Magnetic fields
A-Level Physics

The magnetic field

Iron filings trace the field lines around bar magnets.

A magnetic field 43 is a region where a moving charge (or a current Hiji) feels
a force 77. It is made by:

« moving charges (usually a current in a wire), or
« permanent magnets ;K& (where it comes from tiny atomic currents).

“State what is meant by a magnetic field.” A region in which a force acts on a
moving charge, a current-carrying conductor or a magnetic material. The mark scheme
wants the word force and one of those three objects; “a region around a magnet” on
its own scores nothing.

Field lines

o field lines 354k point from N to S outside a magnet, and S to N inside (so they
form closed loops).

« lines never cross; closer lines mean a stronger field.
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field lines run from N to S outside the magnet
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The field of a bar magnet: lines run from N to S, strongest near the poles

Iron filings around a bar magnet line up along the field, showing its real shape
Patterns to know:

e bar magnet £JERi4k — curved lines from N to S outside, strongest near the
poles.

o long straight wire — circles around the wire; the direction comes from the right-
hand grip rule £FEM (thumb along the current, fingers curl the way the field
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points).
« flat circular coil — the field through the centre is at right angles to the coil; the
coil acts like a small bar magnet.

» long solenoid IZZk% — the field inside is nearly uniform along the axis, like a
stretched bar magnet; outside it falls off fast.

® current [
into the page

circular field lines (right-hand grip rule)

Field around a long straight wire

field nearly uniform inside, spreads out like a bar magnet outside

YOI
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Field of a solenoid
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Drawing the wire’s field. “Draw four field lines” around a straight wire is marked
on three things: the lines are concentric circles centred on the wire; their spacing
increases with distance (the field weakens with distance from the wire); and every
line carries an arrow in the direction given by the right-hand grip rule (current into
the page: clockwise; current out of the page: anticlockwise). Draw them as circles,
not free-hand ovals.

B along the axis

A
N face
S face
current out current into
of the page the page

coil seen edge-on: the loops around both sides pass
through the centre the same way, at right angles to the coil

A flat circular coil seen edge-on: the field loops around each side of the coil and
passes through the centre at right angles to the coil’s plane

For a flat circular coil the loops around the two sides of the coil reinforce through
the centre, so the field there is at right angles to the plane of the coil and strongest
at the centre; seen from one face the coil is a north pole (the field leaves it), from the
other a south pole. A long solenoid is many such coils in a row: the field inside is
uniform and parallel to the axis, and the lines emerge from one end (its N end) and
return outside to the other.

An iron core £its inside a solenoid greatly increases the field, because the iron’s
atomic magnets line up and add to it. This is why electromagnets H 4%k and
transformers 25 [E#% have iron cores.

The syllabus calls this a ferrous 7%k core: iron, steel or another magnetic material.
Asked why a core increases the field, say that the core becomes magnetised ¥t
by the solenoid’s field and that its own field adds to the field of the current.
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An MRI scanner is built around a very strong, very uniform magnetic field — a
solenoid the size of a room

Force on a current-carrying conductor

A current [ in a wire of length L in a magnetic field of flux density B feels a force

F = BILsiné,

where 6 is the angle between the wire and the field. The force is largest when the wire
is at right angles to the field (F' = BIL) and zero when the wire is along the field.

Worked example. A wire of length 0.20 m carries a current of 3.0 A at right angles
to a magnetic field of flux density 0.50 T. Find the force on it.

F'=BIL=0.50x 3.0 x0.20 =0.30 N.

Two conditions for a force. A copper wire in a magnetic field feels a force only if
(1) it carries a current, and (2) the current is not parallel to the field (some part of
the wire is at right angles to B). A wire with no current, or one lying along the field
lines, feels nothing: sin 6 = 0.

Worked example (the current balance). A horizontal wire of length 5.0 cm lies at
right angles to the field between the poles of a magnet standing on a top-pan balance.
With no current the balance reads 102.30 g; with a current of 2.5 A it reads 102.86 g.
Find the flux density.
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By Newton’s third law the force on the wire is matched by an equal and opposite force
on the magnet, so the balance reading changes by the magnetic force: F' = Amg =
(0.56 x 1073)(9.81) = 5.5 x 1073 N. Then B = F/(IL) = 5.5 x 1073/(2.5 x 0.050) =
44 x 1072 T (44 mT). The reading rose, so the force on the magnet is downwards
and the force on the wire is upwards; reversing the current would make the reading
fall by the same amount.
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(a) plane parallel to the field: the (b) tilted: same forces, (c) plane at right angles:
couple (green) turns the coil most smaller separation forces in line, no turning

A rectangular coil in a uniform field, seen end-on: the forces on the two sides that
cross the field form a couple whose turning effect is largest when the coil’s plane is
parallel to the field and zero when it is perpendicular

Worked example (forces on a coil). A rectangular coil PQRS with sides PS and
QR of length 8.0 cm carries a current of 1.2 A in a horizontal field of 0.30 T, with the
plane of the coil parallel to the field. Describe the forces on the coil.

Sides PS and QR are at right angles to the field, so each feels F' = BIL = 0.30 x 1.2 x
0.080 = 2.9 x 1072 N; the currents in them run in opposite directions, so by Fleming’s
rule the forces are equal and opposite, one up and one down. Sides PQ and SR
are parallel to the field and feel no force. The two forces form a couple Jj{f# that
turns the coil about its axis; as the coil turns the forces stay the same size but their
perpendicular separation shrinks, so the turning effect falls to zero when the plane of
the coil is at right angles to the field. This is the principle of the electric motor and
of the moving-coil meter.

Magnetic flux density

This equation also defines the magnetic flux density /%% B:

F
B= L (wire at right angles to the field).

So B is the force per unit current per unit length on a wire at right angles to the field.
Unit: tesla 485, T=NA' m.
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The two-mark definitions. Magnetic flur density is the force per unit current per
ungt length acting on a (straight) conductor placed at right angles to the field. Both
"per unit current” and "per unit length” are needed, and so is ”at right angles” (or
"perpendicular”): without it the definition is false, because the force also depends
on the angle. The tesla is the flux density that produces a force of one newton on
one metre of conductor carrying a current of one ampere at right angles to the field:
IT=1NA"'m"

Direction — Fleming’s left-hand rule

Use the left hand (Fleming’s left-hand rule #53gHHZ=FEM): first finger = Field,
second finger = Current, thumb = force (thrust). Hold the three at right angles.

Force / motion
F = thuMb
A

90°

] _ Field B

First finger

Current [
seCond finger

use the left hand; hold the three at right angles

Fleming’s left-hand rule: thumb = force, first finger = field, second finger = current

Force on a moving charge

A charge (Q moving at velocity i# )& v through a field feels

F = BQusin#,
with 6§ the angle between v and B. Same left-hand rule (the second finger is the motion

of a positive charge — reverse it for a negative charge). The force is largest when v
is at right angles to B, and zero when v is along B.
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Two situations with no force. A charged particle in a magnetic field feels no force
when it is stationary (no v) or when it moves parallel or antiparallel to the field
(sin® = 0). Contrast the electric field, which pushes a stationary charge just as hard:
that difference is the whole point of the velocity selector below.

Circular motion in a uniform field

A charge moving at right angles to a uniform field ~J5#3% feels a force at right angles
to both v and B. This force does no work (always at right angles to the motion), so
the kinetic energy zfj§E and speed stay constant — the particle moves in a circle.
Set the magnetic force equal to the centripetal force [n].0» /7:

N

muv

mo
BQu=—— =

="C r= 2
Worked example. A proton (mass 1.7 x 10727 kg, charge 1.6 x 107 C) moves at
2.0 x 10° m s7! at right angles to a 0.50 T field. Find the radius of its circular path.

1.7 % 10-27)(2.0 x 109
po (LT X070 X 107 s
BO (0.50)(1.6 x 10-19)

So the radius depends on the momentum Zfj& mv. The period is

2mm
BQ’
which does not depend on the speed — a faster particle goes in a bigger circle but

takes the same time per turn. If v also has a part along B, that part is unchanged,
and the path is a helix IZJiE.

T =
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B into the page

centre

charge +@Q, mass m

mv? mu

W
BQu=—— = r=
r

Clircular path of a charged particle in a magnetic field

"Explain why the path is circular.” The magnetic force is always at right angles
to the velocity, so it changes the direction of motion but not the speed, and its mag-
nitude BQu is constant because B, () and v are constant. A force of constant size
that stays perpendicular to the velocity is exactly a centripetal force, so the path
is a circle. Give all three ideas: perpendicular, constant magnitude, speed unchanged.

Worked example. Electrons moving at 1.7 x 10" m s~! enter a uniform field of flux
density 4.8 mT at right angles to it. Find the radius of their path. The electrons are
then replaced by positrons IEHL, T (same mass, charge +¢) moving at 3.4 x 107 m s+
along the same initial line: describe how the path changes.

mu (9.11 x 1073)(1.7 x 107) B
_me_ f —2.0x1072 m.
"TBQ T (48 x 10-%)(1.60 x 10-19) o

The positrons are deflected the opposite way (positive charge, so Fleming’s rule with
the second finger along the motion gives a force in the opposite direction), and since
r oc v their radius is twice as large, 4.0 cm. Their period is the same (T = 27m/BQ
has no v in it): they go round a bigger circle at twice the speed.

Hall effect

A slab of conductor carrying current I, in a field B at right angles to the current,
develops a voltage across its faces — the Hall voltage ZE/KHLJE Vi (the Hall effect
HERA).
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The moving charges feel a magnetic force BQuq (vq is the drift velocity EZHEE),
so they build up on one face, making an electric field i35 E that opposes more
build-up. At steady state eE = Beuvq, so F = Bvg. With Vg = Fw and I = nevqwt:

_ BI
H = ntq7

where ¢ is the carrier charge. A Hall probe £ /Ri%3k uses this to measure B: pass
a known current through a thin semiconductor #:5{k slab and read Vi (largest
when the slab is at right angles to B).

current [ |
-

BI

B into the page Vi=—
ntq

The Hall effect

Deriving Vg = BI/(ntq) (the exam asks for this in full). Take a slice of width d,
across which the Hall voltage appears, and thickness ¢t along B, so the current passes
through a cross-section A = dt. (1) At steady state the electric force on a carrier
balances the magnetic force: ¢E = Bqu, so E = Bv. (2) The Hall field is uniform
across the width, so Vg = Ed = Buvd. (3) The cwrrent is I = nAvg = ndtvq, so
v =1I/(ndtq). Substituting: Vi = Bd-I/(ndtq) = BI/(ntq). Two things to notice:
the voltage appears across the faces perpendicular to the magnetic force, not
across the ends where the current enters; and it is larger for a semiconductor,
whose number density n is millions of times smaller than a metal’s, which is why
probes use a semiconductor slice.

Using a Hall probe. The reading is proportional to B but also depends on the
orientation: it is a maximum when the plane of the slice is at right angles to the
field and zero when the field lies in the plane of the slice. So (1) rotate the probe until
the reading is largest, and (2) calibrate K {fE it in a known field, since Vi o< B at
fixed current.

Worked example. A Hall probe gives a maximum reading of 24 mV in a uniform
field of 32 mT. In a second field, with the probe again turned for a maximum, the
reading is 15 mV. Find the second flux density.
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Vit x B (same probe, same current): B = 32 x 15/24 = 20 mT. If the probe had been
left at some other angle the reading would be smaller and B would be underestimated,
which is why "rotate for a maximum?” is part of the method.

Velocity selector

A velocity selector & k%45 uses crossed electric and magnetic fields to let
through only one speed. With the electric force ¢F£ and magnetic force quB set to
oppose each other, the net force is zero only when

E
E =quB =—_.
q qu = v 5

Particles at speed E/B go straight through; faster or slower ones are deflected.

v>FE/B
slit
E (d
beam of l (down)
charged particles| E
> v = E
B into page
v< E/B

goes straight when ¢FE = quB, i.e. v=E/B

Velocity selector

Deriving and explaining the selector. The magnetic force on a positive ion moving
through the crossed fields is BQu, at right angles to its motion; the electric field is
applied so that the electric force QF is in the opposite direction (the plates must
be arranged so that the field points against the magnetic force). For the ion to pass
straight through, QF = BQu, so v = E/B, independent of the charge and the mass.
A faster ion has a larger magnetic force and bends towards the magnetic-force side; a
slower one is pushed the other way by the unchanged electric force. Asked “explain
how an electric field can make the particle reach Z”, say which direction the electric
force must have, that it must equal the magnetic force in size, and give E = Bv. This
is velocity selection & B¢
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Force between parallel currents

Two long parallel wires each sit in the other’s magnetic field. Using Fleming’s left-
hand rule: parallel currents (same direction) attract; antiparallel currents
(opposite directions) repel. This is the basis of the SI definition of the ampere.

P, current Ip Q, current Iq
»
\
\
\
A A
\
\
FonP F onQ
— -— ®
field of P at Q:
[ into the page (®)
/ (dashed: a field line of P)
/
/
/

same direction: attfact
opposite directions: repel (equal forces on both, Newton’s third law)

Parallel currents attract: each wire sits in the other’s field, and Fleming’s left-hand
rule gives a force towards the other wire

Explaining the force (a standard three-marker). (1) The current in P produces
a magnetic field around it (circles centred on P). (2) At Q this field is at right angles
to the current in Q, so Q, a current-carrying conductor in a magnetic field, feels a
force BIL. (3) Fleming’s left-hand rule gives its direction: towards P for currents in
the same direction, away for opposite currents. By Newton’s third law the force on
P is equal and opposite, so both wires attract (or both repel) with the same force.
Doubling the current in one wire doubles the force on both: the force on Q rises
because /g has doubled, the force on P because the field it sits in has doubled.

Electromagnetic induction

Magnetic flux

The magnetic flux & ® through a flat area A at right angles to B is

® = BA.
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If the area’s normal is at angle 6 to B, use ® = BAcosf. Unit: weber 3517,
Wb =T m? For a coil Zi[& of N turns, the flux linkage f}%# is N®& = NBA.

The two-mark definitions. Magnetic fluz is the product of the magnetic flux density
and the area (of the circuit) perpendicular to the field. Fluz linkage is the product of
the flux and the number of turns of the coil, N®, in weber-turns. Say "perpendicular”
(or "normal to the field”): ® = BA is only true for the component of the area at right
angles to B.

Worked example. A small coil of 64 turns and cross-sectional area 0.71 cm? is
placed inside a long solenoid, on its axis, where the flux density is 2.5 mT. Find the
flux linkage of the coil.

The flux through the coil uses the coil’s own area, not the solenoid’s: & = BA =
(2.5x1073)(0.71x 107%) = 1.8 x 1077 Wb, so the flux linkage is N® = 64x 1.8 x10~7 =
1.1 x 107> Wb. When the solenoid’s current changes, the e.m.f. induced in the small
coil is the rate of change of this linkage.

Faraday’s and Lenz’s laws

When the flux linkage through a circuit changes, an electromotive force Hi,zfj %
(e.m.f.) is induced — this is electromagnetic induction Hi 5 /EV.

Faraday’s law ¥£$7%5 £ £ the induced em.f. equals the rate of change of flux
linkage:

dd
=N—.
lel p
Worked example. A coil of 200 turns and area 0.010 m? sits with its plane at right
angles to a 0.50 T field. The field falls steadily to zero in 0.20 s. Find the average
induced e.m.f.

The flux linkage changes from N® = NBA = 200 x 0.50 x 0.010 = 1.0 Wb to zero, so

A(ND 1.
( ):—0:5.0\/.

el = =5 0.20

Lenz’s law fHK EfE: the induced e.m.f. acts to oppose the change that makes

PN =

it. This is conservation of energy g ~F{H — if it reinforced the change, energy
would come from nothing. Combined:
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What changes the flux?

» changing B (moving a magnet near a coil),
« changing area A (a rod sliding along rails),
« changing orientation (a coil turning in a field — the a.c. generator, next topic).

constant
Bo A

falling
faster

flux density B

rising
steadily

v

A larger, reversed:
faster change

zero: flux constant

constant e.m.f.
(steady change)

The induced e.m.f. is minus the gradient of the flux-linkage graph: constant while the
flux changes steadily, zero while it is constant, and larger and reversed when the flux
falls faster

Reading an e.m.f. off a flux graph. The induced e.m.f. is the gradient of the
flux-linkage graph (with a minus sign for Lenz). A steadily rising flux gives a constant
e.am.f.; a constant flux gives zero e.m.f. however large the flux is; a faster fall gives
a larger e.m.f. of the opposite sign. “Sketch the variation with time of the e.m.f” is
answered by differentiating the flux graph by eye, section by section.

‘Worked example. The 64-turn coil above sits in a solenoid whose flux density rises
uniformly from 0 to 2.5 mT in 40 ms and is then held steady. Find the e.m.f. induced
in the coil during the rise, and afterwards.

During the rise the flux linkage grows steadily to 1.1 x 107° Wh: ¢ = A(N®)/At =
1.1 x 107%/0.040 = 2.8 x 107* V (0.28 mV), constant while the rise lasts. Afterwards
the flux linkage is constant, so the e.m.f. is zero, even though the coil is still in a
strong field: it is the change that induces.

Worked example (flux cutting). An aircraft with a wingspan & of 60 m flies
horizontally at 250 m s~ where the vertical component of the Earth’s field is 45 uT.
Find the e.m.f. between the wingtips.
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In time At the wing sweeps out an area LvAt, cutting flux BLvAt, so ¢ = BLv =
(45 x 1079)(60)(250) = 0.68 V. Only the component of B perpendicular to the
swept area counts (here the vertical one). There is a p.d. between the wingtips but no
current, because there is no complete circuit; Fleming’s rules give which tip is positive.

Demonstrations

« moving a bar magnet into a coil deflects a galvanometer #;Jiii1; the deflection
reverses when the magnet is pulled out (Lenz’s law), and is larger for faster motion
(Faraday’s law).

push in coil
—_—

N S

bar magnet

sensitive galvanometer

Demonstrating electromagnetic induction

o a copper disc swinging into a field is quickly slowed — eddy currents jHji are
induced that oppose the motion.

swirling
eddy currents
metal| plate ,/

7
’

pee M

plate swings to and fro

induced eddy currents oppose the motion = swing is damped

Eddy-current damping
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Electromagnetic braking, explained with Lenz’s law. A vehicle’s aluminium
disc rotates between the poles of an electromagnet. The disc cuts the field lines, so
an e.m.f. is induced in it; the disc is a conductor, so eddy currents flow; by Lenz’s
law these currents produce forces that oppose the motion of the disc, slowing the
vehicle. The kinetic energy is converted to thermal energy in the disc. The braking
is stronger at high speed (a larger rate of flux cutting, so larger currents) and fades
as the vehicle slows; it cannot hold a stationary vehicle, because no motion means no
induced current.

A magnet oscillating in a coil. A bar magnet on a spring oscillates in and out
of a coil connected to a resistor. The changing flux linkage induces an e.m.f.; with
the circuit complete a current flows and, by Lenz’s law, the coil’s field opposes the
magnet’s motion, so the oscillation is damped: energy leaves the oscillation as heat in
the resistor and the amplitude decays. Open the switch and the e.m.f. is still induced
but no current flows, so the coil no longer damps the motion.

What makes the induced e.m.f. larger

From ¢ = N d®/dt with ® = BA: more turns N, a stronger B, a larger area A, or a
faster change — each gives a larger induced e.m.f.

Finding the direction with Lenz’s law. Push the N pole of a magnet towards a
coil and the induced current makes the near face of the coil a north pole, to repel the
approaching magnet; pull it away and the near face becomes a south pole, to attract
it. In each case the person moving the magnet does work against that force, and that
work is the source of the electrical energy: Lenz’s law is conservation of energy in
disguise. Two sentences to learn: the induced e.m.f. acts in such a direction as to
produce effects that oppose the change producing it (Lenz), and the induced e.m.f. is
proportional to the rate of change of flux linkage (Faraday).

Definitions the examiner accepts

A definition question is marked against fixed wording. Learn these exactly, and give
one answer only.

Term Definition

magnetic field a region in which a force acts on a moving charge, a
current-carrying conductor or a magnetic material

magnetic flux the force per unit current per unit length on a straight

density conductor placed at right angles to the field

tesla the flux density producing a force of 1 N on 1 m of

conductor carrying 1 A at right angles to the field
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Term

Definition

magnetic flux
flux linkage

weber
Faraday’s law

Lenz’s law

Hall voltage

the product of the flux density and the area perpendicular
to the field, ® = BA

the product of the flux through a coil and its number of
turns, N®

one tesla metre squared

the induced e.m.f. is proportional to the rate of change of
flux linkage

the induced e.m.f. acts in such a direction as to produce
effects that oppose the change producing it

the p.d. that develops across a current-carrying slice in a

magnetic field, Vi = BI/(ntq)

Exam tips

Force on a current ' = BILsin#; on a moving charge F' = BQusin6; direction
from Fleming’s left-hand rule with the second finger along the conventional
current (reverse it for an electron).

A charge moving at right angles to B moves in a circle: BQu = mv?/r, so r =
mv/(BQ) and T = 2rm/(BQ), independent of speed. A component of v along B
is unchanged: a helix.

Crossed fields: v = E/B passes undeflected. Hall probe: Vi = BI/(ntq), largest
with the slice at right angles to B; semiconductor because n is small.

Induction: e.m.f. = rate of change of flux linkage N® (Faraday); its direction
opposes the change (Lenz). On a flux-time graph the e.m.f. is the gradient:
constant change gives a constant e.m.f., no change gives zero.

Flux cutting: ¢ = BLv for a conductor of length L moving at v at right angles to
B (area swept per second times B).

Definitions carry the words “per unit current per unit length”, “at right angles”,
“area perpendicular to the field” and “rate of change of flux linkage”: each is a
mark.

Common mistakes

¢ Leaving “at right angles to the field” out of the definition of flux density, or defining

the tesla without the 1 N, 1 m, 1 A.

o Using the right hand for the force on a current (the left-hand rule), or pointing the

second finger along the electron’s motion instead of the conventional current.

e Saying a stationary charge feels a magnetic force, or that a charge moving along

the field lines does.
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Explaining circular motion without saying the force is perpendicular to the velocity
and constant in size; or claiming the magnetic force changes the speed.

Using the solenoid’s area instead of the small coil’s when finding its flux linkage.
Saying “a large flux induces an e.m.f”: only a changing flux linkage does. A coil
at rest in a steady field has no e.m.f.

Quoting Lenz’s law as “the current opposes the magnet” without “the change pro-
ducing it”, or Faraday’s law without “rate of change” or without “flux linkage”.
Drawing straight-wire field lines as evenly spaced circles or without arrows; drawing
a solenoid’s field lines crossing inside it.

Forgetting that doubling the current in one of two parallel wires doubles the force
on both (Newton’s third law).
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