingers then point in the direction of the

field.
Top view
Y wire
l Field line
(a) Straight wire (b) Current out (c) Current into
of paper paper

Fig_ 7 ‘}/DD d *b LQA..Q &
Fig. 8 shows an infinitely long straight wire lying in the plane of the

paper. At the point P, the magnetic flux density due to the current in
the wire is directed into the paper and its magnitude is given by

g =tol
2nr

where B = magnetic flux density

I= current in the wire

Wi r= perpendicular distance of P from wire
4o = a constant known as the permeability of
H———=- . P free space (vacuum).
«r = It is assigned a value of 4 x 107 Hm™.
Fig. 8
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Magnetic fields Fig 9 shows the field patterns dué to a circular coil and a long solenoid
due to a circular
coil and solenoid ¢ The direction of the field lines within the coil and the solenoid can be
found using the right-hand grip rule: Grip the coil in your right hand with
your fingers pointing in the direction of the current, then your thumb
gives the direction of the magnetic field.

¢ When the turns of a solenoid are closely spaced, each can be
regarded as a circular coil. Hence, the net field in a solenoid is the
effect of many circular turns.

¢ The magnetic field inside a long solenoid is uniform.

(a) flat circular coil (b) solenoid

Top view:

Current flowing
into paper

I 3

Current flowing
out of paper

(a) flat circular coil (b) solenoid
Fig 9
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Fig. 10 shows a flat circular coil lying in the plane of the paper. At P, the
centre of the coil, the magnetic flux density due to the current in the coil is
directed into the paper (by the right-hand grip rule) and its magnitude is

given by )
Y
2r

where B = magnetic flux density

1o = permeability of free space
N = Number of turns
I= currentin the coil

r= radius of the coil

Fig. 10

The magnetic flux density on the axis of an infinitely long solenoid is
directed along the axis and its magnitude is given by

where B = magnetic flux density

Mo = permeability of free space
n = number of turns per unit length of solenoid
I= current in the coil

r= radius of the coil

AOORCORRCRONNONREEREE — current flowing
out of paper
B
———————— —ﬁ L ——

R A R A A A AL AR AR TR R
RORORURORORORORIRORORSIRORORODOROROOX)

current flowing
into paper

Fig. 11: Cross section view of a Solenoid

At either end of a finite length solenoid, the flux density on the axis is

1
2 U

For the A-Level Examination, the above formulae are provided in the
formulae list. '

uire tal Iolergid
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Solenoids'and electromagnets

Effect of aferrous A bar of iron can be magnetized by placing it inside a solenoid. When a

core current passes through the solenoid, it produces a magnetic field along its
axis and the bar is magnetized accordingly. The resultant magnetic field is
the sum of the field due to the current and that due to the iron core so that
the magnitude of the resultant field can have a magnitude hundreds to
thousands times that due to the current alone.

Uses of An iron core with a magnetizing coil wound around it is called an
electromagnets electromagnet. Its strength can be adjusted to exert large mechanical
forces to lift heavy loads. See Fig. 12.

7/‘ / | ___soft Iron

core

iron plate

Fig' 12 weight

Relay.

This is a switch worked by an electromagnet. It is useful if we want a small
current in one circuit to control another circuit containing a device such as a
lamp, electric bell or motor which requires a large current.

The structure of a relay is shown in Fig. 13. When the controlling current
flows through the coil, the soft iron core is magnetized and attracts the
L-shaped soft iron armature. This rocks on its pivot and closes the
electrical contacts in the circuit being controlled.

Springy metal

large current circuit ?3?;?,5;,3: — —— —
V Pivot
omat e e 52, IS~ 5%
Coil Soft-iron core

Fig. 13
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16.3 Force'on'a'current-carrying'condiictor

e —

Direction of the A current-carrying conductor in a magnetic field experiences a force.
magnetic force '
&
: S

9Vda.e.
+
L(D—Iﬂ \\
1 “\
f ™
powerful magnet A 3
Y \‘
T
a4 N D
L Current going
into plane of
paper Force on wire
/4
N &
N

(b) front view of magnet

(a) The ‘kicking wire’ experiment and wire

Fig. 14

The magnetic force is always perpendicular to the direction of the current
and the direction of the magnetic field.

The relative directions of current, field and force are summarized by
Fleming’s Left-Hand Rule. It states that if the thumb and first two fingers
of the left hand are put mutually at right-angles,

» the first finger is pointed in the direction of the field

o while the second finger is in the direction of the current,

» then the thumb gives the direction of the force or motion.

comnpon fest - ThuMb First finger

tnly ot an (Force or f
§ \et} .I_‘.”d’ Motion) e

F B 1

fl‘lﬂ\u ‘M“’Lg (hﬂ Cl

SeCond tinger
(Current)

”
“7Z Force Field
7 {Motion)
Fig. 15 Current

(conventional)
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S L O T S
Magnitude of the
magnetic force
and definition of
magnetic flux
density

Experiments with a wire placed at right angles to the magnetic field show
that the magnitude of the magnetic force F is directly proportional to

¢ the current I in the wire ‘

e the length L of the wire in the magnetic field

e the magnetic flux density strength B

This leads to a definition of magnetic flux density:

Th& magnetic flux densityl of a magnetic field is numerically equal to the
force per unit length of a long straight conductor carrying a unit current at
right angles to a uniform magnetic field.

F
B=o- ()
where B = magnetic flux density
F = magnetic force acting on the wire
I = current flowing through the wire

L = length of wire

If F=1N,7=1Aand L=1m, the S.I. unit for flux density is N A™ m™
which is given the special name, the tesla (T).

v tkoy 1\1\&1\1!*'}
1T=1NA"m"

One teslalis the uniform magnetic flux density which, acting normally to a
long straight wire carrying a current of 1 ampere, causes a force per unit
length of 1 N m™ on the wire.

Re-arranging equation (1), the force F acting on a wire of length L when
placed at right angles to the field is given by

F=BIL

1
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If the wire is placed parallel to .the field the force drops to zero. In the
general case, if the conductor makes an angle @ with the field (see
Fig. 16(a)), the force can be regarded as due to the component of the field

perpendicular to the current (B sin ), the component parallel to the current
produces no force.

I
/., l
/ Bcos 0 4.
“p \‘-\ 1Y)
% £y Y
y B < »B /]
./ Bsin 0™ F (into plane of paper)
(a) Top view of a conductor (b) Components of magnetic (c) Direction of force is
placed on a horizontal field parallel and perpendicular to plane
surface perpendicular to conductor containing B and /
Fig. 16
J i’ L-'UI-"‘}, l‘u ol N,.d
Thus, the force Fis given by
@ - F=BILsing
The direction of this force is shown in Fig. 16(c) as predicted by Fleming's
Left Hand Rule.
Example 1 A wire, 2.0 m in length, carrying a current of 10 A is placed in a field of flux

density 0.15 T. What is the magnitude of the force on the wire if it is placed
(a) at right angles to the field,

(b) at 30° to the field, and

(c) along the field?

Solution:

u.) [ - B Il
e (o) (19)(2.0)
900N

'b) \: a1l o 30’

e (0.1831030°) (w)€1D)
: .SON

0 Fr gl seted o
] D [\_',
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Measuring
magnetic flux
density using the
current balance

Hall Probe vs
Curent Balance

A current balance is an arrangement that can be used to measure the
magnetic flux density of a magnetic field. It makes use of the principle of
moments. .

rider on a non-
conducting rod

* A wire frame ABCD is balanced on 2 pivots through which a current /
from a d.c. source enters from P and leaves from Q.

e The frame is arranged such that the side AD of the frame (of length L)
lies within a magnetic field whose flux density B is to be determined.

¢ When there is no current, the frame is horizontal.

* When current flows, a magnetic force acts on AD and pushes that side
of the frame downwards (Fleming's Left-Hand Rule).

¢ A mass m (known as a rider) is suspended on the right side to restore
the frame to its horizontal position.

By the principle of moments,

Sum of clockwise moments = Sum of anticlockwise moments
mgy = Fx
=Bllx
B= mgy
ILx

Hence, the magnetic flux density of a magnetic field can be determined with
the appropriate quantities known.

Another device that is more commonly used to measure magnetic field
strength is the Hall probe. The following table highlights some differences
between the two devices.

Current Balance Hall Probe
e Does not require calibration. e Requires calibration by a
Deduces B using force, current magnetic field of known
and length of test wire. strength.
+ Unable to measure weak fields. e Can measure very weak
fields.
e Apparatus is bulky. Not so e Practical and convenient
practical and portable. due to the small size of the
probe.

13
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“Torquelonialcurrent-carrying coillin'a magnetic field)

Consider a rectangular coil placed in the plane of a uniform magnetic field
as shown in Fig. 18. The plane of the coil is parallel to the field lines.

w :
%u Y Y
P - o

Q
p=,
F i
S N

c"- T I RO N TR S )
e e —

(a) Parallel to field (b) at an angle to the field
Fig. 19

When a steady current passes through the coil, a magnetic force acts on
sides PS and QR, which are at right angles to the field lines.

Using Fleming's Left Hand Rule, the force on PS is opposite to the force on
QR. The 2 forces provide a torque (turning effect) on the coil. Hence, the
coil is acted upon by a couple due to the magnetic force on both sides as

shown in Fig. 19. This is the principle behind moving-coil meters and
motors.

14
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Let us take a closer look to determine an expression for the torque on a
coil.

Fig. 20 shows the same coil PQRS placed in a uniform magnetic field B
such that the vertical sides are 90° to the field while the horizontal sides
make an angle ¢ to the field. Assume the coil has N turns and its horizontal
and vertical sides are of length x and y respectively.

I7.a
& A
R L
3 y
> Y
| R
S
F
(a) side view Fig. 20 (b) top view

¢ When current flows in the coil, each side of the coil experiences a force.

¢ The forces on the horizontal sides of the coil (PQ and SR) do not give
rise to a turning effect but simply distort the coil.

¢ The forces on the vertical sides (PS and QR), each of length y, are
opposite in direction and equal in magnitude, given by F = NBIy.

e Whatever the position of the coil, its vertical sides are at right angles to
the magnetic field and so the force F remains constant in magnitude.

e The forces constitute ajcouplelwhose torque ris given by

[71= (one force) x (perpendicular distance between lines of action of forces)
=Fxcosd
=NBIyxcos@
=NBIAcos?'

where A = area of the coil = xy

e 7 is maximum when 0= 0°, i.e. when the plane of the coil is parallel
to B.

e 17 is zero when 6 = 90°, i.e. when the plane of the coil is
perpendicular to B.

coil raeret direekion afder  half c,\kah - %o provida Sk udUS et fon
| diveckion, e corred il loop  must peroditally  horrie dareek) oo

15
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Example 2 In an electric motor, a rectangular coil WXYZ has 20 turns and is in a
uniform magnetic field of flux density 0.83 T.

Y V¥V ¥

N
¥
3
<

The lengths of sides XY and ZW are 0.17 m and of sides WX and YZ are
0.11 m. The current in the coil is 4.5 A.

(a) Calculate maximum torque 7z on the coil

(b) State, in terms of 7, the torque on the coil when its plane makes an
angle of 30° with the magnetic flux density.

(c) At what angle does the plane of the coil make with the magnetic field
when the torque is zero?

(adapted from N2010/1/31)

Solution:
o lc:::n *"N\W‘ whu, ke FU-H: of Ho il v Po_,.cd,h/'l v i B il
Y pay [ ¢ NBIA

= Can)(0-83) (1.5) (023y 0.11)

"'L{'D‘/ﬁn-

Fluix) eos3¢’
E T = NB\HNS'PD
g X5 T
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‘Forces'hetween current-carrying'conductors

Currents'flowinglin'the’same'direction

Wived
LPRETY JENN

1o ) e

ik coe

Consider 2 infinitely long parallel vertical wires X X Y
and Y carrying currents /; and [, flowing in the
same direction, separated by a distance d.

I
The current in X produces a magnetic field directed I & |
out of the page at wire Y given by
Iyl
BX = ,l o1 2
2xd d

Fig. 21: Front view of
wire X and Y

At 'Y, the direction of the field due to X is perpendicular to Y (see Fig. 22 (a)).
Using Fleming’s Left-Hand Rule, the magnetic force on a length L of Y would
be towards X and has a magnitude of

ik
FXonY =ijzL = (gﬁé)‘rz!-

Similarly, the magnetic force on a length L of X is towards Y and has a
magnitude of

N}
Fv onX = BYITL =(;2;_;.JI1L

By Newton's Third Law, Fxon vy and Fy o, x are equal and opposite forces. The 2
wires attract one another.

= I1
The force per unit length on each wire is given by —= Holia
L 2nd
Top view Top view
/ \
|
\.\.‘. '__.-"
(a) Direction of magnetic (b) Direction of magnetic
field dueto X atY field dueto Y at X

Fig. 22

17
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inlopposite directions

Currents'flowing

Consider 2 infinitely long parallel vertical wires X

and Y carrying currents /; and [, flowing in % Y
opposite directions, separated by a distance d.
The current in X produces a magnetic field at wire
Y given by I | 115
= /lolf
X 2nd " N
~ d -

Fig. 23: Front view of
wire Xand Y

At 'Y, the direction of the field due to X is perpendicular to Y (see Fig. 24 (a)).
Using Fleming's Left-Hand Rule, the magnetic force on a length L of Y would
be away from X and has a magnitude of
I =
Fxany =Byl,L = fol L —{-Tr " Rl
2rd

Similarly, the magnetic force on a length L of X is away from Y and has a
magnitude of

ul
FYonX =BYI,L=(2;(;)I,L

By Newton’s Third Law, Fxo, v and Fyon x are equal and opposite forces. The 2
wires repel one another.

. . E oLl
The force per unit length on each wire is given by —=-—"21=
L 2zd
Top view Top view
e ot
4 .,
Y X/ Y \

FXOI’IY FYan

: P % /
B B e, -
P \ 4 ) YNy e [
(a) Direction of magnetic field (b) Direction of magnetic
duetoXatyY field due to Y at X

Fig. 24
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In conclusion,
For 2 parallel current-carrying conductors,
i) the force per unit length on each wire is given by the equation

F_ uld,
L 2xd
ii} Like currents attract, unlike currents repel
X repulsion v
attraction I 14
Y ~ e
Iy | ) & "__': -
P———— F F
w77z
AN ~ %g
B8
Fig. 25

Example 3 Three long vertical wires pass through the
corners of an equilateral triangle PQR.

P and R carry currents directed into the plane
of the paper and wire Q carries a current
directed out of the paper .

All three currents have the same magnitude.
Which arrow shows the direction of the
resultant force acting on P?

Solution:
F&

e /

R B oraruland foow

N\

b

19



RAFFLES INSTITUTION 2017
Y5-6 PHYSICS DEPARTMENT

Example 4 The figure shows a long wire XY carrying a current of 30 A. The rectangular
loop ABCD carries a current of 20 A. Given: a = 1.0 cm, b = 8.0 cm and
1=30cm.

X1 A B
30A 20 A \
)l\ N N 'l‘ / !
b‘ Mg'\' o f 8 D < C N
™ foes —>e— >
- gty Yl a b

(a) Calculate the magnetic field due to the current in XY along

(i) AD

(ii) BC .
(b) Calculate the resultant force acting on the loop.

(The flux density at a perpendicular distance r from a very long straight wire

carrying a current / is given by B =:Li .)
& Y} RO XY B
L :)fu/{‘rfmrm\,l y B‘?”Nmnl,
Solution: L) bt repulaiet
| T Frouhont © Tonto - Fongc
) ) By
W o 5 (B R
) " & SRR 'M“’hlmvul
L RALEVIEY " :
( ) = (Comai -4 ¢ 1) () oa)
Tt oxyY EERTRILRNY
-4
) L LI farnty YY
1
: \
B\:NBD Mv \‘3 .
Y (aAb)

hnviy ) ()
v (16
CeIxnt

Think: Is there any force acting on sides AB and CD?

r\mkir,d.} ks F(JM"LUF r"\r@f FRB - Wr"ﬂan‘.{

: Msamhv.hm M’(\«\ or RB1y ) 'h
: Y fo
Wik b .\;mpﬂmm Aevresptd .
foon § 1 B 20
]M.z'l\ﬂl\b form U.h}} vl g
donicn ke & il daurts gt b

tae 15 0 L forus tanalk o
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16.5 tForce 'on‘a'movingicharge

e S PR R R
Forceona Since a current can experience a force in a magnetic field, a moving charge
charged particle  should also experiences a force in a magnetic field.
in a magnetic
field

> B field ; e
Consider a positive charge ¢
S moving at constant speed v at
+V right-angles to a magnetic field of
L‘ > flux density B.
q . _
Sy Assume the particle travels a
Fig. 26 distance L intime t, so its speed is
L
v=—
{
The moving charge constitutes a current of /= % :
Hence, the force on the charge is given by
F =BIL=B[1;’-]L =Bq[%] = Bqv
If the velocity and field are inclined to each other by an angle 6, then
F =Bgvsiné
where F =force acting on a current carrying conductor
B = magnetic flux density
g = magnitude of charge
v = speed of charge
0 = angle the velocity makes with the field
Remember that Fleming's Left-Hand Rule
considers the direction of conventional current.
Hence, for a
a) positive _charge, the direction of the
current is in the same direction of the
motion of the charge
b) negative charge, the direction of the
current is in the opposite direction as the
direction of motion of the charge
T A S e 4
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Motioniof ‘a’charged particle’in’a’‘magnetic:field

Uniform Circular « \When a charged particle is projected at right angles into a magnetic field, the

Motion magnetic force F is always perpendicular to the direction of travel (or
velocity) and the distance travelled in the direction of the force is zero, as
shown in Fig. 28.

Therefore the work done on the charged particle is always zero

e This implies that no energy is gained or lost by the particle moving in the
magnetic field and the particle's speed is always constant.

¢ Since the force is of constant magnitude and is always at right angles to the
velocity, the conditions are met for circular motion.

X X X X
B field into the paper

Fig. 28
Hence, thelimagnetic force on a moving charge provides a centripetall
[forcel
2
F= Bqv= m;/
gomv (&)
rq

where m is the mass of the moving charge and ris the radius of orbit.

B eeddraks {le paper

E U N 'S

boretike dasdeunt dtrogied
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_—___——__
Helix For a charged particle entering a magnetic field at an angle ésuch that
0° <@ < 90°, the particle would describe a helix (see Fig. 29).

B into page
X X X, X X

Vi v helical path 5 K VL
X X X, d-XAXx X
et NS NSNS NSNS - - . -+ ’ ‘\:
+q X X X fX_ X% X X
A O\ A VOURY 5 VRN 5 WY A WU A5 TR B L
»* x x X xex: R«
[P Y ST Y SO i S R R e .> x x x‘-u__x-,‘x’ x x
X X X %X X X %
’ ide view
Fig. 29 S
Explanation:
Resolve v into 2 components: : o A
[ = W
—— rayrekic fora = jurt qoes rai ghk
v, =vsin &

Motion of the charged particle is the result of superposing
() a uniform circular motion in which it has speed v, in a plane
perpendicular to the direction of B.
(i) a steady axial speed v, along the direction of B.

Example 5 A beam of electrons travelling with a velocity of 3.2 x 10" m s™' enters a magnetic
field of 0.47 mT. The electrons are travelling at right angles to the field.

kg.)

region of magnetic
field into the paper

7

G

it
o7
R

0

55

4
et

P>
r=

electron beam

(i) Calculate the force on each electron within the field.
(i) Calculate the radius of curvature of each electron’s path while in the field.

(iii) Sketch the path travelled by an electron within and beyond the field. Indicate
clearly the direction of the electron’s path, the field and the force.

Solution: |
AN EANY
N
‘(0 Lﬂf‘ng“)( { ‘OHB‘H) (3 LRAD )
. g A
th aakve forw  ——— 141F o 8
[ILIVE.VEY Lie Qf\lllrll\l u) "\\'1' ; 8%\‘ a t
torw ¢ v
k"\ Ft [ —_F
i 01
R ETTURLICRALY
IR AL N
. 0% Im
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Example 6

W)

i)

An a-particle, of mass 6.7 x 10%" kg and charge +2e , was injected at right
angles into a uniform magnetic field of flux density 1.2 T. It travels in a circular
path of radius 0.45 m. Calculate

(i) its speed,
(ii) its period of revolution,
(iii) its kinetic energy, and

(iv) the potential difference through which it would have to be accelerated from
rest to achieve this energy.

Solution:
Mjﬂbc o pvdy Gaddpdad frow
FI:Y(
bio B
0 ¢ (1o 'y )
veo By s (WO Coys)( )
. C.axipy 2t
15yl oy
gp
1
T LT :’LT((\.%)
v 1.8 Mt
CLARgts
| SO

CA0 et (s xio )

R }\\0"1]

gain KE * logs 'R

1qr5x\b"'l : lLV (LNra,L X Pu\em;d dn’f‘erqnu)

Ve g qaxlo’
Dyl gox ('Y

R \l-’:‘v
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Applications involving motion of charged partlcles in umform electnc

—.’L.

‘and magnetic fields.

A velocity selector consists of a magnetic field and an electric field applied
over the same region, allowing only charged particles of a particular
velocity to pass through undeflected.

The two fields are applied perpendicular to each other in an orientation
such that the electric force and the magnetic force on the particle act in
opposite directions.

+
x| x [ x | xg Fm = Bgv
+q.—-——K xvxvxvg *q
% |%x | x | % Fe=qE
(a) - (b)

Fig. 30

Suppose a positive charge +q enters the region where the two crossed
fields are applied, with its velocity v perpendicular to both fields (see Fig.
30(a)).

It experiences an upward magnetic force £, = Bqv and a downward electric
force Fo = qE (see Fig. 31(b}).

[Note that the gravitational force acting on such charged pamcles is very
small compared to F, and F, and hence can be ignored.]

\If Fp > FJ7; the particle will deflect upward!
yIf Fm< Fe the pa rticle will deflect downward!

Particles whose velocities are such that F, = F, will pass through

undeflected.
qu = QE k’] r“‘““mxl: e
s Nraig g, wedaflested
"B

Hence only particles having this speed v will pass through undeflected.

The concept of charged particles moving through combined electric and
magnetic fields has many applications and some of these are discused in

the appendix.
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Example 7 A particle of charge +q entering a uniform magnetic field B that is directed into
the plane of the paper. The particle is travelling with velocity v at right angles to
the magnetic field.

+

region of uniform
(X x x x x|~ magneticfield into
particle fr X x x X x plane of paper
O > E‘ X X X X L
X X X X X
dictohion of @ FidQ A
T Lirtehun of wiresd I B R

A uniform electric field is applied in the same region as the magnetic field so
that the particle passes through undeflected.

(a) On the figure above, mark, with an arrow labelled E, the direction of the

electric field. .

(b) State and explain the effect, if any, on a particle entering the region of
the fields if the particle has
(i) charge —q and speed v,
(ii) charge +q and speed 2v.

Solution:
d.) ule L“P to ‘:“") tq I.'r\_,nr} &J(‘tdl el

L)')-nn. kw—l\d& Ut “\'_(L‘fldd
[’*—gy—vku. Pran Yo s ot douravardt whly  deokde Tore ke i upwardy:
honw, fhere it o pequthand fore o ke portide. '

ii) \?m inoresge  with J}RQ&- - F!.<'l-h. PQW\\-U\I "; ipﬂu)\bl \Lfl"ﬂl”"‘l]'
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+V o

Fig. 31 | /
— I ‘I‘

0Ve

The specific charge of a particle:is the ratio of its charge to its mass:

specific charge = k.

m

An experiment significant to the discovery of the electron is the

measurement of the specific charge of cathode rays by J.J. Thomson in

1897. Fig. 31 shows the set-up of an experiment to find the specific charge
of an electron. It is similar in principle to J.J. Thomson's experiment.

evacuated tube

fluorescent screen

\
hot anode ]

cathode region of

magnetic field
applied into the

paper

Electrons produced by the hot cathode are accelerated in a vacuum
towards an anode held at a potential +V with respect to the cathode.

Assuming that the electrons are emitted with negligible speed from the
cathode, they will leave the anode with a speed v which can be found as

shown below:
Gain in K.E. of each electron = Loss in P.E. of the electron

%m‘,v2 =eV

where e and m, are the charge and the mass of an electron respectively.

The beam of electrons emerging from the anode produces a narrow
luminous trace when it hits a vertical fluorescent screen supported between
two parallel plates Y, and Y,. Y, is held at a potential +V with respect to Ya,
thus creating an electric field E between the plates.

A uniform magnetic field B is applied perpendicular to the electric field as
shown in Fig. 31 and the magnitudes of the two fields are adjusted so that
the beam passes through undeflected. Hence,

Bev =eE
E

== e 2

v 5 (2)
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Equating equations (1) and (2), -

E_ [2eV
B m,
e _E
m, 2B*

If the separation between plates Y; and Y, is d, then E=% and the

specific charge of an electron will be given by

e__V
m.  2B%d?

e

Hence the specific charge of an electron can be found if V, B and d are
known.

A mass spectrometer separates ions according to their mass-to-charge

ratio. Fig. 32 shows the schematic diagram of a Bainbridge Mass
Spectrometer.

ion source @
magnetic field B,
I di into the page
collimator slits h | irected into the pag
2 — T
velocity ; | s
selector 1 [7
photographic film
Sa
magnetic field
B, directed into
Fig. 32 the page

lons of charge g and mass m with velocity v = -g— pass undeflected through
1

the velocity selector and are then deflected into a semi-circular path with

radius rin the magnetic field B,.

Since the ions experience a centripetal force due to the magnetic force in
B,,

Fe=Fy
mv?
T= 2qV
_mv _ mE
" B,g BB,g

Since B, ,B, and E are constant, r « i)
q
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