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Workshop Tutorials for Physics
ER1: Charge and Coulomb’s Law

A. Qualitative Questions:

1. Which of the following effects are fundamentally electrical in nature? Briefly discuss the origin of each
effect.

tension in a spring,

“crackles” when you take clothes off,

“crackles” from walking on dry leaves,

the spiral structure of galaxies,

nerve conduction,

nuclear fission,

the auroras,

pressure in a gas.

S0 e e TR

2. In a simple (but not very accurate) model of the helium atom, two electrons (each of charge = -e) orbit a
nucleus consisting of two protons (charge = +2¢) and two neutrons (charge = 0). Is the magnitude of the force
exerted on the nucleus by one of the electrons less than the force exerted on the electron by the nucleus?
Explain your answer.

B. Activity Questions:

1. Tape Charge
Stick two strips of tape on the desk, then peel them off.
Hang them close to each other and see what happens. Explain your observations.

2. Electroscope and electrophorus

Charge up the plate using the electrophorus, by first rubbing the lower plate with the rubber glove, then placing
the metal plate on the lower plate. Before the upper plate is removed, touch the top of the metal plate with
your finger.

Explain how the metal plate becomes charged.

One can separate the electroscope leaves by both touching and not touching the electroscope with the metal
plate.

Explain how.

3. Charged rods
Charge up the rods using different materials. How do the items get charged?

Balance a charged rod on a watch glass. How can you accelerate it without touching or blowing on it?

C. Quantitative Questions:

1. Newton’s law of gravitation says that the magnitude of the force between any two objects with mass is
proportional to the masses of the objects and decreases with the square of the distance between them:
Gm,;m,

FG= 2

r

a. How is Newton’s law of gravitation similar to Coulombs law? How is it different?

In a simple (but not very accurate) model of the hydrogen atom, an electron orbits the nucleus at a mean
distance of 5.29 x 10™'" m. The nucleus (a proton) has a mass of 1.67 x 10’ kg and the electron has a mass of
9.11 x 10! kg.

b. What is the ratio of the gravitational force to the electrostatic force acting on the electron due to the nucleus?

Data:



G=6.67x 10" N.m* kg™
g0 =8.85 x 1012 N.m>.C?
e=16x10"°C

2. Rebecca and Brent are putting up their Christmas decorations ready for Christmas Eve. Brent hangs a pair of
glass-ball Christmas tree decorations from a single 40 cm long thread looped over a pin as shown. Rebecca wants
the balls to hang 20 cm apart (centre to centre), and she suggests to Brent that he put in another pin so the balls
hang apart.

Not wanting to make lots of pin holes in the wall, Brent suggests that they charge the balls up instead so that
they repel each other, thus removing the need for another pin, and simultaneously creating an interesting talking
point. The thread is non-conducting, and the balls are coated in a shiny and conductive metal paint. The balls
each have a mass of 10 g and a radius of 5 cm. The thread is very fine so its mass can be ignored. Brent uses
Barbara the cat to charge up a Perspex rod, by rubbing it on her fur until it starts crackling and she runs away.
He then uses the rod to charge the balls while holding them in contact by the threads

a. Draw a diagram showing all the forces acting on ——

the balls. ¢ o
b. How much charge must be placed on each ball so 5 _ y

that they hang 20 c¢cm apart (centre to centre) as ( but will ;
Rebecca wants them to? "._ﬂ wuarek { y

c¢. This may be fun, but will it work?




Workshop Tutorials for Physics
Solutions to ER1: Charge and Coulomb’s Law

A. Qualitative Questions:

1. The following effects are fundamentally electrical in nature:

a. tension in a spring — this is due to the distortion of bonds in the spring, which are electrical in nature.

b. “crackles” when you take clothes off — this is due to buildup of charge on the garment

c. “crackles” from walking on dry leaves — as in a, this is due to breaking and distortion of bonds in the leaves,
so this is also electrical in nature.

e. nerve conduction — relies on the movement of ions across cell membranes

g. the auroras — are due to charged particles becoming trapped in the Earth’s magnetic field.

h. pressure in a gas is due to the electrical repulsion of the molecules.

The following are not electrical in nature:

d. the spiral structure of galaxies — is due to gravitational forces

f. nuclear fission — the strong nuclear force holds nuclei together, although the energy released in nuclear fission
comes from the electric force which drives the pieces apart.

kg9,

2. Coulomb’s law for electrostatics: Fp = —,2

: . . ka\q> k(-e)(2e)
The force on one electron in the helium atom due to the nucleusis F'= 2 = 2 ,
where r is the distance from the nucleus to the electron, -e is the charge on the electron and +2e is the charge of
the nucleus due to the two protons it contains.

) k(-e)(2e) )
The force on that one electron due to the nucleus is F = 2 , which has exactly the same magnitude as
the force on the nucleus due to that electron, not less. Note that this is also the case for the gravitational force,
the force on the Earth due to the gravitational attraction of a thrown tennis ball is the same as the force on the
ball due to the earth. These are action reaction pairs, and Newton’s third law tells us that they must experience

equal and opposite forces.

B. Activity Questions:

1. Tape Charge

Large organic molecules, such as are involved in sticky tape or
combs and hair or glass/plastic and cloth/fur, break easily and leave Aok t pull off,

these items charged. The tape pieces repel each other because they Sollf deiie tape repels
have picked up a net charge, hence there is an electric field between S s m
them due to the charges. Hence they can interact without touching. Y g X

2. Electroscope and electrophorus
Rubbing with the rubber gloves charges the lower plate of the electrophorus. The neutral metal conducting plate
(with insulated handle) is placed on the lower plate and charges in the metal separate with the lower surface
having a charge opposite in sign to the charged lower plate. The upper surface of the metal plate is then earthed
(by touching with a finger), leaving a net charge on the metal plate. It can then be removed. When the upper
plate of the electrophorus touches the electroscope, charge flows onto the cap, stem and leaves of the
electroscope. Since the leaves have excess like charge they will repel each other. When the upper plate of the
electrophorus is held near the uncharged electroscope, charge in the electroscope will separate and the cap will
have the opposite charge to the electrophorus and the leaves the same charge as the electrophorus. Once again
the leaves themselves will have like charge and so will repel each other.

3. Charged rods

The glass rods are charged by electrons moving to or from them from the fur or silk. The plastic rods are charged
by organic molecules being broken and positively charged segments stripped from the rod.

You can accelerate the rod without touching or blowing on it by holding another charged rod close by: the
charges on the rods interact via a field, and attract or repel, accelerating the rod balanced on the watch-glass.



C. Quantitative Questions:
1. Comparison of gravitation and electrostatic force.
a. Newton’s law of gravitation says that the force between any two masses is proportional to the size of the

Gmym,
masses and decreases with the square of the distance between them: Fig = 2
Coulomb’s law for electrostatics says that the force between any two charges is proportional to the size of the
_ ) _ kq.q,
charges and decreases with the square of the distance between them: F = 2

Both have the same basic form in that the force varies inversely with 7 and directly with either the product of
the masses or the product of the charges of the objects. Note also that there is only one sort of mass, positive
mass and that the gravitational interaction is always attractive, whereas in the case of electric charge there are
both positive and negative charges and the interaction can be either attractive or repulsive.
b. An electron in a hydrogen atom orbits the nucleus at a mean distance of 5.29 x 10! m. The nucleus (a
proton) has a mass of 1.67 x 10" kg and the electron has a mass of 9.11 x 107" kg.
The ratio of the forces is:

kqiq, — Gmyms, ka4, 8.99x10° N.m?.C%x1.6x10™" Cx1.6x10™" C
Fg/Fg=""",2 /72 =7 Gmm = 667x10"N.m> kg2x1.67x10"2 kgx9.11x10 > kg =2 x 10%
Hence the electrostatic force is 39 orders of magnitude stronger than the gravitational force between the electron
and proton in a hydrogen atom!

2. The string that holds the balls is 40 cm long, and the balls
have a radius of 5 cm, so the center of the ball is 25 cm from the
pin, and 10 cm from the mid point between the balls (directly
beneath the pin).

a. The following forces act on each of the balls: The force
exerted by the string, 7, the electrostatic force, Fz and the weight
W = mg. See diagram opposite.

b. Since the balls are stationary, the sum of forces acting on each
one must be zero.

In the x direction: F+ T'sinf =0 (1)

In the y direction: mg + T cosf =0 (2)

From the dimensions given, sin 6 =10/25, so 6 =23.58°.
Combining (1) and (2) gives tan8 = F/mg,

So kq,q,/r* = mg tan® or g,q, = mgtan® r*/k

But g, = g, = g as charge will distribute evenly over the identical balls,

\/mg tan0 2 \/.01kgx9.888m.s"2x0.436><(0.2m)2
q =

k - 8.99x10° N.m?.C 2 =0.44uC.

c. Intime the ions in the air will neutralize the charge on the balls and they would not stay apart. On a humid
day this would happen fairly quickly.



Workshop Tutorials for Biological and Environmental Physics
ER2B: Electric Fields

A. Qualitative Questions:

1. You charge up a cat by brushing it with a plastic comb so that the cat now has charge +¢ and the comb has
charge —q. You charge up a test mouse to +1nC with a second comb, take that comb a long way away, then
place the test mouse at different points in the room with the cat and the comb as shown below. (The room has a
non-conducting floor.) Treat the cat and comb as point charges.

F"‘(] El
A "’"I;’*i*-- c 4 ot F
D
B

a. Draw vectors showing the electric force on the test mouse at positions A, B, C, D, E and F. Draw the forces
due to each charge and the net force.

b. Rank the magnitudes of the electric force on the test mouse at points A, C, E and F.

c. Rank the magnitudes of the electric field at points A, C E and F.

d. Explain how and why your answers to part b are related to your answer for part c.

e. Draw vectors showing the electric field at positions A, B, C, D, E and F. Use these vectors to help you
draw field lines for the cat-comb combination.

f. Are field lines “real”? Explain your answer.

2. In the figure below the + signs represent a very wide and very long sheet of charge.

C D

A B

+++++++++++++++++++++++

a. Draw vectors to show the direction of the electric field at the points A, B, C and D.

Two students are trying to decide where the field is strongest. Brent says that because C and D are further from
the charges, the field must be weaker at these points than at A and B. Rebecca says that the field will be the
same at C and D as it is at A and B because of the way the field lines are drawn.

b. Draw the field lines and decide who you agree with. Explain why the other student is wrong.

B. Activity Questions:

1. van de Graaff generator and wig

Place the “wig” on the generator. What do you observe?

Explain your observations. Draw field lines for the dome of the generator.

What happens when a person, insulated from the ground, touches the generator?



2. Ball in a capacitor

Explain what is happening to the ping pong ball.

Why is it behaving in this manner?

How would it behave of you removed the aluminium foil?
Draw the field lines for the capacitor plates.

3. Confused bubbles

Bubbles blown towards a van de Graaff generator behave in different ways.
Identify some patterns of behaviour.

Are the bubbles initially neutral?

Why would bubbles be attracted or repelled by the generator?

C. Quantitative Questions:

1. When atoms bind ionically at least one electron is transferred from one atom to the other. This is how sodium
and chlorine bind to form sodium chloride (salt). In a salt crystal the sodium is Na* and the chlorine is CI’, each
with a charge of x1e. They are separated in a salt crystal by 0.28 nm.

a. Considering only a single pair of ions, Na"CI", what will the force between the two ions be?

b. What is the field at point halfway between the two ions?

c. Draw a diagram showing the two ions. Draw a straight line between the two atoms and extend it out to
either side. Will there be any point on the line where the force on another Na* ion will be zero? If so, show on
your diagram approximately where this point would be.

d. If you had a salt molecule with a calcium ion, Ca™", in place of the Na" would there be any point on this line
where the second Na” would experience no force? If so, show on your diagram approximately where this point
would be.

e. If there is such a point, what will the field at that point be?

f. What is the ratio of the force on the CI' to that on the Ca™ ?

2. Cell membranes are made up of a double layer of fats, about 8.0 nm thick, as shown below.
Inside the cell there is an excess of negative ions, mostly CI', and outside there is an excess of positive ions,
mostly Na*. The cell maintains an electric field across the membrane of 10’ N.C™!.

oyt + +
O

E%ﬁ 5?3) ? Hw

+

a. Draw field lines for the section of membrane shown.
b. What must be the charge per unit area on either side of the membrane?



Workshop Tutorials for Biological and Environmental Physics
Solutions to ER2B: Electric Fields

A. Qualitative Questions:

1. +q -q
a. .r-II ad
= '“{T-?_"_h Gty Pty Ty
1 DacEp
key:
< Lot > Fea > ..E@’.‘?.’.’.’f.’..t

b. Points C and E are both 2 grid squares away from one charge and 6.5 squares from the other, and the forces
are in the same direction (towards the comb). F is two grid squares away from the comb, and 10.5 from the cat,
a test charge here experiences a strong force towards the comb, but also a weak force in the opposite direction
due to the cat, so the total force is weaker here than at C or E. The force at A is the weakest as it is 4 grid
squares away from the cat, so it feels a relatively weak force from the cat, and is also very weakly attracted
towards the comb.

Electric force at C = Electric force at E > Electric force at F > Electric force at A.

c. Electric field at C = Electric field at E > Electric field at F > Electric field at A.

d. The electric field at any point is defined in terms of the electrostatic force that would be exerted on a positive
test charge at that point, £ = F/g.. The vector representing the force is a tangent to the field line

e.

f. Field lines are not real, they are a (;gnvenient way of representing the field, which is a way of representing
forces acting at a distance.

2. Electric field due to a sheet of charge. A4
a. The field lines all point away from the sheet of C D
positive charge. See opposite. A A
b. Brent is wrong. The net force is perpendicular A B
and away from the sheet. Components of the ol o ol e e e e e o o ol e o ol ol e e o ol ok

forces acting in any other direction cancel each A
other out. As long as the sheet is infinite, there is v. v
always a pair of charges at the same distance away O — o

in either direction from the points shown. All the :
field vectors have the same magnitude, and are I A + + 4+ + 3
parallel. Hence the density of field lines is not

e e MMM

Pttt rbrt bttt e ettt




B. Activity Questions:

1. van de Graaff generator and wig leld lines
The hairs of the wig stand up because they are charged by the generator.
Usually the dome becomes positive, so negative charges move from the
wig to the dome, leaving it positively charged. The hair stands up because
the charges exert a repulsive force on each other, the hairs try to get as
far away from each other as possible and are light enough to stand up and | off on
move apart.

The hairs also line up along the field lines. When a person touches the dome their hair will also stand up if enough
charge is transferred.

2. Ball in a capacitor

A ping-pong ball bounces continuously in between the two charged plates of a
capacitor. When it touches one plate it picks up charge and accelerates towards
the oppositely charged plate. If the foil is removed the ball still bounces, but
much more slowly because it takes longer to charge. The field lines are shown
opposite. The lines point from the positive plate to the negative plate, they are
parallel near the middle of the plates and curve outwards near the edges of the + =
plates

3. Confused bubbles
The bubbles are initially neutral. The positively charged dome of the van de Graaff generator attracts negative
charges which move around to the side of the bubble facing the dome. This bubble will now be attracted to the dome.
The other side of the bubble will be positively charged and if the bubble bursts, those behind it may be splashed with
this excess positive charge and become positively charged and be repelled by the dome.

C. Quantitative Questions:
1. Electrostatic forces and fields between ions in a salt crystal.

ki
a. F= —3% =8.9x10° Nm*C? x(1.6 x 10"°C)¥ (0.28x10°m)> = 2.9x10° N.
b. The field will be equal to the sum of the field due to the Na" and that due to the CI". These will be in the same
direction as the C1" will attract a positive point charge, and an Na" will repel it.

ki k

Ea=EntEq="7 +75 =2x8.9x10° Nm?C?x1.6x107'°C/(0.14x10"m)>=1.4x 10" N.C"!

}"2

c. There is no such point for this case, another Na" will move away from the existing Na* and towards the CI" if
it is to the right of the Na", and away further to the left if it is to the left of the Na". See diagram below.

Ca"" or Na cr 0.68nm
-
= ) [
o/ o/

. i . < - > . F=F =0 with Ca". .
d. With a Ca™" there will be a point td)#f #iht where the attraction of the CI is balanced by the repulsion of

the Ca"". We require that F; = F,.

ka9, —2ke.e
Fa= "2 = (R+028nm)> = Fie- Now we can solve for R.

Cancel the k’sand e’s : 1/R> =2/(R+0.28 nm)’ or R> =(R+0.28 x 10° m )*/2

take the square root of both sides: R = (R +0.28 nm)/V?2.

e. R(V2-1)=0.28 x 10° mso R = 0.28 x 10 m/(V2-1) = 0.68 nm. If there is no force, the field is zero.

f. The force will be the same on both ions, according to Newton’s 3" law.

2. a. The field, if uniform, is £ = V/d =90 x 10°V/8.0x10° m = 1.125x10’"V.m™ ~ 1.1x10"V.m".

b. The energy required to move 3 Na" ions across this voltage gradient is W = gAV = 3x1.6x10"°C x 90 x 107V
=4.3%x102°J.

But 2 K ions move into the cell, doing work, W = gAV = 2x1.6x107°C x 90 x 10°V =2.9x107*° J.

The pump must supply the difference of 1.4x107).

10



Workshop Tutorials for Technological and Applied Physics
ER2T: Electric Fields

A. Qualitative Questions:
1. A useful way of representing fields is by drawing field lines.
a. Draw electric field lines for the charges shown below. Note that the charges have equal magnitude.

® © ® ®

b. Draw gravitational field lines for the earth and moon, shown below.

Hint: what do we use to define
@ the field at a given point in
space?

c. Gravitational and electric fields have some similarities and some differences. Use your diagram above to help
explain these similarities and differences.

2. In the figure below the + signs represent a very wide and long sheet of charge (an infinite sheet).

C D

A B

+++++++++++++++++++++++

a. Draw vectors to show the direction of the electric field at the points A, B, C and D.

Two students are trying to decide where the field is strongest. Brent says that because C and D are further from
the charges, the field must be weaker at these points than at A and B. Rebecca says that the field will be the
same at C and D as it is at A and B because of the way the field lines are drawn.

b. Draw the field lines and decide who you agree with. Explain why the other student is wrong.

B. Activity Questions:

1. van de Graaff generator and wig

Place the “wig” on the generator. What do you observe?

Explain your observations. Draw field lines for the dome of the generator.

What happens when a person, insulated from the ground, touches the generator?

2. Ball in a capacitor

Explain what is happening to the ping pong ball.

Why is it behaving in this manner?

How would it behave of you removed the aluminium foil?
Draw the field lines for the capacitor plates.

3. Confused bubbles

Bubbles blown towards a van de Graaff generator behave in different ways.

Are the bubbles initially neutral?

Identify some patterns of behaviour. Why would bubbles be attracted or repelled by the generator?

11



C. Quantitative Questions:
1. A photocopier works by putting positive charge onto the paper at the places where the image will appear.
The toner particles are given a negative charge so that they will be attracted to these points. A wire, called the
corona wire, is used to put the positive charge onto the paper. This wire typically has a radius of around 50 um
and charged to a potential of around +7kV, giving the wire a linear charge density of 40 nC.m™".
a. Assuming the corona wire is uniformly charged, draw a diagram showing the wire and the field it produces.
b. How does the field strength vary with the distance from the wire? How does this compare to the way field
varies with distance from a point charge? What about a sheet of charge?
¢. Write down an expression for the field at some distance » from the wire.
d. What is the electric field at a distance of 0.1 mm from the wire, approximately the distance from the wire to
the paper?
2. Electric fields are used in many devices, such as photocopiers, printers and radiation detectors. Neutron
detectors also use electric fields to count incident neutron radiation.
A neutron detector consists of a positively charged plate and
a neutral plate (earthed) with a space in between filled with positively -1
He. The plates are actually made by wrapping wire around a charged coil
square plate, and the plates are typically 10 cm x 10 cm and
spaced 5 mm apart. Neutrons don’t have a charge, so the | *He gas
electric field doesn’t affect them. However when a neutron
collides with a *He atom, it breaks apart into a tritium (°H) a
proton and a photon. This photon can then ionize another
atom, causing an electron to be ejected. This electron is then
accelerated by the electric field to a plate, where it causes a | =
small current. You can even tell where on the wire the electron
hit by looking at the time gap between the current pulse
reaching the two ends of the wire. This process is shown counter
below. The proton is also accelerated towards the earthed
plate, but being much heavier it takes a lot longer to get there.

‘V
.0 0

O O O Q0 Q.0
%O = %O OOO:-
Lol | L1 BRT |LT| ocll™ | Ll oC

ks
°“lloqo ? “lloco]| | T1ooo

incident L L || ||
neutron electron attracted to

3
He atoms *He + n — p+ H+ photon photon ionizes atom positive plate

Consider an electron which has been emitted from an atom midway between the plates, 8 cm above the bottom
of the detector. The electron is initially at rest. Assuming it does not interact with any other atoms as it falls,
how big an electric field is necessary to ensure that it reaches the positive plate before “falling out” of the
detector?

(Hint: you will need to use Ax =v,t+ ar*.)  dataim, =9.11 x 103 kg,e=1.6 x 10" C.

12



Workshop Tutorials for Technological and Applied Physics
Solutions to ER2T: Electric Fields

A. Qualitative Questions:
1.
a.

(+) O

~

Use the force on a point charge, or in the
case of a gravitational field, a point mass to
define the field lines. In b, the force, and
hence the field, is zero where the test mass is
equally attracted to both Earth and moon.

¢. Both gravitational and electric fields are defined in terms of force on a point object (charge or mass), and both
obey a 1/ law. In gravity there is only one type of “charge”, which is mass. In electrostatics there are two types,
positive and negative. Like gravitational “charges” attract each other, but like electric charges repel each other and
opposite charges attract. However the field lines are similar for a pair of positives for both gravitational and electric

fields. Note that the direction of the field lines is differen

thev g0 into a mass. and out from a positive charse

2. A sheet of charge.

c. The field lines all point away from the sheet of
positive charge. See opposite.

d. Brent is wrong. The net force is perpendicular
and away from the sheet. Components of the

A
CcC D
A4
ttttttttttt bbbttt

forces acting in any other direction cancel each
other out. As long as the sheet in infinite, there is
always a pair of charges at the same distance away
in either direction from the points shown. All the
field vectors have the same magnitude, and are
parallel. Hence the density of field lines is not

A

+ + + + ++.;.++

changing as we move away from the sheet, so the
magnitude of the field is constant.
B. Activity Questions:

1. van der Graaf Generator:

ITTTITITTTees

Fr++4+++tttdb bttt

wig to the dome, leaving it positively charged. The

stand up and move apart. The hairs also line up along

The hairs of the wig stand up because they are charged by the generator. Troftimes
Usually the dome becomes positive, so negative charges move from the
hair stands up
because the charges exert a repulsive force on each other, the hairs try
to get as far away from each other as possible and are light enough to
the field lines.
When a person touches the dome their hair will also stand up if enough off on

charge is transferred.

2. Ball in a capacitor

13



A ping-pong ball bounces continuously in between the two charged plates of
a capacitor. When it contacts with one plate it picks up sufficient charge to
accelerate towards the oppositely charged plate. If the foil is removed the
ball still bounces, but much more slowly because it takes longer to charge.
The field lines are shown opposite. The lines point from the positive plate
to the negative plate, they are parallel near the middle of the plates and curve
outwards near the edges of the plates

3. Confused bubbles

The bubbles are initially neutral. The positively charged dome of the van de Graaf generator attracts negative
charges which move around to the side of the bubble facing the dome. This bubble will now be attracted to the
dome. The other side of the bubble will be positively charged and if the bubble bursts, those behind it may be
splashed with this excess positive charge and become positively charged and be repelled by the dome.

C. Quantitative Questions: side-on view:
- v

1. A photocopier corona wire typically has a radius of around 50 um \ /
and charged to a potential of around +7kV, giving the wire a linear < / >
charge density of 40 nC.m™". A
a. See diagram opposite. The field spreads radially outwards from

the wire. v
b. The field of a point charge varies as 1/7%, whereas the field from a < '\, / >
line charge falls off as 1/r. Hence the field of the point charge faus / A
away to zero more quickly. The field produced by a sheet of charge is
uniform and does not vary with . (Note, this is assuming an infinite from above:
sheet! — a situation we can use as an approximation when the
dimensions of the sheet are many times the distance » from the sheet.
c. The field at some distance » from the wire is given by the \ /
expression
E = N2mer, where A is the linear charge density. < O >

40x10°C.m™!
d. E=M2mer = 5,3 142x8.5x102 N.m=2.C2x1.0x10 > m
=750 kV.m™.
2. The electron accelerates vertically because of the gravitational positively -T—
field and horizontally because of the electric field. If the electron charged coil
is to hit the plate the time taken to fall 8cm must be no less than
the time taken to move 2.5cm to the positive plate under the |’He gas /
. . .. . >

action of the electric field. In the limiting case we take the time to
fall 8 cm equal to the time to move 2.5 cm horizontally.
Using Ay =v,t + ayt2 where a,, = g and v, = 0 gives

> =2Ay/g. —
In the horizontal direction , Ax = vt + 1/2 a7,
where a, = eE/m and v, =0 , L
so eE/m = a, = 2Ax/f* =2Ax g/2Ay. counter
Thus E =Ax gm/Ay e =2.5 x 102m x 9.11 x 107! kg x 9.8m.57%/1 .6 b=l CostmRQaim0-Zita

E=1.7x 10"'N.C"..
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Workshop Tutorials for Physics
ER3: Flux and Gauss’ Law

A. Qualitative Questions:

1. Consider a Gaussian surface that encloses part of the distribution of positive charges shown below.

QI$

surface

a. Write an expression for the flux through the Gaussian surface shown.

b. Which of the charges contribute to the electric field at point P?

Suppose you have a Gaussian surface which contains no net charge.

c. Does Gauss’ law require that there is no electric field at all points on the surface? Draw a diagram to help
explain your answer.

d. Is the converse necessarily true, i.e. that if the electric field is zero everywhere then the charge contained
must be zero?

2. A “Faraday cage” is a metal cage used to shield devices from electromagnetic fields. These are often used in
precision experiments when a very small voltage needs to be measured. For example, a Faraday cage is usually
used when measuring potential changes across nerve membranes, otherwise these changes cannot be detected
due to “noise” from nearby electrical wiring.

a. Using gauss’ law, explain how a conducting wire cage can shield its contents from external electric fields.

It is regularly proposed that Faraday cages be placed around sources of electric fields, such as mobile phones
and large transformers, to protect people from possible effects of exposure to electric fields.

b. Would this shield nearby people? Explain why or why not.

B. Activity Questions:

1. Faraday’s Icepail

Explain how the initially neutral pail became charged.

Why is the charge transferred totally to the pail and not shared between the pail and the ball?
How does this experiment confirm Gauss’ law?

2. Gauss’ law

Fill the metal can with polystyrene balls and place it on the generator.

Now turn the generator on. Explain what happens.

Remove the metal can and replace it with the plastic one.

Explain what happens this time when you turn the generator on.

3. Flux

Hold the solar panel in front of the light.

What is the direction of the vector representing the area upper surface of the panel?

Give an expression for the flux of light onto the panel.

How can you orient the panel to maximise the flux?

If the orientation were kept constant, how would the flux change if you doubled the area of the panel?
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C. Quantitative Questions:

1. Doctor Frankenstein’s great grandson, Wayne Frankenstein, has discovered the original notebooks explaining
the process of reanimation. Being a scientist himself, he sets out to continue his great grandfather’s experiment.
Wayne finds a vacant block where he measures the electric field at a height of 300m to have a magnitude of 60
N.C!, and at 200m the field has a magnitude of 100 N.C™'. The field is directed vertically down.

Wayne builds a machine which will capture all the charge in a cube of size 100 mx100 mx100 m.

a. If the cube has horizontal faces at altitudes 200 m and 300 m, what will be the flux through the surface of this
cube?

b. How much charge will Wayne’s machine collect?

c. Wayne directs the charge through a dead cat to reanimate it. If all the charge flows through the cat in 1.0 ms,
what current will flow through the cat?

100m

200m

2. A neutral, spherical, thin metal shell has a point charge +¢ at its centre.
a. Draw a diagram showing the field lines and distribution of
charges.

b. Use Gauss’ law to derive expressions for the electric field
between the charge and the shell, and the field outside the shell.

c. Has the shell any effect on the field due to ¢?

d. Has the presence of g any effect on the charge distribution of
the shell?

e. If a second point charge is held outside the shell, does this
outside charge experience a force?

f. Does the inside charge experience a force?

g. Is there a contradiction with Newton's third law here? Why or why not?

neutral
+
o q
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Workshop Tutorials for Physics
Solutions to ER3: Flux and Gauss’ Law

A. Qualitative Questions:

1. A Gaussian surface.

qr 4 -
. Dinside 42143 $ q p)
a. The flux through the surface shown is @ = =" e, - (an)

€0

b. All of the charges contribute to the electric field at point P, a field g Gaussian
at any point is the sum of the fields due to all charges present. ",

Suppose you have a Gaussian surface which contains no net charge. i
c. Gauss’s law does not require that there is no electric , £ field lines info
field at all points on the surface, it requires that the integral fffﬁﬁalj?fi ?}‘lllts surface in this
of E over the entire surface is zero. Consider for example a | region | ceeerssfrrnnnn,,, ] region
dipole consisting of two charges of equal magnitude and

opposite sign, enclosed in a Gaussian surface. The points s @ @ “

surface

on the surface which are closer to one charge than the other .
will have a non-zero field, however the integral of the field
over the entire surface will still be zero. | Trreredeeeest?
If the electric field is zero everywhere then the total charge _ Gaussian surface,
contained must be zero. If there was a net charge contained [E.da=o.
there would be points at which there was a field. plon o

2. A “Faraday cage” is a metal cage used to shield devices from electromagnetic fields.

a. A conducting wire cage can shield its contents from external electric fields. Consider a metal shell in an
electric field. According to Gauss’s law if there is no contained charge then the flux through the surface must be
zero and the electric field anywhere within the conductor must also be zero. Physically, if there is an electric
field outside the conductor then there will be charge separation on the outside of the conductor. The charges will
move until there is no longer a force acting on them, and hence the field must be zero. As long as the wires of the
cage are close together compared to the size of the cage the field inside the cage will be approximately zero. This
1s why when you pass over a bridge which has metal scaffolding on it you lose radio reception, particularly on
the AM band. Radio waves are electromagnetic waves, and the scaffolding shields you against them. FM has
shorter wavelengths so needs a finer mesh to shield against it.

b. You cannot shield against electric fields by putting the devices that generate the fields into metal cages. The
field induces charge separation on the cage, such that the field outside the cage is the same as if the cage were not
there.

B. Activity Questions: |
1. Faraday’s Icepail + =+
The ball is lowered into the container, and charges +, 0+
are induced on the container walls. When the ball is "'_ + +
touched to the inner surface all its excess charge is A &
+ 4

transferred to the container and appears on the
outer wall of the container. All the charge is = +
transferred because when the ball is in contact with
the container they act as a single conductor.

The electric field within a conductor is zero, and if you draw a Gaussian surface inside the conductor it will
contain zero charge because £ = 0 everywhere on the surface. Hence the ball can contain no charge.

When the ball is removed, we can see that it has no charge, thus confirming Gauss’s law.
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2. Gauss’ law

When the generator is turned on the metal becomes charged. On a conductor all the charge goes to the outside of
the conductor, so the balls inside do not become charged. When the plastic cup is placed on the generator the
balls fly out. The plastic is an insulator, so the charge does not flow easily to the outer surface. The balls inside
become charged and repel each other and are light enough to fly out of the cup.

3. Flux

The flux onto the panel is ® = -4IcosB where / is the intensity of the light, 4 is the area of the panel and 6 is the
angle between the normal vector to the surface and the direction of the incident radiation. Note the minus sign
because the flow lines and the vector representing the area are in opposite directions.

To maximise the flux you need to maximise the area that min S
the light “sees”, so the surface should be perpendicular to| max >

the light. To minimise the flux you turn the area parallel| <€——t—— // >

to the light. Doubling the 4 would double the flux. A = x5 >
C. Quantitative Questions: - (out of page)

1. Wayne Frankenstein’s cat re-animator.
a. The flux through the top surface will be:

D= fE.dA =EA=60N.C"'x 100 m x 100 m = 6.0x10°N.C"'.m?.
The flux through the bottom surface is ® = fE.dA =EA=100NC"' x (100m)*=1.00 10°N.C"'.m%.

The sides are parallel with the field so there will be no flux through the sides, so the net flux through the cube is
1.00 x 10° N.C"'.m* - 6.0 x 10°N.C"".m* = 4.0x10° N.C"".m".

b. For any closed surface (Gauss’ law), ® = f E.dA = q/e, where q is the charge enclosed by the surface.
®= fE.dA = 4.0x10° NC'm? = g/gg and ¢ = 4.0 x 10° N.C"".m? x 8.85x10"? C2N"'m? =3.5x10° C

c. If3.5x10° C flows through the cat in 1 ms, the current will be:
I=Ag/At= 3.5x10° C/1x10s = 3.5 mA. (Not very much, the cat will definitely stay dead.)

2. Charge inside a shell.

a. See diagram opposite.

b.Inside the shell we choose an imaginary spherical
Gaussian surface of radius r centred on the charge q.

According to Gauss’ law @ = f E.dA = qg/e,.
E.dA = EdA in this case because E is perpendicular to the 4

| \A

at all points. So: y
q +
E fdA =E 4nr* = g/eo. And E(r) = 4meyr2  1f we choose Gaussian
urf:
a Gaussian surface outside the sphere the charge contained l S

will be the same, so the expression for E will be the same.
¢. The thin shell has no effect on the field due to ¢, as the field inside and outside the shell are described by the same
equation. If the shell had finite thickness the field would be zero inside the metal.

d. Since the shell is a conductor the charges on the shell will distribute themselves such that there will be a charge +¢
on the outer surface of the shell and —¢ on the inner surface.

e. A test charge outside the sphere will experience a force because it is in an electric field.

f. The inner charge will not experience a force because it is shielded by the shell. The charges on the outside of the
shell will redistribute themselves, but those on the inside will not, so the field inside the shell does not change.

g. There is no conflict with Newton’s third law. The forces on the point charge in the shell and the test charge are
not an action-reaction pair. The force on the test charge is due to the charges on the outside of the shell.
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Workshop Tutorials for Biological and Environmental Physics
ER4B: Electric Potential

A. Qualitative Questions:

1. Brent and his brother Bert are playing golf on a
Sunday afternoon.

It gradually clouds over until there is a thick layer of
cloud above them, and they hear the threatening

rumble of a thunder storm. Brent tells Bert that the [\
potential difference between the cloud layer overhead
and the ground is probably around a gigavolt (10° V),
and that he’s going back to the club house for a drink.
Bert decides to finish the hole that he’s on first.

a. Draw field lines and equipotential lines for Bert
and his surroundings.

b. What is the potential difference between Bert’s
feet and his head?

c. Is this different from the potential difference between
head, if he wasn’t standing there?

d. What is the electric potential of Bert’s head? Explain your answer.

e. Why is it a bad idea to play golf in a storm?

f. Even when it is fine weather there is an electric field of around 100 V.m™', yet we don’t get electrocuted just
walking around or playing golf in the sunshine. Why not?

2. Many factories use dust precipitators in their chimneys to remove airborne pollutants. In one such
precipitator a pair of plates is placed in the square chimney with a potential difference of 2 kV between them.
The large electric field causes molecules to be ionized. Free electrons and ions can then attach to dust particles
making them charged. Suppose that a dust particle in the chimney has a charge of +1e.

a. Draw field lines and lines of equipotential for the
arrangement shown. 2KV
b. If the dust particle starts from rest at point O, half way
between the plates, will it move towards point A or B?

c. Will the system gain or lose electric potential energy?
Where does this change in energy come from?

d. Repeat parts b and ¢ for a particle with a charge of —2e. 4 0 B -
Will the change in electric potential energy be greater, less
than or the same for this particle for a given distance
traveled?

e. Rank the electric potential at points A, B and O.

f. What do you think the difference between electric
potential and electric potential energy is?

A
\

B. Activity Questions:

1. Equipotentials

Use the probe to mark out equipotential lines for the arrangements of charge as shown.
What does the density of equipotential lines tell you?
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2. Measuring voltages

Use the voltmeter to measure the potential differences across the terminals of the various batteries.
Use the voltmeter to measure the potential difference between two points on the wire.

Now measure the potential difference between one end of the resistor and the other.

Explain why they are different.

Voltmeters are always connected in parallel with the device you are measuring the voltage across.
Why is this the case?

C. Quantitative Questions:

1. Cell membranes are made up of a double layer of fats, about 8.0 nm thick, as shown below.
Inside the cell there is an excess of negative ions, mostly CI', and outside there is an excess of positive ions,
mostly Na'. The cell maintains a potential difference of around ~90 mV across the cell membrane.

+ o,

E 3?3> g} ”i}

v — — —

+

a. Assuming the electric field is uniform, what is the magnitude of the electric field across the membrane?

The membrane potential is maintained by biochemical pumps which move ions into and out of the cell. Moving
positive ions against an electrical potential gradient requires energy, and up to 20% of the body’s resting energy
usage may be used in maintaining this movement.

b. A particular pump transports 3 Na' ions out of the cell at the same time as it transports 2 K" ions into the
cell. What minimum energy must this process use?

2. Electrocardiograms (ECGs) record electric potential differences between points on the chest due to the
electrical activity of the heart. The heart behaves at some moments like a dipole as shown.

The charges are 6 cm apart, point P is at an electrode 6.0
cm from charge A and point Q is at an electrode 9.0 cm
from a point half way between the charges as shown. The
charge at point A is +2.0 x 107'* C, and that at point B is
~1.5x10MC

a. Draw lines of equipotential for this arrangement.

b. What is the potential at point P due to charge A?

c. What is the potential at point P due to charge B?

d. What is the potential at point P?

e. What is the potential difference between points P and

Q?
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Workshop Tutorials for Biological and Environmental Physics
Solutions to ER4B: Electric Potential

A. Qualitative Questions:

1. Playing golf in a storm.

a. The clouds are negative with respect to the
Earth, which is at zero, so the field lines go
from the Earth to the clouds.

See diagram opposite.

b. Bert, like all humans, is a good conductor,
hence he will be at the same potential all over,
from his head to his feet, and the electric field
will be distorted around him.

c.There will be a very high potential
difference between the air above his head and
the ground at his feet, given by AV = Ed.

d. Bert is standing on the ground, hence he is
earthed. The earth is at zero volts, so Bert
will also be at zero volts, including his head.

e. Walking around and swinging a golf club in a thunderstorm is dangerous. The club could act as a lightning rod,
as it is long and metallic. If there is a very large electric field then lightning could strike, and Bert’s golf club, and
his body, will a form path of low resistance for the current.

f. There are very few free charges in the air usually, so no current is established. Breakdown of dry air to give
free charges occurs at fields around 3x10° V.m™!, which is much more than the fine weather field of 100 V.m™'.

2. Dust precipitators. Lo L L O L T DL O L T
a. See diagram opposite. PSS SSSSE SRS SRS ISR fanas TS
b. The dust particle in the chimney has a e mar e maweata e amar
charge of +1e, hence it will be attracted to the |equipotentials i SR TR ST 5’
negative plate and repelled by the positive ﬁ — ey
plate, and will move towards point B. _I_ : ‘A 0 : E e S
c. The system will lose electric potential SRR AR i 1P
energy in doing this, just as when a ball falls, . / e T T Ty
the ball-earth system loses gravitational field lines ot s e '>
potential energy. The dust particle will s et e e 1’
accelerate, gaining kinetic energy as it moves e S - .
from O to B.

d. A particle with charge —2e will move the opposite way, towards A. It will also lose potential energy and
gain kinetic energy, but as its charge is twice as great it will have twice the electric potential energy as the +le
particle, and twice as much electric potential energy will be converted to kinetic energy for a given distance
traveled.

e. The electric potential is highest at point A and lowest at point B; it decreases as you move from positive
from to negative.

f. The electric potential energy of a charge at some point is the energy required or the work that must be done
to move a charge from infinity to that point. The potential energy is the potential energy of the whole system of
charges. For convenience we take the zero of electric potential energy to be when the charge is at infinity so we
can talk about the potential energy of that particular charge due to the field produced by other charges. The
potential is then the potential energy per unit charge.
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B. Activity Questions:

1. Equipotentials

Equipotentials are surfaces on which the electric potential is constant. Field lines represent the magnitude and
direction of forces. Field lines are always perpendicular to equipotentials, so you can use equipotentials to draw
field lines (or vice versa). Note that there is no work done moving a charge along an equipotential because the
force is perpendicular to the displacement, and there is no change in potential energy.

2. Measuring voltages

The resistance of the wire is much less than that of the resistor. Since the value of the current in both wire and
resistor must be the same, using V' = IR we can see that the potential difference across the whole wire must be
much smaller than the potential difference across the resistor. The potential difference between any two points
on the wire is probably so small that you could not measure it.

To say that a voltmeter is connected "in parallel" is just a fancy way of saying that you connect its terminals to
the two points for which you want to know the potential difference. Since there is usually something else like a
resistor already connected between those two points people say that the voltmeter and the resistor are "in
parallel".

C. Quantitative Questions:

1. Membrane potential and electric field.

a. The field, if uniform, is

E=VId=90x 10°V/8.0x10° m = 1.1x10" V.m™",

b. To move 3 Na' ions to a location at higher potential requires 3eAV of energy input. But when 2 K ions go

the other way to a lower energy state they release energy 2eAV. That requires a net energy input of eAV by the
pump, W=eAV =1.6x10""C x 90 x 10>V = 1.4 x10*° J gained.

2. The charges are 6 cm apart, point P is 6 cm from charge A and point Q
is 9 cm from a point half way between the charges as shown. Hence
electrode P is 6 cm away from charge A and 12 cm away from charge B.
Electrode Q is 9.5 cm away from both charges A and B. The charge at
point A is shown is + 1.5 x 107 C, and that at point B is — 1.0 x 1074 C

a. See diagram opposite.
b. The potential at point P due to charge A will be p > p
poka _ 8.99x10°N.m*.C” x1.5x10™C _ , », N }(Q
r 0.06m
c. The potential at point P due to charge B will be A -[-‘
p— ka_ 899x10°N.m*.C™ x-1.0x10™C _ |5
r 0.06m b
d. The potential at point P will be the sum of the potentials
due to the two charges, which is B (@
Vp=22mV +-1.5mV =0.7mV >
e. To find the potential difference between points P and Q
we first need to find the potential at Q:

kg, , kq, _ 8.99% 10°N.m*.C~* x1.5x10™C L 8.99x10°N.m?.C~* x-1.0x107*C
r, 7y 0.095m 0.095m
The potential difference between P and Q is therefore Vp - Vp=0.7mV —0.5mV = 0.2 mV.

Vo= =0.5mV
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Workshop Tutorials for Technological and Applied Physics
ERA4T: Electric Potential

A. Qualitative Questions:

1. When we talk about gravity we usually talk about gravitational potential energy, and not gravitational
potential. In electrostatics we do the opposite — we usually talk about electric potential rather than electric
potential energy.

a. What is the difference between electric potential and electric potential energy?

b. Why is the electric potential energy of a pair of like charges positive and the electric potential energy of a pair
of unlike charges negative?

c. Is the gravitational potential energy of a pair of masses positive or negative?

d. The electric field inside a uniformly charged hollow sphere is zero. Does this necessarily mean that the
potential inside the sphere is zero?

3. Many factories use dust precipitators in their chimneys to remove airborne pollutants. In one such
precipitator a pair of plates is placed in the square chimney with a potential difference of 2 kV between them.
The large electric field causes molecules to be ionized. Free electrons and ions can then attach to dust particles
making them charged. Suppose that a dust particle in the chimney has a charge of +1e.

g. Draw field lines and lines of equipotential for the
arrangement shown. 2 kV
h. If the dust particle starts from rest at point O, half way
between the plates, will it move towards point A or B?

i. Will the system gain or lose electric potential energy?
Where does this change in energy come from?

j. Repeat parts b and ¢ for a particle with a charge of —2e. 4 0 B E—
Will the change in electric potential energy be greater, less
than or the same for this particle for a given distance
traveled?

k. Rank the electric potential at points A, B and O.

B. Activity Questions:

3. Measuring voltages

Use the voltmeter to measure the potential differences across the terminals of the various batteries.
Use the voltmeter to measure the potential difference between two points on the wire.

Now measure the potential difference between one end of the resistor and the other.

Explain why they are different.

Voltmeters are always connected in parallel with the device you are measuring the voltage across.
Why is this the case?

4. Equipotentials

Use the probe to mark out equipotential lines for the arrangements of charges as shown.
What does the density of equipotential lines tell you?

23



C. Quantitative Questions:

on a Sunday afternoon.

It gradually clouds over until there is a thick
layer of cloud above them, and they hear the
threatening rumble of a thunder storm. Brent
tells Bert that the potential difference between
the cloud layer 500 m overhead and the ground
is probably around a gigavolt (10° V), and that
he’s going back to the club house for a drink.
Bert decides to finish the hole that he’s on first.

1. Brent and his brother Bert are playing golf /\

a. Estimate the magnitude of the electric field that Bert is standing in. (Treat the ground and clouds as parallel
charged sheets.)

b. Draw a diagram showing field lines and equipotential lines for Bert.

c. Bertis 180 cm tall. If Bert were not there what would be the potential difference between the ground and a
point 180 cm above ground?

d. When Bert is standing there what is the potential difference between the hair on his head and his feet?

e. What is the electric potential of his head? Explain your answer.

f. What is the change in electric potential energy of an electron that moves between the cloud and the ground?

2. Geiger counters are used to detect ionizing radiation. The detector part 5
consists of positively charged wire which is mounted inside a negatively
charged conducting cylinder, as shown. The charges on the wire and the
cylinder are equal, and are opposite, so a strong radial electric field is set up

4 cm’_/

inside the cylinder. The cylinder contains an inert gas at low pressure. —
When radiation enters the tube it ionizes some of the gas atoms, and the -
resulting free electrons are attracted to the positive wire which runs down —

the middle. On their way to the wire these free electrons ionize more atoms,

giving rise to more free electrons, which ionize more atoms, and so on. This \\_II/
is called a cascade effect.
a. The radius of the central wire is 25 um, the radius of the cylinder is 1.4 cm and the length of the tube is 16
cm. If the electric field at the cylinder’s inner wall is 2.9 x 10* N.C™!, what is the total positive charge on the
inner wire?

b. Find an expression for the potential difference between the inner wire and the outer cylinder in terms of the
linear charge density, A.

c. Calculate the potential difference between the wire and the cylinder.

A
Hint: the electric field due to a line of charge with charge density A is given by E = 2meyr where 7 is the radial

distance from the line of charge.
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Workshop Tutorials for Technological and Applied Physics
Solutions to ER4T: Electric Potential

A. Qualitative Questions:

1. Electric potential and potential energy.

a. The electric potential energy of a charge at some point is the energy required or the work that must be done to
move a charge from infinity to that point. The potential energy is the potential energy of the whole system of
charges. For convenience we take the zero of electric potential energy to be when the charge is at infinity so we
can talk about the potential energy of that particular charge due to the field produced by other charges. The
potential is then the potential energy per unit charge.

b. The electric potential energy of a pair of like charges is positive because work has to be done on them to
move them from infinitely far apart in towards each other. The change in potential energy is equal to the work
done on the charges, hence the potential energy is positive. The opposite is true of a negative and positive
charge, they do work in coming together, hence they have negative potential energy.

c. The gravitational potential energy of a pair of masses is negative, as in the case of opposite charges, they are
attractive, so they do work as they approach, rather than work having to be done on them to bring them
together.

d. Electric field is defined as the change in potential with distance. If the electric field is zero, then the potential
is not changing with distance, i.e. it is constant, but this does not necessarily mean that it is zero.

.
.

-
»

2. Dust precipitators.
g. See diagram opposite. . :
h. The dust particle has a charge of +1e, hence it will be oy

. potentials B/IEa e aans_mne—
attracted to the negative plate and repelled by the -+ : EA YOG O : B
positive plate, and will move towards point B. / T et
i. The system will lose electric potential energy, just as | field ;

when a ball falls, the ball-earth system loses gravitational | lines :
potential energy. The dust particle will accelerate, gaining
kinetic energy as it moves from O to B. -
j- A particle with charge —2e will move the opposite way, towards A. It will also lose potential energy and
gain kinetic energy, but as its charge is twice as great it will have twice the electric potential energy as the +1le
particle, and twice as much electric potential energy will be converted to kinetic energy for a given distance
traveled.

k. The electric potential is highest at point A and lowest at point B; it decreases as you move from positive
from to negative.

B b Jih 40 4 4 48
|

B. Activity Questions:

1. Measuring voltages

The resistance of the wire is much less than that of the resistor. Since the value of the current in both wire and
resistor must be the same, using V' = IR we can see that the potential difference across the whole wire must be
much smaller than the potential difference across the resistor. The potential difference between any two points
on the wire is probably so small that you could not measure it.

To say that a voltmeter is connected "in parallel" is just a fancy way of saying that you connect its terminals to
the two points for which you want to know the potential difference. Since there is usually something else like a
resistor already connected between those two points people say that the voltmeter and the resistor are "in
parallel".
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2. Equipotentials
Equipotentials are surfaces which have the same value of electric potential and field lines represent the magnitude

and direction of forces. Field lines are perpendicular to equipotentials, so you can use equipotentials to draw field
lines.

C. Quantitative Questions:

1. The potential difference between the cloud
layer 500 m overhead and the ground is
probably around 10° V.
a. The electric field is the potential difference
per unit distance,
E=V/d=10°V/500m=2.0x 10° V.m™".
b. See diagram opposite.
c. Assuming a uniform field, the potential
difference between the ground and the air at
180 cm above the ground is
V=Ed=2.0x10°V.m' x 1.80 m

=3.6x 10°V=3.6 MV.
d. Bert, like all humans, is a good conductor, hence he will be the same potential all over, from his head to his
feet, and the electric field will be distorted around him
e. Bert is standing on the ground, hence he is earthed. The earth is at zero volts, so Bert will also be at zero
volts, including his head.
f. The change in electric potential energy of an electron moving from the clouds to the ground will be the
change in potential x the charge of the electron, AU= Ve =10V x 1.6 x 10" C=1.6 x 10°'°]J.

2. Geiger counters are used to detect ionizing radiation. The detector pelrt
consists of positively charged wire which is mounted inside a negatively chargpd
conducting cylinder, as shown. The radius of the central wire is 25 um, the KN4 em
radius of the cylinder is 1.4 cm and the length of the tube is 16 cm. If the electfic
field at the cylinder’s inner wall is 2.9 x 10* N.C™"

d. The field at the inner wall of the cylinder will be entirely due to the enclospd

charge (Gauss’ law), so we can use the expression given in the hint, £ = 27¢,8 ,
to find the linear charge density:
A=2me,rE=2 w885 10" Fm' 0014m_ 29x10*N.C"'

=23 10%Cm™.
The length, /, of the tube and wire is 16 cm, so the total excess charge on the

wireisg=A _[=0.16m _ 23 10*Cm'=3.6nC.
e. The potential difference between the inner wire and the outer cylinder is

e

" A A e
AV=V,-V.= —fE.dr: onsor dr= %lnr} = 2me, (Inry,—Inr;) = 22—50 111(?)

ry,

f. The potential difference between the wire and the cylinder is

A (r_) 2.3x10° C.m’! ( 0.14m 5
AV= Tz, N\ ) = 5058 85x102 F.m™ N\ 541076/ =3.6 _10°V=3.6kV.
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Workshop Tutorials for Biological and Environmental Physics
ER5B: Capacitance

A. Qualitative Questions:

separated by a distance d.

What will be the effect on the capacitance of : / A
a. Pushing the plates toward each other so d is halved?

b. Doubling the area, A, of both plates?

c. Doubling the area of one plate only? /
d. Sliding one of the plates relative to the other so the overlap is |

1. A capacitor consists of two parallel plates with area A which are |
|

halved?
e. Doubling the potential difference between the plates?

2. The cell membranes of axons and dendrites can be modelled as a circuit of resistors and capacitors, as shown
below. R, is the resistance of the membrane, R; is the internal resistance of the cell and C,, is the capacitance of
the membrane. When an impulse is received at a synapse there is a sharp “pulse” at that point, either a positive
change in the membrane potential (an excitatory post synaptic potential) or a negative change (an inhibitory
post synaptic potential). This pulse is transmitted along the dendrite to the cell body. Note that this is a
passive process, the impulse is not reinforced as it travels, unlike the transmission of action potentials in the
axon. Explain what effect the combination of resistance and capacitance has on the pulse as it moves along the

dendrite.
Cn—— %Rm Coee %Rm C e §Rm Co— %Rm

AN V4V Vo N BV, V., V, N BV, V, Vo N B, Vo Vo NI
Ri Ri Ri Rl' Ri

B. Activity Questions:

1. Variable capacitor I — giant capacitor

Examine the variable capacitor.

How can the capacitance be varied?

What happens to the paper strips when the capacitor is turned on? Why?
Sketch the electric field between the plates.

2. Variable capacitor II — tuning capacitor
Examine the variable capacitor.

How can the capacitance be varied?

Can you think of where these devices might be used?
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3. Energy stored by a capacitor

Examine the circuit set up to show how energy (_ CF?) is stored by a capacitor.
Does changing the voltage supplied increase the capacity of the capacitor?

Does changing the supply voltage change the amount of energy that can be stored?
This is similar to the circuit found in the electronic flash in a camera.

C. Quantitative Questions:

1. Nerve cells, such as that shown in the diagram below, transmit electrical signals between sensory receptors
and the brain, and then to the muscles. A nerve cell has a cell body with dendrites where the signals come in, and
a long axon at the other end where signals are sent out.

de%y axon
o e

Cell body

A particular nerve cell connects a pressure sensitive cell in your big toe to another nerve in your spinal cord.
The axon has a membrane with a 90mV potential difference across an 8.0 nm thick membrane . The axon is like a
long tube, with a radius of Sum and a length of 1m. The dielectric constant of the membrane is 7.

a. Given the radius of the axon and the thickness of the membrane, what sort of capacitor can you treat the axon
membrane as being equivalent to?

b. What is the capacitance per unit area of the axon?

c. What is the capacitance of the axon?

d. What is the magnitude of charge separated by the axon membrane?

chest?

2. Electric shock can injure and harm. But it can also be used (by - — —,
experts, and judiciously!) to revive people using a cardiac defibrillator = _ taa
which sends an electrical impulse to the heart to re-start it, for example ot Laormd o
after a heart attack. You see these being used all the time on television {ppe =nis  HEgEE
shows like ER, General Hospital, All Saints etc. when people are rushed . —
into the emergency room after suffering a heart attack or bad electric \
shock. ~
A certain cardiac defibrillator consists of a capacitor charged up to 1.0 x .
10* V (10,000 volts) with a total stored energy of 450 J. ﬂ’if.?' L:’:.' %
a. Calculate the charge on the capacitor in this defibrillator. ' ‘:::‘ ' -
b. If the internal resistance of the defibrillator is small, and the resistance [ | 'l._
across the skin of the patients chest is 1.0 kQ, how long will it take the fr hi'- sy 11
defibrillator to discharge 90% of its stored charged into the patients I L )
i '

28



Workshop Tutorials for Biological and Environmental Physics
Solutions to ER5SB: Capacitance

A. Qualitative Questions:

1. Capacitance of a parallel plate capacitor.
. A . . . :

a. Since C = %, reducing d to half its value will double the capacitance.

b. Doubling the area of both plates will again double the capacitance (assuming an ideal capacitor).

c. Doubling the area of one plate only will not change the capacitance since A4 is the area of overlap.

d. If the area of overlap is 50% of its original value, then the

capacitance also halves.

e. Doubling the potential difference between the plates

results in no change in the capacitance. The capacitance is

determined by geometrical quantities.

2. As an excitation, a voltage spike, moves along the membrane the resistances dissipate energy as heat, so the
pulse gets smaller. The capacitors in combination with the resistors also act to smooth the peak, so that it gets
smaller and spreads out, as shown in the diagram below. This is because it takes some time (determined by the
time constant), to both charge and discharge the capacitor as the pulse passes along. The circuit shown below is
also a good model of a lossy transmission line, such as any cable used to carry electrical signals, for example a

TV antenna cable.
Cn 2= %Rm Coee §Rm Creem §Rm Coe %Rm

L /AAA__L_AANAANA__L_ AN AN\

—_— AN
4 R R; R; R R;
/\ /\ /\ Z~ N\ x and £

B. Activity Questions:

1. Variable capacitor I — giant capacitor

The capacitance is inversely proportional to the separation of the plates,
moving the plates closer together increases the capacitance. The paper
strips lift and align with the field lines when the field is strong enough.
The strips become charged by the plate to which they are attached, and
are both repelled by this plate and attracted towards the opposite plate.

2. Variable capacitor II — tuning capacitor

Notice that the capacitor is a series of leaves. Rotating the “stem” rotates one set of leaves so that the area of
overlap changes. This changes the value of the capacitor.

Variable capacitors can be used in tuning devices such as radios where dialing up the radio station is just
twisting the “stem”. The variable capacitor is part of the resonant circuit where maximum response to the
transmitted signal depends on matching the resonant frequency of the circuit with the frequency of the signals
carrier waves.
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3. Energy stored by a capacitor

We can use the battery to charge up the capacitor and store energy U= CF? (in the form of stored charge or an
electric field). If we then disconnect the capacitor from the battery and connect the leads across the small electric
motor fitted with a ‘propeller’ — the stored electrical energy is converted into mechanical energy — in the form of
rotational motion.

Changing the supply voltage does not change the capacitance, but it does change the amount of energy stored, in
the same way that pouring water into a bucket does not change the capacity of the bucket, but it does change
the amount of water actually in it.

C. Quantitative Questions:

1. Capacitance of an axon.

a. The radius, 5 um, is huge compared to the thickness, 8 nm, so if you look at any small piece of membrane it
will be approximately flat, and we can treat it as a parallel plate capacitor.

b. The capacitance of a parallel plate capacitor is given by C = €4/d where € = g¢,x K where K is the dielectric
constant of the material between the plates. So the capacitance per unit area is:

C/A=¢/d=885x10"F.m' x7/8.0x10°m=8x107 F.m™,

c. The surface area of the axon is 2mR/ where R is the radius and / is the axon length. So:
C=¢eA/d=2nRIx7.7x10° Fm?=2nx5x 10°mx 1.0m x 8 x10° Fm?=2x 107 F.

d. We know the potential difference across the membrane and its capacitance, so we can use
g=CV=2x10"Fx90x 10°V=2x10%C.

\4 cross section

out through

BT ERN
| @éj

membrane

2. A certain cardiac defibrillator consists of a capacitor charged up to 10* V (10,000 volts) with a total stored
energy of 450 J.
a. The Electrical Potential Energy stored in a capacitor is PE=_ QV, so

450J=_x 10,000V x Q, gives Q =0.090 C.
b. We need to know the time constant, T, of the circuit to find how long it takes to discharge. We know the

resistance, R = 1.0kQ. The capacitance is C=0/V = 0.090C/10,000V = 9.0 uF, so

T=RC =1.0x 10° Qx 9.0 uF = 9.0 ms.
As the capacitor discharges the Voltage, ¥, at any time, ¢, is given by V= Vy(1-¢”%%), and Q = Q,(1-¢"*%). Thus
0/ 0, =1-¢" ie. 0.9 =1-¢""" So t =-In(0.1) x 9.0 ms =21 ms.
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Workshop Tutorials for Technological and Applied Physics
ERST: Capacitance

A. Qualitative Questions:

1. A capacitor consists of two parallel plates with area 4 which are separated by a distance d.
What will be the effect on the capacitance of :
a. Pushing the plates toward each other so d is halved? |
b. Doubling the area, A, of both plates? i
c. Doubling the area of one plate only? / A

d. Sliding one of the plates relative to the other so the

/
overlap is halved? / ) /

e. Doubling the potential difference between the plates? |

2. Many processes in nature follow a similar pattern of increasing and decreasing — exponentially. Examples
include capacitor charging and discharging, nuclear decay and cooling of hot sunstances.

a. Sketch a graph of the magnitude of electric charge on either plate of a capacitor versus the magnitude of the
potential difference between the plates.

b. What does the slope of this graph indicate? What are alternative units for the slope beside CV' (coulombs
per volt)?

c. Suppose a capacitor has charges Q, on its plates and a potential difference of magnitude |V;| between them.
Indicate such a point on your graph. What is the physical significance of the area under the curve between the
origin and the point (Q,, V))?

B. Activity Questions:

1. Variable capacitor I — giant capacitor

Examine the variable capacitor.

How can the capacitance be varied?

What happens to the paper strips when the capacitor is turned on? Why?
Sketch the electric field between the plates.

2. Variable capacitor II — tuning capacitor
Examine the variable capacitor.

How can the capacitance be varied?

Can you think of where these devices might be used?

3. Energy stored by a capacitor

Examine the circuit set up to show how energy (_ CF?) is stored by a capacitor.
Does changing the voltage supplied increase the capacity of the capacitor?

Does changing the supply voltage change the amount of energy that can be stored?
This is similar to the circuit found in the electronic flash in a camera.
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C. Quantitative Questions:

1. A parallel plate capacitor has circular plates of 8.2 cm radius separated by 1.3mm of air. They are connected
to a 240V power supply and allowed to charge up before being disconnected.

a. Calculate the capacitance of this capacitor.

b. What charge will appear on the plates?

c. What is the electrical energy stored between the plates?

d. If the plates (from above) are pulled apart to a separation
of 2.6 mm without affecting the charge distribution, what
happens to the electric field between the plates?

e. What is the potential difference between the plates with
the new separation?

f. What is the electrical energy stored between the plates
with the new separation?

g. Comment on your answers to parts ¢ and f. What has
happened to the energy?

0.5 mm
2. A coaxial cable connecting a TV to an antenna ——— 3mm

socket is 3 m long. The inner conductor has an outer
radius of 0.5 mm, the outer conductor has an inner
radius of 3 mm. The space between the conductors is
filled with plastic with x = 2.6. What is the
capacitance of this cable?
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Workshop Tutorials for Technological and Applied Physics

Solutions to ER5T: Capacitance

A. Qualitative Questions:

a. Capacitance of a parallel plate capacitor.

A
a. Since C = % ,reducing d to half its value will double the capacitance.

ao o

If the area of overlap is 50% of its original value, then the
capacitance also halves.

e. Doubling the potential difference between the plates
results in no change in the capacitance. The capacitance is
determined by geometrical quantities.

b. Charge, capacitance and potential difference.
a. See diagram opposite.
b. The slope of the graph is the capacitance, C = Q/V. The
unit CV~! is also called the farad, in honour of Michael
Faraday who did a lot of the early work in

electromagnetism.
c. See diagram opposite. The area under the curve, shaded
grey, is a triangle and has area _ base x height

=_Vo xQ,=_Vy(VyxC)=_V,>C
which is the energy stored in the capacitor.

B. Activity Questions:

1. Variable capacitor I — giant capacitor

The capacitance is inversely proportional to the separation of the plates,
moving the plates closer together increases the capacitance. The paper
strips lift and align with the field lines when the field is strong enough.
The strips become charged by the plate to which they are attached, and
are both repelled by this plate and attracted towards the opposite plate.

2. Variable capacitor II — tuning capacitor

Doubling the area of both plates will again double the capacitance (assuming an ideal capacitor).
Doubling the area of one plate only will not change the capacitance since 4 is the area of overlap.

slide I

+

Notice that the capacitor is a series of leaves. Rotating the “stem” rotates one set of leaves so that the area of

overlap changes. This changes the value of the capacitor.

Variable capacitors can be used in tuning devices such as radios where dialing up the radio station is just
twisting the “stem”. The variable capacitor is part of the resonant circuit where maximum response to the
transmitted signal depends on matching the resonant frequency of the circuit with the frequency of the signals

carrier waves.
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3. Energy stored by a capacitor

We can use the battery to charge up the capacitor and store energy U= _ CF? (in the form of stored charge or an
electric field). If we then disconnect the capacitor from the battery and connect the leads across the small electric
motor fitted with a ‘propeller’ — the stored electrical energy is converted into mechanical energy — in the form of
rotational motion.

Changing the supply voltage does not change the capacitance, but it does change the amount of energy stored, in
the same way that pouring water into a bucket does not change the capacity of the bucket, but it does change
the amount of water actually in it.

C. Quantitative Questions:

1. A parallel plate capacitor has circular plates of 8.2 cm radius separated by 1.3mm of air. They are connected
to a 240V power supply and allowed to charge up before being disconnected.
a. The capacitance is given by;

C= 807;4 = 80272 and
12 ~2N\T -1, -2 -2 2
o B85x10*C°N"'m 3)75(8-2><10 M)" _ | 4% 10-10F = 140 pF.
1.3x10"m

b. The charge on the plates is given by g = CV,

thus g=(1.4 x 10"'°F) (240 V) =3.4 x 10°C = 34 nC.

c. The electrical energy stored between the plates is;
U=_Cr*=0.5(1.4x10-10F)(240 V)2 =4.0 x 106 ]

d. If the plates are pulled apart without affecting the charge distribution, the electric field between the plates

remains unchanged. The field line pattern and density does not change thus the electric field does not change.

e. The potential difference doubles to 480 V, using £ = V/d .

f. The electrical energy stored between the plates is 8.0 x 10°J. It has also doubled.

g. The electrical energy stored in part f is greater than that in part ¢. In going from c to f we have added energy

by doing work on the system when pulling the plates further apart. This has increased the energy of the

system.

2. The coaxial cable acts as a cylindrical capacitor.
The capacitance of a cylindrical capacitor is given by
C = 2Lmey/In(b/a) ﬁ 3mm
where b and a are the inner radius of the outer >
conductor and the outer radius of the inner conductor
respectively, and L is the length of the capacitor. In
this case we have a dielectric separating the
conductors, so we must replace g, with kg, which
gives

C = 2Lnkey/In(b/a)

=2x3m x 2.6 x 8.85x107"? F.m™"/In (3mm/0.5mm)
C=8x10""F =80 pF.
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Workshop Tutorials for Physics
ER6: Circuits

A. Qualitative Questions:

1. Consider the circuit containing 5 identical globes shown below. (Treat the globes as if they obey Ohm’s law,

even though real light globes are not Ohmic.)

®
C

& A
Q B

X p

Y

Rank the globes, A to E, in order of increasing brightness. (Note that some may have equal brightness.)

You may want to redraw the circuit.

2. A capacitor in an RC circuit has a charge g, when the switch is open. The capacitor will discharge when the

switch is closed.

a. Does the time taken for the charge to
fall to go/2 depend on g,?

b. Does the time required for the voltage
to drop by a certain amount (say 1 volt)
depend on the initial voltage?

¢. Does it depend on C or R?

B. Activity Questions:

1. Torch — a simple circuit

+q,

_qO

/ Switch

Dismantle the torch and examine its components.
Draw a circuit diagram for the torch, labelling each component and showing its function.

2. Resistivity and resistance

Measure the resistance of the objects displayed.
How does the length of the object affect its resistance?
Does the shape or size of its cross section have an affect?

3. Current - Voltage characteristics

Sketch a graph of 7 vs V for a resistor and a globe.
Now do some measurements with a resistor and globe.

Do they agree with your predictions?

4. Toaster man — resistors in series

The ammeter (measures current) is connected in the heart position.
What do you notice when you change the position of the connection from the “boot” to the “skin™?
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5. Simple membrane model — resistors in parallel

Cell membranes have channels across them which can open and close allowing current (ions) to flow in or out of
the cell. This can be modeled as switches and resistors in parallel.

Close one of the switches, leaving the rest open. Measure the resistance of the membrane.

Close each of the switches, and measure the resistance each time you add another resistor in parallel.

What is happening to the total resistance? Why?

What effect does this have on current flow across the membrane?

C. Quantitative Questions:

1. Any power supply, such as a mobile phone charger or a solar cell, can be treated as a source of emf, ¢, (a
battery) in series with a resistor, », which is the internal resistance of the power supply.

power [
supply

A solar cell generates a potential difference of 0.10 V across a 500 €2 resistor. The same solar panel generates a
potential difference of 0.15 V across a 1000 Q resistor.

a. Write an equation relating the voltage drops around the circuit.

b. What is the emf, €, of the solar cell?

c. What is the internal resistance of the solar cell?

The area of the cell is 5 cmz. The rate per unit area at which it receives light energy is 2.0 mW cm™.

d. What is the efficiency of the cell for converting light energy to thermal energy in the 1000 Q external
resistor? - " — T — - - "

2.

When lightning hits the ground it usually
spreads out radially as it penetrates the ground.
Cows are often injured or killed by lightning.
Consider a cow which is standing in a field
when lightning strikes near by. The cow is
facing towards the strike which is 10 m away. | |

a. Draw a circuit diagram showing the cow as a path of resistors between the ground at the front end of the cow
near the strike and the ground at the far end of the cow. Consider the front feet to be connected to a single
source of emf. Include the resistances across the feet, legs and body.

b. If the resistance to enter each hoof is approximately 600 Q, that through each leg is 500 Q and the body
resistance is around 1000 €2, what is the total resistance of the cow?

c. It takes around 100 mA or more across the body to stop a human heart, and a similar amount to stop a cows
heart. If the potential difference between the front legs and the back legs is 150V, is the cow going to be killed?
d. Even if the cow isn’t killed, what injuries due to the current might it suffer and why?
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Workshop Tutorials for Physics
Solutions to ER6: Circuits

A. Qualitative Questions:

1. You can redraw the circuit as shown. C
The voltage is the same across each arm of the circuit.
The potential difference across each of A and B will be |,, —— %
_ V. In the second arm we have globes, which we can treat D E
as resistors in a combination of series and parallel. The
total resistance of D and E will be half that of each of
them individually, which is also half that of globe C.

Hence the resistance of this arm is 3/2 times that of a single globe. Globe C will have a potential difference of 2/3
of the voltage V, and D and E will each have 1/3 V. Brightness increases with power which goes like the 7* so
we can rank the brightness by ranking the voltages. Hence the order of brightness willbe C - A & B — D & E

(brightest to dimmest).

2. Charging and discharging capacitors.

a. The capacitor discharges as g(7) = qOeRic . This can be rearranged to s = —RC'In 4 =pcinde
9o q

When g= g, the time taken to discharge is simply /=RCIn2, which is independent of initial charge.
—t
b. The voltage drop across the capacitor is given by V(¢) = V,e"*“ and this can be rearranged to ¢ = RCln% It

Vs

the voltage drop decreases by 1V then s = RCIn , which is dependent on initial voltage and RC.

0
c. The decay (of both charge and voltage) is exponential. A property of exponential relations is that if the
“change” can be expressed as a ratio as in a then the time taken for the change is independent of initial value. On
the other hand if the “change” is expressed as a “measured value” as in b then the time taken for the change is
dependent on initial value.
d.
B. Activity Questions:
1. Torch — a simple circuit J_
The torch has a battery, B, which supplies the voltage, a globe, G, which B G ®
converts electrical energy into light, and a switch, S, which completes the |.
circuit allowing current to flow when the torch is turned on.
2. Resistivity and resistance
Resistance increases with length, and decreases with cross section for a given material.
Resistivity is a property of the material, and does not depend on shape or size.
3. Current - Voltage characteristics

resistor globe
V V

I I/

The temperature of the filament in the globe increases very quickly as the current increases. The resistance
increases with temperature, hence the I-V plot for the globe is curved.

4. Toaster Man.

The current is inversely proportional to the resistance, the greater the resistance the less current can flow, and
the less likely toaster man is to be electrocuted. The total resistance of resistors in series is the sum of the
individual resistances.

37



5. Simple membrane model — resistors in parallel

When resistors are connected in parallel the total resistance is less than any individual resistance. There are more
paths for the current to flow along, and so the total current is greater. Resistance is the voltage divided by the
current, R = V/I, so a larger current means a smaller resistance for a given voltage supply.

C. Quantitative Questions:
2. Internal resistance of power supplies.
a.€=Vy+V,=iR+1ir.

We know from Ohm’s law that V = IR, so we can write for the

current i = Vg/R. We can rewrite the expression for € as
e=i1R+ir= (VR/R)R + (VR/R)T = VR+ (VR/R)T

b. Using the two values for V; and R given, we get two equations wi

€=Vt (V/R)yr=1.0V+(1.0V/500 Q)r
€=Vt (Vr/Rr=15V+(1.5V /1000 Q)r
setting these equal to each other gives

power
supply

1L 1
I LVVWU UIINITUVVIIOS.

1.0V + (1.0 V/500 Q) = 1.5V + (1.5 V /1000 Q) and rearranging: (1.0/500 — 1.5/1000) » = 0.5 Q

(0.5/1000)r = 0.5 Q so r = 1000 .

c. Substituting the value for 7 into either of the equations in b gives € = Vip+ (Va/R)r=3.0 V.
d. The efficiency is equal to P, / P;, .The power in, P;, =20 W.m™ x 5 x 10*m*=0.01 W =10 mW.
The power out is P,,, = V>R = (1.5 V)*/ 1000 Q =2.25x10°W =2.3 mW.

The efficiency is P,,;/ P;,, =2.3mW / 10 mW = 0.23 or 23%
2. Resistance of a cow.

a. See diagram opposite.

R, — resistance of leg = 500 Q

R, — resistance of body = 1000 Q2

R;, — resistance of hoof' = 600 Q

b. See diagram opposite, The total resistance of
each leg + hoof = 600 Q + 500 Q = 1100 Q.

There are two of these in parallel, so the total is
Riegsthoots = (1/1100Q +1/1100Q)" = 550 Q.
There are two of these, one at each end of the cow, in series
with the body, so the total cow resistance is 550 € + 550 Q +
1000 Q = 2100 Q.

c. Using Ohm’s law, i=V/R = 150 V / 2100 Q = 71 mA.
This is the current flowing across the entire body of the cow,
the current along any given path, including that through the
heart will be less than this, hence the cow is unlikely to be
killed. Note that as little as 10 mA through the heart is enough
to cause a human heart to fibrillate and stop beating

d. Resistors dissipate electrical energy as heat. The cow is actin

d

JUU OUVU

550 100 550

$ a resistor, hence she is going to produ

cd heat

and probably be burned. Electrocution victims usually suffer burns. The cow may also panic and run away and
run through a fence, this is quite common and many animals including dogs injure themselves when frightened

by storms.
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Workshop Tutorials for Biological and Environmental Physics
ER7B: Magnetic Fields

A. Qualitative Questions:

1. The Earth’s magnetic field is important because it protects us from charged particles radiated by the sun. It
also provides a means of navigating for humans and for many animals as well.

a. Sketch the magnetic field lines for the Earth’s magnetic field.

b. Sketch the path of a charged particle which has become trapped in the Earth’s magnetic field.

c. Would the aurora australis (southern lights) or the aurora borealis (northern lights) be possible if the earth had
no magnetic field? Explain your answer,

The aurora australis is occasionally visible from southern Victoria and Tasmania in winter, and from further
north when there is a lot of sunspot activity. However, due to light pollution, the aurora is impossible to see
from large cities such as Sydney and Melbourne.

d. Why are these light shows normally seen only near the poles?

2. Electric blankets work by passing currents along wires embedded in the blankets. The resistance of the wires
and the current flowing through them causes them to heat up, thus keeping you cosy and warm. However apart
from heat, the current carrying wires also produce a magnetic field. The figures below show two possible ways
of wiring an electric blanket.

- 7 (® 7

> — | |
6i I

A J _ id

a. Sketch the magnetic fields for a pair of neighbouring wires for the two blankets.
b. Which wiring pattern would give you a smaller average magnetic field above the wires in the blanket?

B. Activity Questions:

1. Magnets and magnetic fields

Use the iron filings to investigate the field lines of the magnets.

How do these field lines compare to the magnetic field lines of the Earth?

Many animals such as pigeons and some fsish have a magnetic sense which allows them to use the Earth’s
magnetic field to navigate.

2. Magnetic field around a current carrying wire — Oersted’s experiment

Use the compasses to find the direction of the magnetic field at different points around the wire.
Draw a diagram showing the field around the wire.

What happens when you swap the connections and change the direction of the current?

3. Solenoid

Draw a diagram showing the magnetic field in and around the solenoid.
Are there any points where the magnetic field is zero?

How does the magnetic field vary inside the solenoid?
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4. The magnetic force - pinch effect

Turn on the power supply and observe what happens to the wires.
How can you make them repel instead of attracting?

Draw a diagram showing the field, current and forces on the wires.

D. Quantitative Questions:

1. The heart produces an electric field due to the movement of charges required to trigger the heart muscles to
contract. Measuring the changes in potential is a common way of investigating heart function and is called an
electrocardiogram or ECG measurement. The heart also produces a magnetic field of around 5.5 x 10! T, and
measuring changes in this magnetic field, called a magnetocardiogram (MCG), can also give valuable
information about the condition of the heart.

Consider a carbonate ion, HCO5", moving in the blood at 0.52 m.s™.

a. What will be the maximum possible acceleration of this ion as it moves past the heart?

b. What will be the minimum acceleration of this ion as it moves past the heart?

Data HCO; has a mass of 61 amu, and 1 amu = 1.67 x 10" kg.

2. Magnetic field therapy is used to treat all sorts of ailments in humans and in horses and even dogs and cats,
in particular soft tissue and bone damage.

A magnetic field generator which consists of a coil of wire is placed around the person to be treated as shown
below. The generator can produce a field inside the coil of 100 G = 0.015 T when a current of 1.5 A runs
through the coil. The coil has a diameter of 510mm and has a total length of 230 mm.

If the coil is a simple solenoid, what length of wire is used to make the coil?

i, i
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Workshop Tutorials for Biological and Environmental Physics
Solutions to ER7B: Magnetic Fields

A. Qualitative Questions:

1. The Earth’s magnetic field.

a. and b See diagram.

c. The auroras are caused by charged particles

entering the Earth’s magnetic field where they follow
helical paths along the field lines either north or south.
The light observed as auroras is due to ionization of atoms | Paths of
in the atmosphere when they collide with high speed |charged

charged particles. The free electrons resulting from the | particles i ?
collisions recombine with ionised atoms, losing energy in i' ]
the process which is emitted as light of the auroras. P

d. Near the poles the field lines are denser, hence the field
is stronger. Charged particles tend to become trapped in
these regions, hence they are more likely to interact with
air here and produce the auroras. See anything strange
about this picture? The Earth’s North Pole, at the top, is actually the south pole of Earth’s magnetic dipole!
The north pole of a compass needle is attracted to the geographical North Pole.

2. Magnetic fields from electric blankets.
a. parallel currents !

Fields reinforce each other above and below the Fields tend to cancel each other above and below
blanket, and cancel between the wires. the blanket, and reinforce between the wires.

opposite currents.

b. The wiring on the right gives a lower magnetic field above (and below) the blanket. B.

Activity Questions:

1. Magnets and magnetic fields

M agnetic field lines start at north poles and end at south poles.
The Earth’s magnetic field is like that of a bar magnet, but the Earth’s
North Pole is in fact a magnetic south pole.

2. Magnetic field around a current carrying wire
The magnetic field lines are circles around the wire. If you point your

right thumb in the direction of the current your fingers will curl in the

direction of the magnetic field. When the direction of the current is
reversed the direction of the magnetic field is also reversed.
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