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Natural constants

Caesium hyperfine frequency
Speed of light in vacuum
Planck constant

Elementary charge
Boltzmann constant
Avogadro constant
Luminous efficacy of radiation
Magnetic constant

Electric constant

Gas constant
Stefan-Boltzmann constant
Gravitational constant
Electron mass

Neutron mass

Proton mass

Standard acceleration of gravity

AVCS

9.192631 770
2.997924 58

6.626 070 15

1.602 176 634

1.380 649

6.022140 76

6.83

1.256 637062 12(19)
8.8541878128(13)
8.314462618...
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9.806 65
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Physics Olympiad: Second Round

15.01.2025

Multiple Choice

Duration: 60 minutes
Marks: 21 points (1 point for each correct answer)

o Multiple-Choice (MC) questions have several statements, of which exactly one is correct. If you
mark exactly the right answer on the answer sheet, you get one point, otherwise zero.

Question 1.1 (MC)

As you know, the Physics Olympiad reimburses
participants for the cost of train tickets. You are
looking for a support partner to cover these costs
for the second round. What costs are most likely to
be incurred by the support partner?

A) CHF 9.- B) CHF 30.- () CHF 900.-
D) CHF E) CHF F) CHF
3000.- 9000.- 30000.-

Question 1.2 (MC)

Mr Fogg and Passepartout took up the challenge to
circumnavigate the globe. They chose to follow the
equator. Mr Fix, who is chasing them, is always at
the point on Earth diametrically opposite the two
companions. How many times will Fix and Fogg be
at the same altitude at the same time?

A

Never.

C
D

)
B) Possibly only once.
) At least twice.

)

It depends on the Earth’s position in relation
to the Sun.

Question 1.3 (MC)

Which of the following setups has the lowest equiv-
alent stiffness k¢q? All individual springs have the
same stiffness k and the same length.

A) B)

=

-]
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Question 1.4 (MC)

Globi has decided to fly to the moon. He would like
to visit the extraterrestrials who are supposed to
live on the moon. As he naturally does not want to
turn up without anything, he has decided to take
a wheel of Swiss cheese with him. As he wants to
divide it up fairly, he also takes a spring scale with
him. The scale is calibrated on Earth and the grav-
itational constant on the moon is about six times
smaller than on Earth. What does he discover when
he weighs the wheel of cheese on the moon?

A) Nothing. The scales show the same weight as
on earth.

B) The scales show approximately six times the
weight on earth.

C) The scales show approximately one sixth of the
weight on earth.

D) Can’t be predicted.

Question 1.5 (MC)

You are on an expedition in a submarine on Sat-
urn’s moon Titan which has lakes of liquid ethane
and methane. They have a density of around
500g - L~ and Titan has a gravitational acceler-
ation of 1.35m - s72. You know that Titan has a
surface pressure of 1.5bar (1 bar = 1x 10° Pa). The
barometer in your submarine shows a pressure of
3bar. How deep in the lake are you?

A) 0.22m B) 0.66m
C) 220m D) 660m
E) 22000m F) 66000m

Question 1.6 (MC)

A coconut with constant velocity explodes and splits
into 3 pieces which fly away in different directions.
Which of the following is correct for their respec-
tive momentum vectors in the coconuts frame of
reference?

A) They are perpendicular to each other.

B) The sum of their lengths is equal to the initial
momentum of the coconut.

C) The vectors have equal length.

D) The vectors all lie in a plane.

Question 1.7 (MC)

A motorbike is in a jump midair and its front wheel
is turning in the clockwise direction for Alice who
is observing from the side. The bike is initially not
rotating and the front wheel axis is aligned with the
back wheel’s. Which of the following statements
accurately describes what happens and why it hap-
pens when the driver hits the brake on the front
wheel (and the wheel completely stops rotating with
respect to the motorbike)?

A) The angular velocity of the motorbike remains
0 as no external torque is applied.

B) The motorbike starts turning in the clockwise
direction because of the conservation of angular
momentum.

C) The motorbike starts turning in the anticlock-
wise direction because of the conservation of
angular momentum.

D) The motorbike starts turning in the clockwise
direction because of the conservation of energy.

E) The motorbike starts turning in the anticlock-
wise direction because of the conservation of
energy.

F) The motorbike changes its horizontal transla-
tional velocity because of the conservation of
energy.

Question 1.8 (MC)

As we have learned in the first round, a person of
height h only needs a mirror of height h/2 to see
themself fully. How should the mirror be hanged so
that they actually can see themself?

A) Such that the upper edge of the mirror is exactly
at the height of the tip of the head.

B) Such that the upper edge of the mirror is approx-
imately at the height of the person’s forehead.

C) Such that the middle of the mirror is exactly at
height h/2.

D) This depends on the distance of the person from
the mirror.
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Question 1.9 (MC)

A thin convex lens is shown in Fig. 1. The distance
of the object to the lens and its image to the lens
is labelled g and b respectively. The focal length is
labelled f. At what distance from the lens must an
object be placed so that the image is exactly the
same size on the other side of the lens?

o

Image
1

- i
Object E‘l F

Figure 1: Arrangement of the lens and the object
at a distance g so that the image on the opposite
side can be seen at a distance b.

A) 2f B)
C) It is not possible. D)

O~

Question 1.10 (MC)

Given a one-dimensional slit of width [ = 3 mm,
what is the minimal angular separation in arcsec-
onds between two lights of wavelength A = 500 nm,
so that they can be resolved through the slit?

A) 35" B) 40"
C) 45" D) 50"

Question 1.11 (MC)

Is a heat engine operating between two thermal
reservoirs at temperatures 73 = 0°C and Ty =
100°C with an efficiency of 30% physically possi-
ble?

A) Yes, independantly of the process.
B) Yes, if the process of the engine is reversible.

C) Yes, depending on the exact process of the en-
gine.

D) No.

Question 1.12 (MC)

Alice uses an ice cube to cool her glass of water.
Just after adding the ice cube, the water height
in the glass is hy. After a while, the ice cube has
completely melted. What can be said about the
water height ho at this point?

A) hy > he
B) hy = he
C) hy < hy
D) Not enough information is given.

Question 1.13 (MC)

Tyres play an essential role in Formula 1. The tyre
pressure must therefore be optimal. We want to
inflate a tyre so that we can drive at a tyre pressure
of 21 psi, where 1 psi corresponds approximately to
0.07 bar. By driving, a tyre temperature of 90 °C is
reached and the tyre pressure of 21 psi is expected
for this temperature. To what pressure must we
inflate the tyre in the pit lane at a temperature of
35°C? Assume that the volume is constant.

A) 8.2psi B) 7.0psi
C) 4.4bar D) 1.2bar
E) 25psi F) 18bar

Question 1.14 (MC)

A lit candle stands in a basin filled with water up
to half the height of the candle. Albertina puts a
glass over the candle so that the glass is immersed
in the water. The candle goes out. What happens
to the water level inside the glass?

A) The water level sinks.
B) The water level does not change.

C) The water level rises or falls depending on the
altitude above sea level.

D) The water level rises.
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Question 1.15 (MC)

Look at the circuit in Fig. 1. Through which resis-
tors does the smallest current (lowest ampere value)
flow if all have the same resistance R?

A B
-
E D

Figure 1: Circuit with 5 resistors A,B,C,D and E,
all with the same value R.

A) Aand E

B) Band D

C) Only C

D) The same current flows through all of them.

Question 1.16 (MC)

In which situation is there the highest risk of getting
struck and injured by lightning?

A) Climbing the stairs of the Eiffel Tower.
B) Hiding in the forest.

C) Driving a car.

D) Flying below the clouds in an airplane.

Question 1.17 (MC)

The escape velocity of Earth for a particle of
mass m = 1lkg and charge ¢ = 1C is approxi-
mately 11.18km - s~'. What would it be if the
Earth had a total charge of Q = —44.3kC? The
mass of the Earth is M = 5.97 x 10** kg, its ra-
dius is R = 6371km, the Coulomb constant is
i = 899 x 10%kg - m®-s72- C2 and the gravita-
tional constant is G = 6.67 x 1071 m3 - kg™! . s72.

A) 15.8km st
C) 38.2km-s~!

B) 25.4km-s!
D) 55.1km-s!

Question 1.18 (MC)

Consider two spheres, each carrying the same total
charge ¢q. One sphere is uniformly charged through-
out its volume, while the other is a conducting
sphere with its charge distributed only on its surface.
The spheres may have different radii. Determine
which sphere produces a stronger electric field at
a distance d from the center of the sphere, where
d > R (the radius of the sphere).

A) The conducting sphere will produce a stronger
electric field.

B) The uniformly charged sphere will produce a
stronger electric field.

C) The sphere with the larger radius will produce
a stronger electric field.

D) The sphere with the smaller radius will produce
a stronger electric field.

E) The electric field will be the same for both
spheres.
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Question 1.19 (MC)

Chef Clara wants to heat her food as quickly as
possible. She decides to use her induction cooktop,
which generates a changing magnetic field to induce
currents in metal pots. What would you suggeest
her?

A) Placing the pot slightly off-center on the induc-
tion cooktop.

B) Using a pot made of a non-conductive material
like glass.

C) Using a pot made of a highly conductive mate-
rial, like copper.

D) Using a smaller pot base covering less of the
cooktop’s magnetic field.

Question 1.20 (MC)

It is known that it is possible to break a wine glass
with the right sound. What happens to the sound
needed to break the glass if we partially fill it with
water?

A

Frequency goes up.

C
D

)

B) Frequency goes down.
) Only the needed intensity changes.
)

Nothing changes.

Question 1.21 (MC)

The picture shows a stationary wave on a string be-
tween two walls at time t = 0s. The string vibrates
at a frequency of 100 Hz. Which of the following
pictures shows the state of the string at t = 10 ms?
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Multiple Choice: answer sheet

Indicate your answers in the corresponding boxes on this page.

Last name: First name: Total:
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Question 1.1
Question 1.2
Question 1.3
Question 1.4
Question 1.5
Question 1.6
Question 1.7
Question 1.8
Question 1.9
Question 1.10
Question 1.11
Question 1.12
Question 1.13
Question 1.14
Question 1.15
Question 1.16
Question 1.17
Question 1.18
Question 1.19
Question 1.20
Question 1.21
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Multiple Choice: solutions
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Question 1.1
Question 1.2
Question 1.3
Question 1.4
Question 1.5
Question 1.6
Question 1.7
Question 1.8
Question 1.9
Question 1.10
Question 1.11
Question 1.12
Question 1.13
Question 1.14
Question 1.15
Question 1.16
Question 1.17
Question 1.18
Question 1.19
Question 1.20
Question 1.21
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Long problems

Duration: 120 minutes
Marks: 48 points (3 x 16)

Start each problem on a new sheet in order to ease the correction.

General hint: The problems consist of partially independent problem parts, so if you get stuck, it is a good
idea to read further ahead and to continue with an easier part.

Long problem 2.1: Strépy-Thieu Boat Lift
(16 points)

The Strépy-Thieu boat lift is a naval infrastructure
to connect two canals in Belgium. It consists of
two independent counterweighted caissons, which
can each hold a large 1350 tonnes barge. Below is
an image showing the basic structure of a single
of those caissons. Note: The numerical values in
this problem have been adapted and do not entirely
reflect the reality. Always continue to calculate with
the exact number if you use an already obtained
result.

) @)

Figure 1: Schematic view of a caisson. You can see
the counterweights in black and the caisson, where
the boat comes, in the middle. Connecting these
two, there are the cables that wrap around cylin-
ders.

Part A. Statics (5.5 points)

We first want to derive a few properties of the sys-
tem at rest. A caisson has inner dimensions of
112m x 12m and a water depth of 4m. It is sus-
pended by 112 suspension cables and 32 control
cables, the latter being also used to move it.

i. (1 pt) What is the total mass of the water inside
the caisson when no boat is present?

ii. (1 pt) Knowing that an empty caisson weighs
3000t and that the counterweights exactly match
the total mass of the full caisson, calculate the ten-
sion 7" in each of the cables (= force carried by each
of the cables). You may assume that all cables hold
the same tension.

iii. (1.5 pts) The lift is designed to carry boats
of up to 1350t. Calculate the volume of water
that leaves the caisson when such a boat enters it.
Explain your result. Assume that the water level
remains constant.

iv. (2 pts) The caisson has a door on each (nar-
row) end, which spans the whole cross-section of
the water. Calculate the force with which the water
pushes on each door.

Part B. Dynamics (7 points)

We now want the caisson to move, so as to transport
the boats.

i. (1 pt) The control cables can withstand a maxi-
mal tension of 600 kN. Calculate the maximal ac-
celeration that is possible before the cables break.

We now consider a cable wrapping around a cylinder
and want to calculate the additional force created
by friction. In other words, we want to find the
relationship between the tension 17,,.4 on one side
of the cable, the tension THeq on the other side, the
friction coefficient p and the total angle ¢ (given in
radians) swept by the cable around the cylinder.

ii. (1 pt) Describe the change 6 Fy in normal force
(of the cable on the cylinder) caused by a small
change ¢ of the angle swept by the cable. As-
sume there is a tension 717,59 on the cable and use
appropriate simplifications.

iii. (3 pts) Using the previous result, how does

: dT10aa ()
the change of the tension per small angle =345

depend on the tension and the friction? State what
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Ti0ad(®) has to be when ¢ = 0. This is now a
differential equation. You do not need to solve it.

Each control cable wraps around a motorized wheel,
which powers the lift. The effect of friction on a
cable wrapped around a cylinder can be calculated
with the following equation, which is the solution
to the differential equation you derived above:

Ti0ad = THold - €. (B.1)

iv. (2 pts) Calculate the minimal number of turns
needed for each control cable in order to be able to
reach the maximal acceleration without the cable
slipping. The friction coefficient of steel on steel
is 0.78. Hint: Think about the configuration of the
system.

Part C. Energetics (3.5 points)

Finally, we want to make some considerations about
the used energy.

The lift has a maximal speed of 0.2m -s~! and a
height of 73.15m. It is powered by electric motors,

which can also be used as a generators to slow it
down. The efficiency of these motors is smaller
when used as generators:

Tlgenerator = 0.7 motor- (Cl)

You can neglect the energy dissipation due to fric-
tion for this part.

i. (1 pt) Calculate the total energy that is effec-
tively needed for one ascent of the caisson.

ii. (1 pt) What mass of water could we bring to a
boil with this energy? The water starts at 18°C and
has a specific heat capacity of ¢ = 4.18kJ-K~1-kg™!.
Hint: If you did not find the answer to the previous
question, use 100kJ instead.

iii. (1.5 pts) Calculate the average power needed
during the acceleration phase. You can assume that
the acceleration change is instantaneous and that
we only use half of the maximal acceleration to keep
a security margin.
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Long problem 2.2: Liquid crystals (16 points)

Some airplane windows can adjust their trans-
parency using liquid crystal technology, which con-
trols how much light passes through. This is per-
formed by adjusting the polarization of the through-
going light. Polarization denotes the oscillation
direction of the electric field of the light (which
is an electromagnetic wave). The polarization is
always perpendicular to the propagation direction
and therefore can be represented by a vector in the
plane perpendicular to the propagation direction. If
light with intensity I goes through a linear polarizer,
the transmitted light intensity I; is generally given
by

I, = I cos?®(a), (1)

where « is the angle between the polarization direc-
tion of the incoming light and the transmission axis
of the second polarizer.

Part A. System Sketch (4 points)

First, light passes through a static linear polarizer,
which sets the light’s polarization direction. Then,
the light passes through a liquid crystal layer that
changes the polarization of the light by an angle,
A¢, depending on the applied electric field. In its
ground state (no field), the liquid crystal rotates
the polarization by an angle A¢g. When an electric
field is applied, the rotation angle decreases. Finally,
light passes through a second linear polarizer placed
at a distance d and aligned at an angle § = 90° with
respect to the first, determining the final intensity
of transmitted light.

i. (2 pts) Sketch the system, label the distance
between the filters and insert a label for the inten-
sity at each stage (you do not need to compute the
introduced intensities yet, see following tasks).

ii. (1 pt) Describe in your own words the polariza-
tion state of the incoming light.

iii. (1 pt) Describe in your own words the polar-
ization state of the outgoing light.

Part B. Capacitor Behavior (3 points)

The liquid crystal layer has a thickness of d = 5 pm,
and a maximum applied voltage of Vi = 12'V.
The relative permittivity of the liquid crystal is
e, = 10.

Note: we neglect edge effects in what follows.

i. (2 pts) Calculate the electric field strength Fypax
between the two polarizers across the liquid crystal
layer when the maximum voltage is applied.

ii. (1 pt) Determine the capacity C of a 0.125m?
area of the liquid crystal layer.

Part C. Adjusting the Intensity (6 points)

In this system, the angle « is determined by the
polarization change due to the liquid crystal (A¢)
and the orientation of the second polarizer. We
have

a=0—Ag, (C.1)

where the polarization change A¢ caused by the
liquid crystal depends on the applied voltage and is
approximated by

A¢p = A¢g (1 _ > , (C.2)
Vmax
where Vinax = 12V completely eliminates the polar-
ization rotation.
Note: we neglect reflections (which would be there
due to the large €, ).

i. (2 pts) What is the light intensity Ic after the
first linear polarizer with respect to the intensity of
the incoming light Iy?

ii. (1 pt) You want to have a window with max-
imum transparency. If you are free to choose the
value of A¢y € (0,27), what value will you set it
to? Use this value for all following subtasks. If you
cannot find the optimal value, provide in the foll-
wing subtasks your assumed numerical value that
you use for further calculations.

iii. (3 pts) Calculate the voltage V; that must be
applied to reduce the transmitted light intensity by
70% with respect to the incoming light.

Part D. Calculator Screens (3 points)

The same technology is used in displays of many
calculators. The only conceptual difference is that
a mirror is placed at one side of the setup. Light
thus traverses the system twice.

i. (2 pts) In this case, what voltage V5 has to be
applied to reduce the intensity by 70% with respect
to the incoming light?

ii. (1 pt) What is the value of the fraction %?
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Long problem 2.3: Voltmeter (16 points)

A voltmeter is a device that is used to measure
voltages in an electrical circuit. The use of the
voltmeter in practice is based on some theoretical
principles. In this task, you will discover how a volt-
meter can work and what you need to pay attention
to in practice when using a voltmeter.

Part A. Calculate voltages (4.5 points)

Consider the circuit in Fig. A.1. In a first step, we
want to calculate the voltage across the various re-
sistors. We apply a voltage Vj = 10V and know the
values of the resistors (R; = 10 M€, Ry = 500k
and R3 = 750k2).

Ry

Vo

R3 RQ

Figure A.1: Circuit with applied voltage V; and
resistors Ry, Ry and Rs.

i. (2 pts) Calculate the voltages U, Uy and Us
across the respective resistors R;, Ry and Rg.

ii. (1 pt) Now let us look at the circuit in Fig. A.2.
We consider this circuit for two different test ar-
rangements A and B. The two test arrangements
only differ in the values for the resistors R; and Rs.
Calculate the voltage Uy across the resistor Ry for
the two different test arrangements A and B:

e R =10k0 and RYY =50kQ,

(B) (B)

e R =10MQ and Ry’ = 50MQ.

Ry

Ry

Figure A.2: Circuit with applied voltage V{ and
resistors R; and R».

iii. (1.5 pts) What is noticeable about the calcu-
lated voltage Us in both test arrangements A and
B? Explain mathematically why this is the case.

Part B. Internal resistance of a voltmeter (6 points)

A voltmeter is a measuring instrument for measur-
ing voltages. Ideally, the measurement does not lead
to any current in the voltmeter. In real instruments,
however, the insulation and measurement are not
perfect, so that a current still flows. This current
is described by a resistance in the voltmeter, the
so-called internal resistance. In this subtask, we
look at the circuit in Fig. A.2 and calculate the
internal resistance of the voltmeter.

i. (2 pts) Draw a sketch of how to connect a
voltmeter to the circuit in Fig. A.2 to measure the
voltage across Ry. Give reasons for your choice.

ii. (3 pts) In an experiment, we recreated both test
arrangements and measured the voltage across Ro
with the same voltmeter. We obtained the following
values

« A)UP =833V,
« B)UP =7.14V.

Calculate the internal resistance R; of the voltmeter.
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iii. (1 pt) What should apply to the internal resis-
tance R; compared to the one you want to measure
for precise measurements?

Part C. Electroscope (5.5 points)

An analogue voltmeter can be represented using an
electroscope. In the next subtasks, we will therefore
look at an electroscope as shown in Fig. C.1. The
electroscope consists of two plates through which a
field is created when a voltage is applied. A conduc-
tive pointer is attached to one of the plates and can
rotate freely. For the following tasks, we assume
that the field E between the two plates is homoge-
neous. The plates have area A and have positive
charge @) and negative charge —() respectively. The
pointer has the small positive charge q. We also
assume that the entire charge ¢ and the entire mass
m of the pointer is located in its tip.

Q;A _Q'A

Figure C.1: Sketch of the electroscope. On the left
and right are the plates with charges @ and —Q.
Both plates have the area A. The blue pointer has
charge ¢ and mass m, whereby we assume both as
point mass and point charge at the tip of the arrow.
The electric field F, shown in red in the sketch,
between the two plates is homogeneous.

i. (0.5 pts) Explain why the pointer moves.

ii. (1 pt) Which condition must be met if the
pointer no longer moves in a tangential direction?
Describe with the help of a sketch.

iii. (2 pts) From the equilibrium condition for the
tangential direction, calculate the deflection angle
a as a function of the forces present.

iv. (1.5 pts) Calculate the electrical force on the
tip as a function of the charges @ on the plate, the
charge ¢ on the tip and the plate area A.

v. (0.5 pts) Now calculate the deflection angle for
the following values:

e m=200g,
e ¢=0.001pC,
o« Q=130nC,
e A=15dm?,
* €=¢€)
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Long problems: solutions

Long problem 2.1: Strépy-Thieu Boat Lift

16

The Strépy-Thieu boat lift is a naval infrastructure to connect two canals in Belgium. It
consists of two independent counterweighted caissons, which can each hold a large 1350

tonnes barge. Below is an image showing the basic structure of a single of those caissons.

Note: The numerical values in this problem have been adapted and do not entirely reflect the
reality. Always continue to calculate with the exact number if you use an already obtained
result.

) @)

Figure 1: Schematic view of a caisson. You can see the counterweights in black and the caisson, where
the boat comes, in the middle. Connecting these two, there are the cables that wrap around cylinders.

Part A. Statics

55

We first want to derive a few properties of the system at rest. A caisson has inner dimensions
of 112m x 12m and a water depth of 4m. It is suspended by 112 suspension cables and 32
control cables, the latter being also used to move it.

i. What is the total mass of the water inside the caisson when no boat is present?

m = pV = p - Length - Width - Height (A1)

For water, p = 1000 kilogram/m?. The total water mass is then 5376 000 kg. Also accepted are solutions
of the form 5.4 - 105kg. However, we require to continue working with the exact result.

ii. Knowing that an empty caisson weighs 3000t and that the counterweights exactly match
the total mass of the full caisson, calculate the tension 7' in each of the cables (= force
carried by each of the cables). You may assume that all cables hold the same tension.

The tension in one cable is equal to the gravitational pull of the caisson divided by the number of cables.

T = Meaissontwaterg/ (112 + 32) = 570420N = 570kN (A.2)

We do not accept 6 - 10°N. Doubling the value because the caisson and the counterweight pull down is
wrong. 0.5 points for that.

iii. The lift is designed to carry boats of up to 1350t. Calculate the volume of water that
leaves the caisson when such a boat enters it. Explain your result. Assume that the water
level remains constant.

1.5
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According to Archimede’s Principle, the volume of liquid displaced is so that it’s mass is equal to the mass
of the floating object. Since water has a density of 1000kg - m~3, the displaced volume is exactly 1350m3.
We give 1 point for the numerical result, 0.5 points for the explanation (either just the name Archimede’s

Principle or a description of it). 1.5
iv. The caisson has a door on each (narrow) end, which spans the whole cross-section of the
water. Calculate the force with which the water pushes on each door. 2
The force exerced on the door is given by the pressure of the water multiplied with the area of the door.
The difficulty here is that the pressure is not constant over the whole door.
The pressure at a given depth is given by:
p = pgh (A.3)
with h being the depth. 0.5
Therefore, the total force on the door is:
4 4
Fpoor = / p-12dh = / 12pghdh (A.4)
0 0
1
For water, we can again use p = 1000kg - m~3. This results in a total force of Fpoor = 941438.1N ~ 940kN.
We accept also different roundings, as long as it makes sense (e.g. 9 - 10° does NOT make sense). 0.5
Part B. Dynamics 7
We now want the caisson to move, so as to transport the boats.
i. The control cables can withstand a maximal tension of 600 kN. Calculate the maximal
acceleration that is possible before the cables break. 1
The cables have a tension of 570.420kN while at rest (see previous question). We therefore have
(600 — 570.420)kN = 29.580kN of force available for the acceleration. 0.5
The acceleration can then be calculated using Newton’s second law: F' = ma. We have 32 control cables,
Therefore, we get:
F 32 - 29580N
Umax = = =0.113m-s~2 (B.1)
Mecaisson + water 8376000kg
The students also get this 0.5 points if they are missing the 570.420kN from the previous question but
still set up the correct equation. 0.5
We now consider a cable wrapping around a cylinder and want to calculate the additional
force created by friction. In other words, we want to find the relationship between the
tension 11,4 on one side of the cable, the tension Ty,q on the other side, the friction
coefficient 1 and the total angle ¢ (given in radians) swept by the cable around the cylinder.
ii. Describe the change 0Fy in normal force (of the cable on the cylinder) caused by a small
change Jp of the angle swept by the cable. Assume there is a tension T1,,,q on the cable and
use appropriate simplifications. 1

Depending on the geometrical derivation, one might get these two possible approximations. We accept
both:
(SFN ~ TLoad sin(égo) ~ TLoad&P- (B2)
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Or
.0
OFN =~ 211 ,0ad sm(%p) ~ TlLoad0p. (B.3)
Only 0.5 points if the small-angle approximation is missing or only the answer without intermediate step
is given. 1
iii. Using the previous result, how does the change of the tension per small angle 'HLgif;f(“’)
depend on the tension and the friction? State what Ty0.q(¢) has to be when ¢ = 0. This is
now a differential equation. You do not need to solve it. 3
Going to infinitesimal elements, the result from above is:
dFN = TLoaa(p)de. (B.4)
This leads to the following differential equation:
dFy
w = TLoad(SD)' (B5)
1
On the verge of slipping, the (additional) tension which can be applied to one side of the cable is given by
the friction force. This is in turn given by pFy. 0.5
Combining these results, we can get the following result by multiplying both side of the differential
equation with p and substituting 71.0aq:
dT70aa (@
%() N ,UJTLoad(SO)' (B'6)
¥
0.5
The initial condition can be easily deduced by considering the case of ¢ = 0, corresponding to not wrapping
the cable around the cylinder at all. Then, the tension on one side of the cable must trivially be the same
as the other side: T1,0a4(0) = THeld- 1
Each control cable wraps around a motorized wheel, which powers the lift. The effect of
friction on a cable wrapped around a cylinder can be calculated with the following equation,
which is the solution to the differential equation you derived above:
T10ad = THold - €. (B7)
iv. Calculate the minimal number of turns needed for each control cable in order to be able
to reach the maximal acceleration without the cable slipping. The friction coefficient of
steel on steel is 0.78. Hint: Think about the configuration of the system. 2
In our case, T1oaq Will be the 600kN while Tyqq is given by the tension needed to “slow down” the
counterweights in their fall: Tioq = (570.420 — 29.580) kN = 540.840kN. 0.5

The equation solved for ¢ is:

log (%:Hold)
SD _ Load ] (B8)
1
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Here, log is the natural log. 0.5
We obtain the numerical result
log (5i0s10n )
= —22=20 = (.692 B.9
0.15 (B.9)
0.5
The numerical value is between 7/5 and /4, which would correspond to 1/9 of a turn. However, due
to the fact that both end of the cables have to go downwards to the caisson or counterweight, we need
at least half a turn. The reasoning to obtain the answer needs to be there and correct. (Taking 0.692,
rounding it to 0.5 and interpreting it as the number of turn is wrong.) 0.5
Part C. Energetics 3.5
Finally, we want to make some considerations about the used energy.
The lift has a maximal speed of 0.2m -s~! and a height of 73.15m. It is powered by electric
motors, which can also be used as a generators to slow it down. The efficiency of these
motors is smaller when used as generators:
Tlgenerator = 0.7Mmotor- (Cl)
You can neglect the energy dissipation due to friction for this part.
i. Calculate the total energy that is effectively needed for one ascent of the caisson. 1
The potential energy does not play a role in this, since we have a counterweight. The kinetic energy
(independent whether there is a boat or not) is therefore the only one that plays a role, and we get 0.7 of
it back while decelerating. The needed energy is therefore:
Eceded = 0.3 - §mcaisson + Watervrznax (02)
0.5
The numerical result is then:
1
Eiceded = 0.3 - 58376000kg- (0.2m - s71)% = 50256J ~ 50kJ. (C.3)
0.5
ii. What mass of water could we bring to a boil with this energy? The water starts at 18°C
and has a specific heat capacity of ¢ = 4.18kJ- K~ - kg~ !. Hint: If you did not find the answer
to the previous question, use 100kJ instead. 1
The energy needed to raise the temperature of a certain mass m of water by AT is
E = mcAT. (C4)
Therefore, we will use the following equation:
E
= , C.5
T AT (C.5)
0.5
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In our case, AT = (100 — 18) K = 82K. This gives:

50256J
m =
4180J - kg™! - K - 82K

= 0.147kg. (C.6)

If the 100kJ were used, the result would be 0.292kg. At least two significant digits are needed, but not

overly many. 0.5
iii. Calculate the average power needed during the acceleration phase. You can assume
that the acceleration change is instantaneous and that we only use half of the maximal
acceleration to keep a security margin. 1.5
The power needed is given by the work exerced divided by the time. The total work is equal to the
final kinetic energy, since we start with no energy. Again, potential energy does not play a role. The
time needed can be easily calculated from the maximal speed and the acceleration used: ¢ = v/(0.5amax)-
Bringing all of this together, we get:
pP— Mecaisson + water Vdmax . (07)
4
1
We obtain the numerical result:
8376000kg - 0.2m - s~ 0.113m - s 72

pP= & In; 1S 47328W. (C.8)

It is reasonnable to round this to two decimal digits so P = 47kW. More are also correct. 0.5
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Long problem 2.2: Liquid crystals 16
Some airplane windows can adjust their transparency using liquid crystal technology, which
controls how much light passes through. This is performed by adjusting the polarization of
the throughgoing light. Polarization denotes the oscillation direction of the electric field
of the light (which is an electromagnetic wave). The polarization is always perpendicular
to the propagation direction and therefore can be represented by a vector in the plane
perpendicular to the propagation direction. If light with intensity I goes through a linear
polarizer, the transmitted light intensity [; is generally given by

I, = I cos?(a), (1)
where « is the angle between the polarization direction of the incoming light and the
transmission axis of the second polarizer.
Part A. System Sketch 4
First, light passes through a static linear polarizer, which sets the light’s polarization
direction. Then, the light passes through a liquid crystal layer that changes the polarization
of the light by an angle, A¢, depending on the applied electric field. In its ground state (no
field), the liquid crystal rotates the polarization by an angle A¢y. When an electric field is
applied, the rotation angle decreases. Finally, light passes through a second linear polarizer
placed at a distance d and aligned at an angle § = 90° with respect to the first, determining
the final intensity of transmitted light.
i. Sketch the system, label the distance between the filters and insert a label for the intensity
at each stage (you do not need to compute the introduced intensities yet, see following
tasks). 2
Sketch of: First polarizing filter. 0.25
Label the distance between the linear polarizers. 0.25
Sketch of: Liquid cristal, marked that it rotates the polarization axis. 0.25
Sketch of: Second polarizing filter, turned 90° with respect to the first. 0.25
Sketch of: Outcoming light. 0.25
Incomming light intensity Ip. 0.25
Light intensity in the liquid cristal It (assumed constant). 0.25
Outcoming light intensity I. 0.25
ii. Describe in your own words the polarization state of the incoming light. 1
The incoming light is not polarized (sunlight). (To be precise: also sunlight is polarized (i.e. every EM
wave is polarized) but it has an arbitrary direction and varying in time.) 1
iii. Describe in your own words the polarization state of the outgoing light. 1
The outcoming light is linearly polarized. 0.5
The polarization axis is the same as the polarization axis of the second filter. 0.5
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Part B. Capacitor Behavior 3
The liquid crystal layer has a thickness of d = 5um, and a maximum applied voltage of
Vimax = 12V. The relative permittivity of the liquid crystal is ¢, = 10.
Note: we neglect edge effects in what follows.
i. Calculate the electric field strength FE),, between the two polarizers across the liquid
crystal layer when the maximum voltage is applied. 2
The maximum field strength is given by
Vmax 12V 6 -1
Ehax = =—=24x10°V- . B.1
e d D pm o (B.1)
2
ii. Determine the capacity C of a 0.125m? area of the liquid crystal layer. 1
The capacity in such a situation is given by
A
C = eper—. (B.2)
d
Substituting with the given numerical values yields
0.125m?
C=(88x10"2F-m ") 10 ———— =22pF. B.3
(8.85 x m™") = n (B.3)
1
Part C. Adjusting the Intensity 6
In this system, the angle « is determined by the polarization change due to the liquid crystal
(A¢) and the orientation of the second polarizer. We have
a=0-—Agp, (C.1)
where the polarization change A¢ caused by the liquid crystal depends on the applied voltage
and is approximated by
Vv
Ad = Ady (1 - ) , (C2)
Vmax
where Vi,ax = 12V completely eliminates the polarization rotation.
Note: we neglect reflections (which would be there due to the large ¢, ).
i. What is the light intensity I;,c after the first linear polarizer with respect to the intensity
of the incoming light 13? 2
Assume uniform polarization angle probability distribution for the incoming light. 0.5

So,
I, = Zp(a € [a, o + €))I cos?(a) (C.3)

or

27
— « C052 o )ac .
ft_/o p(a)] cos()d (C.4)
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0.5
One obtains It,c = %0. Give all points for the derivation, if this formula is correct. 0.5
The student clearly states that Iy, < Ig. Alternatively full points are given, if the numerical solution
fullfills the above statement (no points are attributed for follow up errors).e 0.25
The student clearly states that Iy, > 0. Alternatively full points are given, if the numerical solution
fullfills the above statement (no points are attributed for follow up errors). 0.25
ii. You want to have a window with maximum transparency. If you are free to choose
the value of A¢y € (0,27), what value will you set it to? Use this value for all following
subtasks. If you cannot find the optimal value, provide in the follwing subtasks your assumed
numerical value that you use for further calculations. 1
It is has to be equal the angle difference of the two linear polarizers. Thus we have A¢g = 0 = 90°. 1
iii. Calculate the voltage V) that must be applied to reduce the transmitted light intensity
by 70% with respect to the incoming light. 3
Realize it is a combination of the ‘unpolarized’ to ‘linearly polarized’” and the misalignment of the linear
polarized light with the second filter. 0.5
Provide the statement I;,C = %0 cos? . 0.25
State that 0.3 = % = %cos2 o. 0.25
Solve for a; = arccos(v/0.3 - 2). 0.25
State that aqy = 0 — Agyg (1 — VXﬂ).
Optionally: provide a numerical answer a3 = 39°. 0.25
Solve for V' = Viax (1 - 0&501 ) If the final formula is correct, give full points to all above derivation
subtasks. 0.5
Provide the numerical answer V3 = 5.2V. 0.5
The student clearly states that V3 >0V
Alternatively full points are given, if the numerical solution fullfills the above statement (no points are
attributed for follow up errors). 0.25
The student clearly states that Vi < Vijax
Alternatively full points are given, if the numerical solution fullfills the above statement (no points are
attributed for follow up errors). 0.25
Part D. Calculator Screens 3
The same technology is used in displays of many calculators. The only conceptual difference
is that a mirror is placed at one side of the setup. Light thus traverses the system twice.
i. In this case, what voltage V; has to be applied to reduce the intensity by 70% with respect
to the incoming light? 2

Realize its a combination of the ‘unpolarized’ to ‘linearly polarized’ and the misalignment of the linearly
polarized light with the second filter and on the way back the misalignment of the linearly polarized light
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with the first filter.
Provide the statement I = 2 cos?(as) cos?(az). 0.25

State that 0.3 = % = 1 cos?(az) cos?(a).

Solve for ag = arccos(v/0.3 - 2).
Optionally: provide a numerical answer as = 28°. 0.25

0—ao
vV _ Vmax<1* A¢O)

Repeat the same steps as in the previous subtask, resulting in V2 = & = 7
Give full points to all derivation subtasks, if the final formula is correct. 0.5
Provide the numerical answer V5 = 3.8 V. 0.5

The student clearly states that Vo > 0V.
Alternatively full points are given, if the numerical solution fullfills the above statement (no points are
attributed for follow up errors). 0.25

The student clearly states that Vo < Vijax -
Alternatively full points are given, if the numerical solution fullfills the above statement (no points are

attributed for follow up errors). 0.25
ii. What is the value of the fraction %? 1
State that
Vl _ Vmax (1 - 0&;)1) (D 1)
V2 Vmax (1 _ QA—Q?OQ)
v (17 9;041 )
This simplifies to % = S—fo g 0.5
BIE
Aq&o
Provide the numerical answer % = 1.38. 0.25

The student clearly states that V5 < Vi and thus % >1.
Alternatively full points are given, if the numerical solution fullfills the above statement (no points are
attributed for follow up errors). 0.25
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Long problem 2.3: Voltmeter 16
A voltmeter is a device that is used to measure voltages in an electrical circuit. The use
of the voltmeter in practice is based on some theoretical principles. In this task, you will
discover how a voltmeter can work and what you need to pay attention to in practice when
using a voltmeter.
Part A. Calculate voltages 4.5
Consider the circuit in Fig. A.1. In a first step, we want to calculate the voltage across
the various resistors. We apply a voltage V5 = 10V and know the values of the resistors
(R1 = 10MQ, Ry =500k and Rs = 750k2).
Ry
Vo 1L
R3 RZ
Figure A.1: Circuit with applied voltage V and resistors Ry, Ro and Rs.
i. Calculate the voltages Ui, Uy and Us across the respective resistors R;, R and Rs. 2
We compute Ry by first computing Ry 3, the equivalent resistance of the parallel resistors Ry and R3
11 1
Tos ~ R TRy (A.2)
= Rys = (& + ) = 2l
0.5
Then Ry can be computed as the combination of Ry and Ry 3 in series
Riogt =1+ R
o ey (A.3)
tot = L1 + Ro+Rs3
0.5
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From this equation we can compute the current

Uo = Riot - 1o

(A4)

_ U

Io = tht :

For the first resistor, the entire current flows through it and therefore U; can be calculated
Ur=Ri-Iop=Ry- 5= =9.7V. (A5)

0.5

As Ry and Rj3 are in parallel, the same voltage is applied across both resistors. Together with Uy, this
must result in the input voltage Up.

Uy=U14+Us=U; +Us

(A.6)
Up=Us=Up— Uy =029V

0.5

ii. Now let us look at the circuit in Fig. A.7. We consider this circuit for two different
test arrangements A and B. The two test arrangements only differ in the values for the
resistors R, and Rs. Calculate the voltage Us across the resistor R for the two different test
arrangements A and B:

« R =10k and RYY =50kQ,

e RP =10MQ and R =50 MQ.

Ry

Ry

Figure A.7: Circuit with applied voltage Vj and resistors Ry and Rs.
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This is a series circuit, so the total resistance is the addition of the individual resistances

Riot = R1+ Rs. (A.8)

This allows the total current to be calculated

Up = Riot - 1o

A9
= Iy = Uo . ( )
tot
The voltages can now be calculated
— _ U
Us=Ro-1Iy=R>- tht . (A.10)
0.5
The answers for the two different test arrangements are thus
(A4) _
Uy’ =83V, (A11)
P =83V,
0.5
iii. What is noticeable about the calculated voltage U, in both test arrangements A and B?
Explain mathematically why this is the case. 1.5
The voltage Us is identical in both experimental setups. 0.5
Reason: we can represent the voltages across a resistor as follows
Uy=Rsy-Iy.
We can transform this to
=4
R (A.13)
=1
0= Ry
0.25
Now we can equate and analyze both equations
U _ U
Ri — Ry’
111 B 1112 (A.14)
Us — Rs "
0.25
From this equation it can be seen that the ratio of U; and U, is identical to that of Ry and Rs. Since the
same ratio of resistances is present in both test arrangements, the ratio of voltages is also identical and
therefore the voltage Us is the same in both arrangements. 0.5

Alternative solution:

(1.5)

Alternative solution.
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The voltage Uy is identical in both experimental setups. (0.5)
This can be seen by moting that in the previous task, Us reduces to
Uo
U= —F7—, A.15
2 1+ Ry / Ry ( )

such that Uy only depends on the ratio between R1 and Rs. (0.5)
Since the same ratio of resistances is present in both test arrangements, the ratio of voltages is also
identical and therefore the voltage Us is the same in both arrangements. (0.5)
Part B. Internal resistance of a voltmeter 6
A voltmeter is a measuring instrument for measuring voltages. Ideally, the measurement
does not lead to any current in the voltmeter. In real instruments, however, the insulation
and measurement are not perfect, so that a current still flows. This current is described by
a resistance in the voltmeter, the so-called internal resistance. In this subtask, we look at
the circuit in Fig. A.7 and calculate the internal resistance of the voltmeter.
i. Draw a sketch of how to connect a voltmeter to the circuit in Fig. A.7 to measure the
voltage across Ry. Give reasons for your choice. 2
The voltmeter is connected in parallel to Ry in the sketch. 0.5
All circuit elements are properly labeled, inclulding the voltmeter. 0.5
Explanation: for a parallel circuit, the same voltage is applied on both elements, such that the voltmeter
should be connected in parallel. 1
Alternative solution: (2)
The voltmeter is connected in parallel to Ry in the sketch. (0.5)
All circuit elements are properly labeled, inclulding the voltmeter. (0.5)

Ezxplanation: the voltmeter has to be conmected in parallel because it has to measure the voltage difference
accross the resistor and there is mo way it can do it if it is in series.

ii. In an experiment, we recreated both test arrangements and measured the voltage across
Ry with the same voltmeter. We obtained the following values

« A) U} =833V,
« B)UP =17.14V.

Calculate the internal resistance R; of the voltmeter.

The value U* = 8.33V from the first test arrangement does not help us to calculate the internal resistance
R;, as the value corresponds to the calculated value without taking the internal resistance into account.

0.5

We know from the previous subtask that the ratio of resistances and voltages is related as follows if we
consider a series circuit

Ul R

= == B.1
7= (B.1)
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where U; is indirectly given by
Uy =Uy—Us. (B.2)

Since we connect the voltmeter in parallel as discussed in the previous task, we know that the voltage
across the resistor Ry is the same as that across R; and that this corresponds to the voltage across the
equivalent resistor Rg

b
2 E
S Re=URi= Ry B3
1
We can calculate the equivalent resistance as a parallel circuit
Rp = F21 (B.4)
0.5
If we now set both equations equal, we can solve for R; and calculate
UOI?UQ = 1%2%}1% (B.5)
= I = (Uo—giﬁﬁéélz%fQ-Rl = 50 MQ.
1

Alternative solution:

(3)

This alternative solution does not require knowledge of Uy and but requires the use of the information from
both measurements.

We can express Us as (the participant could deduce this e.g. from task A.i)

Vo
U2 = —mpimE - (B-6)
1 + 1 }%2Ril i
(0.5)
One then obtains bn b 5
ga 14 MER gy pB oy il
Uy _ Byl e (B.7)
7B RARSHRAR; ROR; ’
Us L+ =0 Rt R+ T
(0.5)
rTA
For clarity, let us call oo = g%. One then obtains
2
Ry R
aR; <1 + R;) +aR} =R, <1 + R}3> +RE. (B.8)
2 2
(0.5)
. R} RB .
Using that R—;A = }T;B gives
R
R; (1 + R;) (a—1)=RP —aR}. (B.9)
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(0.5)

We can finally solve for R; and compute
R — aR}

(1+%>(a—1)

R; = = 50 MQ. (B.10)

iii. What should apply to the internal resistance R; compared to the one you want to
measure for precise measurements?

Because the voltage is measured in parallel, the internal resistance R; must be as large as possible compared
to the resistance to be measured.

0.5

If the internal resistance is of the same order of magnitude or even lower, the voltage to be measured will
deviate from the expected value.

0.5

Part C. Electroscope

55

An analogue voltmeter can be represented using an electroscope. In the next subtasks, we
will therefore look at an electroscope as shown in Fig. C.1. The electroscope consists of
two plates through which a field is created when a voltage is applied. A conductive pointer
is attached to one of the plates and can rotate freely. For the following tasks, we assume
that the field £ between the two plates is homogeneous. The plates have area A and have
positive charge () and negative charge —(Q respectively. The pointer has the small positive
charge q. We also assume that the entire charge ¢ and the entire mass m of the pointer is
located in its tip.

Q'A _Q'A

qm

Figure C.1: Sketch of the electroscope. On the left and right are the plates with charges QQ and —@). Both
plates have the area A. The blue pointer has charge ¢ and mass m, whereby we assume both as point
mass and point charge at the tip of the arrow. The electric field £, shown in red in the sketch, between
the two plates is homogeneous.

i. Explain why the pointer moves.

0.5
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The pointer moves because it is charged at the tip and therefore moves along the electric field. As the

plate is charged with the same charge, it repels itself. 0.5
ii. Which condition must be met if the pointer no longer moves in a tangential direction?
Describe with the help of a sketch. 1
The normal component of the gravitational force and the normal component of the Coulomb force from
the electric field on the pointer must have the same amount, as they act in opposite directions. 0.5
Clean and correct drawing. 0.5
iii. From the equilibrium condition for the tangential direction, calculate the deflection
angle « as a function of the forces present. 2
We know from the previous subtask that the normal components of gravity and the force of the field must
be equal. The normal forces are calculated as follows.
Fon =sin(a) - Fg (C.2)
Fgn = cos(a) - Fg.
This follows from geometric illustrations in the sketch. 1
Since these two forces should be equal, we set them equal and write expressions in terms of «.
FgNn=FgN
= F¢ -sin(a) = Fg - cos(a
C:in(oc) (_) N o Ff; ) (03)
= os(a) = tan(a) = 72
_ —1(Fg
= a = tan™ ()
1
iv. Calculate the electrical force on the tip as a function of the charges ) on the plate, the
charge ¢ on the tip and the plate area A. 1.5
The electrical force can be calculated from the electric field as
Fg=q-F (C.4)
0.5
The electric field is given by
Q
E = C.5
A (C.5)
0.5
Assemble both equations leads to the result
q-Q
Fo — C.6
P eA (C-6)
0.5
v. Now calculate the deflection angle for the following values:
e m=200g,
e ¢=0.001pC,
« Q@=30uC,
e« A=15dm?,
e €=¢€).
Pluging in the numbers leads to the following result 0.5
o = tan"'(0.115...) = 6.6°. (C.7)
0.5
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