Canadian Association of Physicists
1994 Prize Exam

This is a three hour exam. National ranking and prizes
will be largely based on a student’s performance on the
three questions in part B of the exam for which written so-
lutions are required. However, performance on the multiple
choice questions in part A will be used to determine whose
written work will be marked for prize consideration.

The questions in part B of the exam have a range of
difficulty. Please be careful to gather as many of the easier
marks as possible before venturing into more difficult terri-
tory. In some cases an answer to, say, part (a) of a question
is needed for part (b). Should you not be able to solve
part (a), assume a likely solution and attempt the rest of
the question anyway. No student is expected to finish this
exam and part (d) of each question is very challenging and
will likely be solved correctly by only a few of the very top
Canadian physics students.

Non-programmable calculators may be used. Please
be very carefu] to answer the multiple choice questions on
the answer card/sheet provided to you and most impor-
tantly, write your solutions to the three written problems
on separate sheets as they will be marked by different peo-
ple in different locations. Good luck.

Data

c¢=3.00 x 108 m/s

Speed of light
G = 6.67 x 10711 Nm?/kg?

Gravitational constant

Radius of Earth Rp = 6380 km
Mass of Earth Mg = 5.98 x 10%* kg
Mass of Sun Mg =1.99 x 103 kg

Res =150 x 1011 m
g = 9.81 m/s?
e=16x10"1°C

me = 9.1x 1073 kg
mp = 1.67 x 10727 kg
h=6.63 x 10734 Js

Radius of Earth’s orbit
Acceleration due to gravity
Fundamental charge

Mass of electron

Mass of proton

Planck’s constant
Coulomb’s constant
Magnetic constant

Speed of sound in air

po = 4w x 1077 N/A?
340 m/s

Part A: Multiple Choice

Question 1

It was once proposed to use a 2 km vertical Sudbury
mine shaft for microgravity experiments in a vacuum. How
much time would scientists have to do an experiment during
one drop?

1/4me, = 8.99 x 10° Nm?/C?

(a) 20 s
(b) 63s
(c) 0.64s
(d) 198 s

Question 2

If the moon were twice as massive as it is now, and it
stayed at the same orbital radius about the earth as it has
now, its new orbital period (in terms of its current orbital
period T') would be,

(@ T

(b) T/2
(c) T/4
(d) 2T

Question 3

In the following circuit composed of identical capaci-
tors, across which terminals would you connect a battery
in order for all the capacitors to charge up.

>

(a) AB
(b) AC
(c) BD
(d) None of the above.

Question 4

Two cylindrical resistors, one of length ! and radius r,
and the other of length 3/ and radius 3r, are made of the
same materials. If the resistance of the smaller one is R,
what is the resistance of the larger one?

(2) R/3
(b) 3R
(c) 9R
(d) 27R

Question 5

A simple pendulum consists of a mass m attached to a
light string of length I. If the system is oscillating through
small angles, which of the following is true?
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(a) The frequency is independent of the acceleration due
to gravity, g.

(b) The period depends on the amplitude of the oscillation.

(c) The period is independent of the mass m.

(d) The period is independent of the length I.

Question 6

An astronaut in the space shuttle orbiting the earth
performs a trick for a television audience. She inflates a
helium filled balloon within the shuttle’s controlled atmo-
sphere and lets go of it. To the astonishment of all watching,
the balloon
(a) hovers in place where it was released.
(b) rises noticeably away from the earth.
(c) falls noticeably towards the earth.

(d) drifts backwards opposite to the direction of the shut-
tle’s velocity.

Question 7

A boat has a green light (with wavelength A = 500 nm)
on its mast. What wavelength would be measured and what
colour would be observed for this light as seen by a diver
submerged in water (index of refraction n = 1.33) by the
side of the boat.
(a) Green A = 500 nm
{(b) Red A =665 nm
{(c) green A = 376 nm

(d) UV A =376 nm

Question 8

A radio station transmits using a vertical mast. The
antenna in your radio is a coil (solenoid) wrapped around a
ferrite (iron) rod. What orientation must this antenna have
for optimum reception?

(a) Rod pointing at mast.
(b) Rod parallel to mast.
(c) Horizontal rod pointing 90° from the line of the mast.

(d) Horizontally oriented rod directly above the mast.

Question 9

You have ten identical filters. One is placed in front of
a white light and the light appears red. When all ten are
placed in front of the light, it appears to be a dim green
colour. Which of the following is a possible transmission
characteristic for one of the filters?
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Question 10

Two atoms interact with each other according to the
following force F, and potential, V diagrams. What is their
equilibrium separation?

(a) The separation u which is equal to y
(b) The separation u which is equal to z
(¢) The separation w which is equal to y
(d) The separation w which is equal to z

Question 11

A ball is thrown into the air with an initial speed u.
The time interval taken for the ball to rise to its maximum

3
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height is ¢,. The time interval taken for it to fall back
down from this maximum height to its original position is
ty. Under “real life” conditions, which of the following is

satisfied by ¢, and t;.

(a) t, >ty

(b) t. <ty

(c) tr =1y

(d) t, >ty if u is great enough.

Question 12

An airplane flies a straight path from town A to town
B, 500 km away. Town B is due east of town A and a strong
wind blows from north to south at 300 km/hr. If the plane’s
airspeed is 900 km/hr, which of the following statements is
true?

. - -« 5

(a) Trip time is ] hr.
(b) Plane’s ground speed is 600 km/hr.
(c) Plane’s heading is 30° North of East.

(d) None of the above.

Question 13

Microwaves of wavelength A = 5.0 cm, and intensity
I,, are split and recombined by the metallic mirror system
shown. What should = be so that the intensity of the mi-
crowaves at the point P (the detector) is zero.

(a) 0.88 cm
(b) 3.54 cm
(c) 6.04 cm
(d) 3.02 cm

Question 14
Which of the following is a possible expression for the
Rydberg, a unit of energy?
(a) e*/8m.eoh?
(b) €2h?/8m.e*
(c) mee*/8e2h?
(d) m.c?/eohe
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Question 15

Consider the network of identical resistors shown. The
equivalent resistance between the points A and B is,

o vyl
A" | s sL44]
R
E? R Eé{ R
I & 4
) R
o \ v o>l
L g II/////I
(a) 5R
(b) R/2
(c) 5R/8
(d) 2R

Question 16

A ray of light is directed towards a corner reflector as
shown. The incident ray makes an angle of 22° with one of
the mirrors. At what angle 6 does the ray emerge?

(a) 22°
(b) 68°
(c) 44°
(d) None of the above.

Question 17

Many people’s glasses appear to be a blue-green colour
when viewed under reflected light. A thin film of index of
refraction n = 1.35 is applied to the outside surface of the
glass so that the film/glass interface does not reflect any
red light of wavelength A = 630 nm. What thickness must
the film layer be in order to achieve this? Take the index of
refractions of air and glass to be 1.0 and 1.6 respectively.

(a) 157.5 nm
(b) 315.0 nm
(c) 233.3 nm
(d) 116.7 nm
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Question 18

A mass M has the same kinetic energy as a mass m.
The ratio of their momenta, pa/pm, is,

(2) VM/m

(b) vm/M

(c) (m+M)/M
(d) (m+ M)2/mM

Question 19

A stream of water droplets, each of mass m = 0.001 kg,
are fired horizontally at a velocity of 10 m/s towards a steel
plate where they collide. The droplets are spaced equidis-
tantly with a spacing of 1 cm. What is the approximate
average force exerted on the plate by the water droplets
assuming that they do not rebound after their collision.
(a) 10N
(b) 100 N

(¢) 1N
(d) 0.1N

Question 20

Three identical balls are thrown from the top of a cliff
and some time later land at the base of the cliff. Ball A is
thrown upwards with speed v, Ball B is thrown downwards
with speed v, and Ball C is thrown at speed v and at an
angle of 45° above the horizontal. Comparing the speeds,
v4, v, and vc with which the balls hit the ground at the
base of the cliff (and ignoring air resistance), you find,

(a) va =vg > v¢
(b) va > vc > vp
(c) va =vg =v¢
(d) Vg > VC > V4

Part B

Question 1

In this question we will investigate a possible naviga-
tional aid for aircraft approaching an airport. Suppose at
one end of a runway there are two radio transmitting towers,
one on either side of the runway, separated by a distance
[ = 100 m. The two radio towers are each transmitting a
radio signal of frequency f, = 12 MHz in phase with each
other. An aircraft with a ground speed of v is flying towards
the airport such that its velocity makes an angle 8 with the
runway as shown. The aircraft, still very far from the air-
port, has locked onto the signals and is heading directly for
the midpoint of the towers.
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(a) At the aircraft’s current position, the intensity of the
signal from each tower separately would be I,. Find
the intensity of the combined signal from both towers
received by the aircraft for headings of § = 0 and 6 =
/2.

(b) For what headings would the aircraft receive no signal?
If the aircraft was commanded to approach the airport
with a heading of 30°, what kind of a signal should the
captain expect from the radio towers?

(c) The aircraft gets slightly off course and is approaching
the airport on a heading of § = 0 but is heading di-
rectly for one of the transmitting towers (as opposed
to their midpoint). The aircraft is still very far from
the airport but as it draws nearer, the intensity of the
signal received from the radio towers starts to drop.
How far is the aircraft from the nearest tower when
the signal has dropped to a minimum?

(d) The aircraft, back on course now, is approaching the
airport with a ground speed of 500 km/hr and on a
heading with § = 30°. The aircraft has a circuit which
generates its own 12 Mhz reference signal and com-
pares it to the one being received from the radio tow-
ers. A beat is detected in the sum of the two signals.
What is the beat frequency? The navigator quickly
programs the on-board computer to calculate the air-
craft’s ground speed in terms of this beat frequency
Af. When the beat frequency is 10 Hz and the sig-
nal received from the towers is lower than the 12 Mhz
on-board reference signal, what is the plane’s ground
speed?

Question 2

Consider the circuit shown with the two switches S
and S;. The battery has an em f of € = 6 V and the resistor
has a resistance of R = 1.0 Q. The bottom wire is encased
in an insulated wrapping of mass M = 0.1 kg which carries
a positive static charge of @ = 10 mC. Assume that the
masses of all other wires and components are very small as
compared to this charge bearing wrapping. The dimensions
of the circuit are ! = 5 cm square. The bridge (or middle
connecting) wire, with S; in it, is I/2 above the bottom

5
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wire. The contraption is suspended in such a way that it
may pivot about the top wire on the axis AB; the circuit
maintains its shape regardless of the switch configuration.
A magnetic field, B = 10.0 T, and an electric field, E =
1000 N/C, both point out of the page.

- ¢ <«
A " L'B

r+ ettt F

(a) With both switches open, find the equilibrium angle 8
that the plane of the circuit makes with the vertical as
it swings upwards due to the presence of the electric
field.

(b) With S closed and S; open, find the equilibrium angle
6.

(c¢) Now with S; open and S; closed, the circuit is swung
from hanging straight down, 8 = 0, to being horizontal,
6 = 7/2, in a time of At = 5 ms. Estimate the work
required to perform this operation.

(d) The circuit is released from the horizontal with both
switches open. Describe the motion of the circuit and
calculate any relevant parameters necessary to backup
your description. What would be the effect of closing
S, during this motion?

Question 3

Design a spherical spacecraft which could be carried
out of the solar system by the pressure of solar radiation
alone. Discuss constraints on the materials used. You may
assume that the craft can be initially launched from the
earth using a conventional rocket so that it may start its
journey already having escaped the earth’s pull.

The momentum p of a photon is given by p = E/c
where E is the energy of the photon and ¢ is the speed of
light. The intensity of the solar radiation at the radius of
the earth’s orbit about the sun is given by the solar con-
stant, S = 1370 W/m?.

Link to solutions ...




1994

Solutions: Part A
1(a) 5() 9() 13(c) 17(d)
2(a) 6(a) 10(b) 14(c) 18 (a)
3(d 7(c) 11(b) 15(c) 19 (a)
4(a) 8(c) 12(a) 16(b) 20 (c)

Part B

Question 1

(a)

(b)

(d)

The wavelength of the radio signals is A = ¢/f, =
25 m. Clearly for 8 = 0 and 6 = x/2, the interference
is constructive. The amplitude of the signal picked
up by the plane is twice the amplitude of the signal
from one tower alone. Since intensity is proportional
to the square of the amplitude, the intensity received
1s I = 41,.

For destructive interference we solve,
Isin(6) = 2n+ 1)A/2,

where | = 100 m is the tower separation and n is an
integer. This is standard two source interference with
the receiver much farther away than the spacing of the
sources. The angular headings that result from this
are 8 = 7.2°, 22.0°, 38.7°, and 61.0°. A heading of 30°
corresponds to constructive interference and the signal
strength from the towers would be a maximum.

The path difference between the signals from the two
towers is simply Ar = +/I2 4 22 — = where z is the
distance of the aircraft from the closest radio tower.
For the first occurrence of destructive interference as
the aircraft approaches, we set Ar = A/2. This gives,

VIE+z2= i+:c,
2
which upon squaring both sides yields,

_1 2

Solving gives £ = 394 m. We hope that the plane
is well into its approach when it is this close to the
runway!

The plane receives a signal of frequency

_ 1+v/e
f—fowl_v/c»

where ¢ is the speed of light and we have used the
doppler shift formula for electromagnetic waves. Since

6
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the problem is nonrelativistic, a student may use the
classical doppler formulae without penalty. Solving
this is a bit tricky and a calculator is usually not much
help. Squaring both sides, however, gives,

(1—-v/e)fP=(1+v/c)f?.
Collecting terms allows us to write,

(f = f)f + fo) = (f2 + f2)v/c .

The plane is travelling much slower than the speed of
light and we expect that the frequency f will be very
similar to f,. Hence wedefine Af = f—f, and f+f, ~
2fo to give, Af = f,v/c. This is the beat frequency
in the sum of the signals. Numerically, it is 5.6 Hz. If
the beat frequency is 10 Hz, we have v = 250 m/s or
900 km/hr. Since the detected frequency is lower than
the reference signal, the plane must be heading away
from the airport.

Question 2

(a)

(b)

With both switches open, there is no current in any
wire and there is no closed circuit. We consider the
following force diagram for the bottom wire.

I
1
7 \e!
|
f

My
From this we get the two equations,

Tsin(6) = QF ,
Tcos() = Mg .

Here T is the tension in the supporting side wires. The
angle then satisfies, tan() = QE/Mg. This corre-
sponds to an angle of 84.4°.

With a current of ¢/R = 6.0 A in the bottom wire,
there is a downwards magnetic force on the bottom
wire given by Fy, = IlB where [ is the length of the
wire. The angle now satisfies,

QE
tan(B) = m .

This corresponds to an angle of 68.2°.

(c)

(d)

1994

Here is a situation in which the magnetic flux through
the lower closed circuit is changing in time. Initially
it is given by ¢ = BI?/2 and it drops to zero in a
time of At = 5 ms. The average induced current in
the bottom wire is then I,, = A¢/RAt. The average
current is then I, = 2.5 A. In swinging the apparatus
upwards, one does work in raising the mass and in
driving a current through the resistor which dissipates
this energy as heat. After the contraption reaches it
new equilibrium, a good estimate for the work done is,

W = Mgl + I, RAt,

which gives W = 0.08 J.

With both switches open, the equilibrium position of
the apparatus is at an angle of 6., = 84.4° from the
vertical. If the apparatus is displaced by a small angle
«a from this, the net unbalanced force on the bottom
wire is directed towards the equilibrium position and
is given by,

F = Mgsin(feq + @) — QF cos(feq + ) .

Using the trigonometric addition formulae, we rewrite
these in the form,

F = Mg[sin(feq) cos(ar) + cos(f.q) sin(c))
—~ QE[cos(q) cos(ex) — sin(Bey) sin(ar))

We know that Mgsin(feq) = QF cos(f,q) so that

F =Mgcos(b.q) + %]-3— sin(f.q)] sin(c) ,

=Mgeysssin(a) .

Compare this to the force equation for a simple pendu-
lum, F = Mgsin(a) where « is the angular displace-
ment from equilibrium. For a small displacement, the
motion of our apparatus will be simply harmonic with
a period of T = 27./l/g.s;. This gives a period of
0.14 s. Closing the switch S, will allow magnetically
induced currents to form which will damp the pendu-
lum’s motion. It will eventually come to rest at Ocq.

Question 3

For a black sphere of radius r, the rate at which solar

energy falls upon it at a distance R from the Sun is given
by,

AE
pP= =7 = 7r?’S(Rgs/R)? .

The force F on the sphere is,

Fat=ap=2F
C
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for a black sphere.

The mass m of the (hollow) sphere depends on the
thickness of the material d and its density p.

m = 4xripd

The force F has to overcome the gravitational force Fy,

GMm

r2

F, =

b

where GM for the Sun can be found to be (using Kepler’s
3rd law),

R}s
GM = 471’?-,
where T is one year. For acceleration away from Sun,
d< S R2E5
4cpGM

=0.2um if p = 10® kg/m™3 .

If you have a perfectly reflecting sphere you get a factor
of 2 for the change in momentum and sin?6 from the angu-
lar variation across the sphere. This integrates out to unity,
so the answer is the same. A student may avoid calculus
by knowing that

< sin?(6) >= % .

So, d < A for solar radiation. You can make a good 90%
reflecting Al thin film of about 50 nm but to make it black
might be harder. I have seen self-supporting parylene films
of about 1 um but very floppy. A factor of five less than
this is really pushing it!

1994



Canadian Association of Physicists
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This is a three hour exam. National ranking and prizes
will be based on a student’s performance on both sections A
and B of the exam. However, performance on the multiple
choice questions in part A will be used to determine whose
written work in part B will be marked for prize considera-
tion by the National Committee.

The questions in part B of the exam have a range of
difficulty. Please be careful to gather as many of the eas-
ier marks as possible before venturing into more difficult
territory. In some cases an answer to, say, part {a) of a
question is needed for part (b). Should you not be able
to solve part (a), assume a likely solution and attempt the
rest of the question anyway. No student is expected to com-
pletely finish this exam and part (d) of each question is very
challenging.

Non-programmable calculators may be used. Please
be very careful to answer the multiple choice questions on
the answer card/sheet provided to you and most impor-
tantly, write your solutions to the three written problems
on separate sheets as they will be marked by different peo-
ple in different parts of Canada. Good luck.

Data

Speed of light
Gravitational constant
Radius of Earth

Mass of Earth

Mass of Sun

Radius of Earth’s orbit
Acceleration due to gravity
Fundamental charge
Mass of electron

Mass of proton

Mass of neutron
Planck’s constant
Coulomb’s constant
Magnetic constant
Speed of sound in air
Boltzman constant
Absolute zero

c=3.00 x 108 m/s

Rg = 6380 km

Mg = 5.98 x 10?4 kg
Ms = 1.99 x 1030 kg
RES = 1.50 x 1011 m
g = 9.81 m/s?
e=1.6x10"1°C

me = 9.1 x 10~31 kg
myp = 1.673 x 10-%7 kg
m, = 1.675 x 10~27 kg
h=6.63x10"3¢ Js

Mo =4m x 10~7 N/A?
340 m/s

k=138 x 10-23 J/K
T=0K,T=-273°C

Part A: Multiple Choice

Question 1

A salvage ship tries to raise a sunken miniature sub-
marine from the bottom of Lake Superior. The submarine
and its contents have a mass of 72,000 kg and a volume of
18.9 m®. What upwards force must be applied to raise the
submarine? The density of water is 1000 kg/m3.

G = 6.67 x 10~11 Nm? /kg?

1/4me, = 8.99 x 10° Nm?/C?

(a) 1.8 x 105 N
(b) 2.0 x 10° N
(c) 4.8 x 105 N
() 5.2 x 105 N

Question 2

A little girl is playing with a toy pendulum while riding
in an elevator. Being an astute and educated young lass,
she notes that the period of the pendulum is T" = 0.5 s.
Suddenly the cables supporting the elevator break and all
of the brakes and safety features fail simultaneously. The
elevator plunges into free fall. The young girl is astonished
to discover that the pendulum has,
(a) continued oscillating with a period of 0.5 s.
(b) stopped oscillating entirely.
(c) decreased its rate of oscillation to have a greater period.

(d) increased its rate of oscillation to have a lesser period.

Question 3

Two identical spring loaded, toy guns shoot projectiles
straight upwards. The projectile in gun B has twice the
mass as that in gun A. The projectile launched by gun A
reaches a height H. Ignoring air resistance, the projectile
launched by gun B would reach a height of,
(a) H/4
(b) H/2
(c) H/V2
(d) #

Question 4
An athlete of mass 75 kg runs at 10 m/s. What is his
kinetic energy?
(a) 37507
(b) 7500 J
(c) 37517
(d) 750 J

Question 5

The moon is about 60 earth radii from the centre of the
earth and completes one orbit in about 28 days. Assuming
that the moon executes a circular orbit about the centre of
the earth, the acceleration of the moon (in units of g, the
acceleration due to gravity at the earth’s surface) is closest
to,

(a) ¢/30
(b) g/60
(c) ¢/3600
(d) ¢



Canadian Association of Physicists Prize Exam

Question 6

A survey crew sights the top of a radio tower with a
small telescope. The angle that the telescope makes with
the horizontal is measured to be 53°. The crew moves the
telescope 25 m closer to the base of the tower and repeats
the process. The new angle that the telescope makes with
the horizontal is 60°. What is the height of the tower as-
suming that the base of the tower is on the same level as
the areas where the telescope measurements were made?
(a) 33 m
(b) 43 m
(c) 142 m
(d) 286 m

Question 7

Which of the following is not true for electromagnetic
waves;
(a) they consist of oscillating electric and magnetic fields.

(b) they travel at different speeds in air depending on their
frequency.

(c) they transport energy.

(d) they have no momentum.

Question 8

Two long parallel wires are placed side-by-side on a
level table. The two wires carry equal currents in the same
direction. Which of the following is true of the magnetic
forces exerted on each wire by the other?

(a) One wire experiences a force upwards while the other
experiences a downwards force.

(b) Both wires experience an upwards force.

(c) The two wires are attracted to one another.

(d) The two wires repel one another.

Question 9

A piano tuner uses a tuning fork which oscillates with a
frequency of 440 Hz (middle A). Middle A on a piano is out
of tune, producing a note of frequency f. The piano note
and the tuning fork are heard to beat with a frequency of
3 Hz. When the tension in the piano string is decreased, the
beat frequency also decreases. The out-of-tune frequency f
must have been,

(a) 446 Hz
(b) 443 Hz
(c) 437 Hz
(d) 434 Hz
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Question 10

Sudbury’s Creighton mine is one of the deepest in the
world (2.07 km). In this mine the conditions as compared
to those at the surface are,

(a) lower air pressure, higher acceleration due to gravity.

(b) higher air pressure, lower acceleration due to gravity.

(c) higher air pressure, higher acceleration due to gravity.
)

(d) lower air pressure, lower acceleration due to gravity.

Question 11

A paralle]l network of resistors consists of a 1 §) resistor
placed in parallel with a 2 € resistor. This combination is,
in turn, placed in parallel with a 4 € resistor. Further
8 Q, 16 Q, 32 Q ... resistors are placed in parallel with
the network one by one. To what value does equivalent
resistance of the network converge upon?

(a) 0.5Q
(b) 2.09
(c) 0.09Q

(d) Does not converge to a finite value.

Question 12

A simple pendulum has a bob of mass 2 kg hanging on
a cord of length 1 m. Suppose the pendulum is raised until
it is horizontal (an angular displacement of 90°) and then
released. What is the speed of the bob at the bottom of its

swing?

(a) 9.91 m/s
(b) 19.6 m/s
(c) 3.13m/s
(d) 4.43 m/s

Question 13

An organ pipe of length L is open at one end and closed
at the other. What are the wavelengths of the three lowest
frequencies that can be produced with this pipe?

(a) 4L, 2L, L

(b) 2L, L, L/2

(c) 2L, L, 2L/3
(d) 4L, 4L/3, 4L/5

Question 14

A satellite is in orbit at an altitude of one earth radius.
What is the orbital speed of this satellite?

(a) 1.56 x 10" m/s
(b) 3.95 x 10° m/s
(c) 7.91 x 10® m/s
(d) 5.59 x 10° m/s
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Question 15

A steady non-turbulent stream of water comes out of
a tap and falls vertically downward. As it does so, the
diameter of the stream appears to get smaller. What is the
primary reason?

(a) The water’s surface tension constricts the stream.

(b) Air pressure, which decreases with altitude, squeezes
the stream.

(c) The water is accelerating under gravity and so the
stream must get thinner as the flow rate (velocity times
cross-sectional area) must be constant.

(d) The flow does not constrict; it is an optical illusion.

Question 16

A roller coaster car is on a track that forms a circular
loop, of radius R, in the vertical plane. If the car is to main-
tain contact with the track at the top of the loop (generally
considered to be a good thing), what is the minimum speed
that the car must have at the bottom of the loop. Ignore
air resistance and rolling friction.

(a) V2gR
(b) V3gR
(c) VAgR
(d) VbgR

Question 17

An object is placed 30 cm in front of a thin, spherical
lens. An upright image, twice the size of the object, is
formed by the lens. Which of the following attributes best
describes the lens.
(a) diverging, focal length 20 cm
(b) converging, focal length 20 cm
(c) diverging, focal length 60 cm
(d) converging, focal length 60 cm

Question 18

A point charge +@Q is placed at the centroid of an equi-
lateral triangle. When a second charge +@ is placed at a
vertex of the triangle, the magnitude of the electrostatic
force on the central charge is 4 N. What is the magnitude
of the net force on the central charge when a third charge
4@ is placed at another vertex of the triangle?

(a) zero
(b)

(c) 4\/‘ N
(d) 8
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Question 19

Greenhouse “warming” is caused by an atmosphere
which is ,
(a) transparent to visible light but opaque to L.R. light.
(b) transparent to both visible and I.R. light.
(c) opaque to both visible and L.R. light.

(d) warming due to the hot air from the world’s increasing
population.

Question 20

A particle of mass m and charge ¢ is accelerated
through a potential difference V' to a velocity 7 towards the
south. The particle enters a region with both a magnetic
field B (pointing eastwards) and electric field £ (pointing
down). The particle travels at constant velocity through
this region. The potential difference V' must satisfy,

(a) V= mE?/2¢qB?

(b) V=2mE/¢B

(c) V=E/¢B

(d) It is not possible for the particle to be undeflected by
these fields.

Question 21

A space craft orbiting the moon with an orbital radius
of 108 m has an orbital period of 45 minutes. When it
drops down to a lower orbit of radius 10° m, its period has
become,

(a) 36 minutes
(b) 85 seconds
(c) 54 minutes
(d) Need to know the mass of the moon for this problem.

Question 22

A simple pendulum is made from a 2 kg block of wood
suspended from a light cord of length 1 m. When the pen-
dulum is hanging in such a way that it is stationary and
vertical, a bullet is shot horizontally into the block of wood
where it sticks. The bullet has a mass of 10~2 kg and has a
speed of 500 m/s just before its head-on collision with the
block. The pendulum will swing to a maximum angle with
the vertical of,

(a) 71.3°
(b) 23.4°
(c) 35.7°
(d) 46.8°
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Question 23

Electronic components are tested for durability by sub-
jecting them to high accelerations. This is achieved by plac-
ing them on a platform attached to a vertically hanging
spring. The platform (and the component being tested) os-
cillate up and down with a frequency of 10 Hz when the
spring is stretched by 10 cm and released. What is the
maximum acceleration experienced by the electronic com-
ponent?

(a) 10.0 m/s?
(b) 2.00 m/s?
(c) 395 m/s?
(d) 158 m/s?

Question 24

A real battery can be considered to be an ideal battery
of potential € in series with an internal resistance r. Suppose
that the battery is connected to a single “load” resistance
R. For what value of R will the power dissipated by the
load be a maximum?

(a) r

(b) r/2
(c) 2r
(d) 10~

Question 25

Two trucks pull on either end of a rope, each with a
force of 10,000 N. In the centre of the rope, a ball of mass
20 kg is hanging.

The angle 6 that the rope makes with the horizontal

tiomn.

Part B
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Question 1

Physicists at UBC do microgravity experiments on
board a NASA KC-135 (Boeing 707). The KC-135 flies
parabolic flight paths to follow as closely as possible the tra-
jectory and speed of a free-falling body. Once the plane is on
the parabolic flight path (both ascending and descending),
its engines are only used to overcome air resistance. The
aircraft is known, with some justification, as the “Vomit
Comet”. The KC-135 cannot fly at a speed of less than
300 km/hr (as it has to be under control at all times) or
more than 500 km/hr (or the g-forces in recovery will be
too great).

(a) While the plane is executing its parabolic trajectory at
an altitude of 10,000 m, a physicist of mass m = 65 kg
demonstrates her “weightlessness” by floating freely in
the large open cargo bay. Draw a force diagram for the
physicist showing all forces acting on her body. Find
the force of gravity acting on the physicist and find
her net acceleration. Explain in your own words, and
referring to your preceding calculations, why people
call this experience “weightlessness™.

{b) At what angle to the horizontal should the KC-135
enter its parabolic path?

(c) How much time do the physicists get under “weight-
less” conditions?

(d) While an aircraft is in level flight and travelling at con-
stant velocity, passengers on board are said to experi-
ence a 1-g “force” downwards and can walk around the
cabin normally. Sketch the trajectory of the path the
aircraft would have to follow so that it could execute
a 1-g vertical loop. In this situation, the aircraft must
execute a full vertical loop while at all times allowing
the passengers to experience only a 1-g “force” towards
the floor of the cabin. All on board would be able to
walk around normally at all times. What is the ac-
celeration of the aircraft, in units of g, when it is at
the top, and bottom of the loop? What is the accel-
eration of the aircraft, in units of g, when it is headed
vertically upwards and downwards?

Question 2

A tank of salt water is allowed to stand undisturbed for
a long time. The tank has a square footprint and measures
3 m by 3 m. The depth of the water in the tank is d = 1 m.
In the absence of any agitation, the concentration of salt in
the water is not uniform but increases with depth. Since
salt water is more dense that pure water, the density of
the water also increases with depth and hence, the index of
refraction of the water also increases with depth. Assume
that the index of refraction of the water at its surface is
n, = 1.3 and the index increases linearly and at the rate of

4
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o = 0.05 m~!. The walls and floor of the tank are made of
clear glass and the air surrounding the tank has an index
of refraction n, = 1. This tank can be used to model the
optical properties of a variety of situations where the index
of refraction varies with altitude.

(a)

(b)

(c)

Suppose, for parts (a) and (b), that we make the sim-
plification that the index of refraction of the water is
uniform and has the value n, = 1.3 throughout the
tank. A laser beam is shone through the floor of the
tank towards the surface of the water as shown. When
the beam is pointing straight up, it passes through the
salt water and exits into the air above. As the angle
between the beam and the normal to the surface is in-
creased, a point is reached where the beam no longer
exits the water but is internally reflected back into the
tank. Calculate the angle at which this total internal
reflection occurs.

A d

A small light bulb is placed directly under the middle
of the tank. Looking down from above at the surface
of the water, what area on the surface appears to be
illuminated by the light? Note that light from a light
bulb travels in all directions.

Now let us consider the more complicated case where
the water is not of uniform density. Treat the salt
water as a large number of layers, each with a distinct
index of refraction and sketch the path of the laser
beam in part (a). At what angle, from the normal to
the bottom of the tank, did the laser beam enter the
water so that it would be internally reflected at the
top surface? Sketch the path of a ray which entered
the tank at an angle greater than this.

Now consider air above a hot roadway. At the surface
of the roadway, the temperature of the air is T}, = 60°C
whereas at a height of I = 1 m and above, the air is a
cool T, = 30°C. The index of refraction n(T) of the
alr as a function of temperature is related to the air’s
density p(T') according to the relation,

n(T) -1l p(T) 3

where T is the absolute temperature of the air in de-
grees Kelvin. You may assume that the density of the
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air is, in turn, inversely proportional to the air’s tem-
perature. The index of refraction of air at 15°C and
atmospheric pressure is 1.000276. Sitting in a car with
your eyes 1.5 m above the roadway, how far is it in the
distance that the roadway appears to shimmer? This
is, of course, a mirage.

Question 3

Estimate from your basic bodily dimensions your nat-
ural walking speed. Explain clearly, in words and diagrams,
the physics you use to make this calculation. If time allows,
go beyond your first basic calculation to discuss refinements
and improvements to your model for walking. Be creative.

Link to Solutions
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Solutions: Part A
1 (d) 2 (b) 3 (b) 4 (a) 5 (c)

6 (c) 7 (d) 8 (¢) 9 (b) 10 (b)
11 (a) 12(d) 13 (d) 14(d) 15 (c)
16 (d) 17 (d) 18 (b) 19 (a) 20 (a)
21(b) 22(d) 23(c) 24(a) 25 (c)

Part B

Question 1

(a) The only force on the physicist is the downwards force
of gravity which in the physicist’s case is about 638 N.
The acceleration is just ¢ downwards. The experience
of weightlessness is simply a prolonged period with the
absence of any contact forces acting upon the body.
This could be achieved in a free-fall situation or in the
total absence of a gravitational field. We experience
weight in everyday life via the presence of normal forces
and such.

(b) The horizontal speed will remain constant throughout
the flight. At the apogee, the velocity is at a minimum,
there being no vertical speed. So, the horizontal speed
is constrained to be 300 km/hr. The KC-135 should
enter the parabola as fast as possible to get the longest
experimental time; this velocity is 500 km/hr. So, the
angle « satisfies cos @ = 300/500 and hence, o = 53°.

(c) The initial vertical speed is vy = 400 km/hr (or
111 m/s). The time to reach apogee is the time this
takes to go to zero. The total weightless time is then,

2vh
w = ",

g
=22.65s .

(d) This is tricky until one realizes that in the absence
of gravity, the aircraft would simply fly in a circular
path with such a speed and radius so as to have a
centripetal acceleration of g. In the presence of gravity,
we can imagine the aircraft flying its circular path in a
giant room which is in free fall (accelerating downwards
at g). Take away the imaginary room and the net
trajectory would look something like,
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At the top of the loop, the net acceleration would be
2g downwards whereas at the bottom of the loop, the
acceleration would be zero. At the sides of the loop,
the acceleration would be 1/2¢ directed at an angle of
45° below the horizontal.

Question 2

(a) Snell’s law of refraction gives,
1.3sinf = 1sin 90° ,

so that the angle for total internal reflection is § =
50.3°.

(b) The light rays from the bulb which are totally inter-
nally reflected at the surface of the water are shown.
Light rays incident on the surface at angles less than
the critical angle pass out of the water. Hence, there
appears to be a circular region illuminated by the bulb
when viewed from above.

The illuminated area is A = 7r? where r = (1 m) x
tan(50.3°). Hence the area is A = 4.55 m?.

(c) Imagine dividing the water in the tank into many thin
layers, each with an index of refraction slightly lower
than that of the layer below. The path of a ray through
the layers would be as follows.

YL;

N‘l

fio "

Applying Snell’s Law at each interface, we have that

nsinf = nysinry ,
=ngsinrg ,

=nzsinrs ,

and so on. Hence, nsin€ = 1.3sin(50.3°), where n is
the index of refraction of the water at the bottom of the

6
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tank. Since the index increases at the rate & = 0.05/m,
n = 1.35. This gives § = 47.8°. Below is a sketch of
a ray that enters the bottom of the tank at an angle
greater than this.

=

The index of refraction, of the air immediately above
the roadway will be less than higher up where the air
is cooler and more dense. This is a situation similar
to our salt-water tank model. A light ray reaching the
driver’s eye may take the path shown. The apparent
source of the ray is shown as a dotted line.

7]
-4

o5

1.0m

)
=

Consider the ideal gas law, PV = NkT where P is
the uniform atmospheric pressure of the air, V is the
volume occupied by N molecules and T is the air’s
temperature (in Kelvin). The density of the air is pro-
portional to N/V so that,

1
n(T)-—10<—T—.

We are given the index of refraction at T = 288 K
so that we can find the indices of refraction n; at
T = 333 K, and n, at T = 303 K (60°C and 30°C
respectively).

-1 288
1.000276 — 1 ~ 333°
ne—1 _ 288

1.000276 — 1 ~ 303’

This gives np, = 1.000239 and n. = 1.000262. Using
our result from part (c), we can calculate the angle
# for a ray which is totally internally reflected at the
roadway.

1.000262 sinf = 1.000239 sin 90° .

1995

This gives § = 89.61°. The geometry of the situa-
tion allows us to calculate the distance to the apparent
source of the ray from the surface of the roadway.

L = (1.5 m) x tan 89.61° .

We find that L = 221.2 m. Since the ray is actually
originating from the sky, the roadway 221.2 m away
appears blue and shimmering.

Question 3

Our natural walking speed is largely determined by
the pendulum swing of our legs. My leg has a length of
! = 0.8 m, and my stride d is very similar; let us assume
! = d. The moment of inertia of a uniform tube is

1
I=>ml?.
3m
For want of more accurate information let us assume my
leg is such a tube. The period of oscillation is then,

I

T=2
i mgh ’

where h = [/2. Hence,

/21
T=2 —
T 37

=147s.

Experimentally T is much closer to 1 s due to the uneven
mass distribution of my leg (centre of mass is actually higher
than the leg’s centre) and the fact that we are using the
small amplitude formula for a large amplitude oscillation.

A walking velocity v is given by my stride length di-
vided by half the period.

4 2
T/2 T’
=1.09 m/s (or about 4 km/h).

v =

This is a rather leisurely pace; the experimental value of T
gives about 6 km/h.

Refinements to the model would include corrections
due to the compound pendulum effect of knee, the period
of oscillation of the walker’s straight arms (runners bend
their arms to allow them to oscillate more quickly) and a
more reasonable estimate of the centre of oscillation of the
leg.
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This is a three hour exam. National ranking and prizes
will be based on a student’s performance on both sections A
and B of the exam. However, performance on the multiple
choice questions in part A will be used to determine whose
written work in part B will be marked for prize consider-
ation by the National Committee. The questions in part
B of the exam have a range of difficulty. Please be careful
to gather as many of the easier marks as possible before
venturing into more difficult territory. In some cases an an-
swer to part (a) of a question is needed for part (b). Should
you not be able to solve part (a), assume a likely solution
and attempt the rest of the question anyway. No student is
expected to completely finish this exam and parts of each
question are very challenging.

Non-programmable calculators may be used. Please
be very careful to answer the multiple choice questions on
the answer card/sheet provided to you and, most impor-
tantly, write your solutions to the three written problems
on separate sheets as they will be marked by different peo-
ple in different parts of Canada. Good luck.

Data

Speed of light
Gravitational constant
Radius of Earth

Mass of Earth

Mass of Moon

Radius of Moon’s orbit
Acceleration due to gravity
Fundamental charge
Mass of electron

Mass of proton

Mass of neutron

Planck’s constant
Coulomb’s constant
Permeability of free space
Speed of sound in air
Boltzmann constant
Absolute zero

¢=3.00 x 108 m/s

R =6.38 x10°m
Mp = 5.98 x 1024 kg
My = 7.35 x 1022 kg
Rpp =3.84x108m
g=9.81 m/s?
e=1.60x10"1°C

me = 9.11 x 1031 kg
mp = 1.673 x 10-27 kg
my = 1.675 x 1027 kg
h=6.63x10"3]Js

po = 4w x 10-7 N/A2
v, = 340 m/s

k= 1.38 x 10~23 J/K
T=0K,T=-273°C

Part A: Multiple Choice

Question 1

A toy for firing a ball vertically consists of a vertical
spring which is compressed by 0.10 m. A force of 10.0 N
is needed to hold the spring at that compression. If a ball
of mass 0.050 kg is placed on the compressed spring and
the spring is released, the ball will reach a height (above its
initial position) of:

G = 6.67 x 10~ Nm?/kg?

1/4me, = 8.99 x 10° Nm?/C?

(a) 1.0 m
(b) 1.2 m
(¢) 14m
(d) 1.6 m

Question 2

A rescue plane is flying horizontally with a speed of
30 m/s and at an altitude of 125 m above the sea when
it drops a warning flare. Neglecting air resistance and as-
suming that the plane does not change its course, speed, or
altitude, how far from the plane is the flare when it hits the
water?

(a) 146 m
(b) 195 m
(c) 125 m
(d) 150 m

Question 3

A loudspeaker is placed over the open end of a pipe.
By changing the frequency of the sound from the speaker, it
is found that the pipe has resonances at 700 Hz and 900 Hz
but not 800 Hz. This means that:

(a) The pipe is closed at one end and the fundamental is
100 Hz.

(b) The pipe is closed at one end and the fundamental is
200 He.

(c) The pipe is open at both ends and the fundamental is
100 Hz.

(d) The pipe is open at both ends and the fundamental is
200 Hz.

Question 4

In a television tube, electrons are accelerated from rest
through a potential difference of 1600 V. What 1s the speed
of the electrons after this acceleration?

(a) 16,000 km/s
(b) 20,000 km/s
(c) 24,000 km/s
(d) 28,000 km/s

Question 5
The electron-volt is a measure of:
(a) charge
(b) current
(c) electric field strength
(d) energy
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Question 6
A current of 5 A passes along a wire of length 1.0 m.
The wire is at right angles to a uniform magnetic field of
strength 0.15 T. The force acting on the wire is:
(a) 0
(b) 0.75 N
(c) 33N
(d) 0.03 N

Question 7

An 8 yF capacitor is charged to a potential of 120 V.
How much work was required to do this?

(a) 2.7x10°127
(b) 1.2x 1071
(c) 9.6 x 10-% J
(d) 5.8 x 10-2 J

Question 8

A flashlight is operated on four batteries placed in se-
ries. Each battery has an internal resistance r. If one of
the batteries is accidentally placed the wrong way around,
the total internal resistance of the four cells will now be:

(a) r/4
(b) 3r
(c) r/5
(d) 4r

Question 9
A ray of light is passing from air into glass. If the angle
of incidence, with respect to the normal to the interface, is
increased:
(a) Total internal reflection will occur when the angle of
incidence equals the critical angle.

(b) Total internal reflection will occur when the angle of
incidence is less than the critical angle.

(c) Total internal reflection will occur when the angle of
incidence is greater than the critical angle.

(d) The refractive angle will increase but there will be no
total internal reflection.

Question 10

A mass of 20 g is hung from the end of a light vertical
spring and is set oscillating with an amplitude of 10 cm. Its
total energy is found to be 4 J. If the mass is now replaced
with a mass of 40 g and it is again set oscillating with an
amplitude of 10 cm, its total energy is now:
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(a) 23
(b) 413
(c) 5617
(d) 83

Question 11

A 65 kg girl, riding in an elevator, weighs herself by
standing on a scale. What is the reading of the scale if the
elevator is accelerating downwards at 2 m/s??

(a) 65.0 kg
(b) 0 kg

(c) 51.7 kg
(d) 78.3 kg

Question 12

A highway curve of radius 30 m is banked so that a car
travelling at 40 km/hr can travel around it without slipping
even if there is no friction between the car’s tires and the
road surface. Without friction, a car travelling faster than
this will slide up the curve, while a car travelling slower
will slide down the curve. Find the angle of elevation of the
banked highway curve.

(a) 67°.
(b) 23°.
(c) 45°.
(d) 90°.

Question 13

A ball is thrown upwards into the air rising to a height
h. Accounting for the “real life” condition of air resistance,
the time ¢; that the ball takes to rise to its maximum height
and the time % that it takes to fall back down to its initial
position obey:

(a) tl = tz
(b) i1 <1
(C) i1 >ty

(d) t1 +1t, = /8h/g

Question 14

An airplane flies northwards from town A to town B
and then back again. There is a steady wind blowing to-
wards the north so that for the first stage of the trip, the
airplane is flying in the same direction as the wind and for
the return half of the journey, the airplane is flying directly
into the wind. The total trip time T, as compared to the
total trip time in the absence of any wind T, obeys:
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(a) Ty =T,
(b) T > T
(c) Ty < Tp
(d) Tw = 2T,

Question 15

The space shuttle moves in a circular orbit about the
earth at a constant speed. To change the orbit radius, the
crew temporarily activates the main engine which acceler-
ates the space shuttle in the direction of its motion. After
the main engine is switched off again, the shuttle will be in
an elliptical orbit with:

(a) a larger average radius and a lower average speed.

a smaller average radius and a lower average speed.

)

(b) a larger average radius and a higher average speed.
(c)

(d) a smaller average radius and a higher average speed.
Question 16

Which of the following expressions has the correct units
to represent the radius of a hydrogen atom in its ground
state? (only one expression is correct)

(a) €oh?/mm.e?
(b) h?mce?/4me,
(c) mec?/h%et
(d) e*m./8€Zh?

Question 17
If the electric field is zero within some region of space,
the electric potential within that region:
(a) must be zero.
(b) must be positive.
(c) must be negative.
)

(d) must be a constant value.

Question 18
In comparing the properties of visible light waves to

microwaves, which of the following statements is FALSE?

(a) Visible light waves travel at the same speed in glass as
do microwaves.

(b) Visible light waves have a higher frequency in glass
than do microwaves.

(c) Visible light waves travel at the same speed in vacuum
as do microwaves.

(d) Both visible light waves and microwaves can be re-
fracted by glass.
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Question 19

A boy sits at the top of a hemispherical mound of ice of
radius r. He begins to slide (from rest) downwards without
friction. At what height above the ground does he leave
contact with the ice?

(a) The boy does not leave contact with the ice.
(b) r/3

(c) r/2

(d) 2r/3

Question 20

A rocket for mining the asteroid belt is designed like
a large scoop. It is approaching asteroids at a velocity of
10* m/s. The asteroids are much smaller than the rocket.
If the rocket scoops asteroids at the rate of 100 kg/s, what
thrust (force) must the rocket’s engines provide in order
for the rocket to maintain a constant velocity? Ignore any
variation in the rocket’s mass due to the burning of fuel.
(a) 103> N
(b) 106 N
(c) 10°N
(d) 1012 N

Question 21
The sensitivity of the human ear is greatest near
3000 Hz. This result is best explained by the fact that:
(a) the ear canal is a resonant cavity with a fundamental
frequency near 3000 Hz.

(b) at a frequency of 3000 Hz the wavelength of sound is
approximately the distance between the ears.

(c) 3000 Hz is the frequency at which the skull resonates.

(d) none of the above statements explains the result.

Question 22

A long piece of rubber is wider than it is thick. When
it is stretched in length by some amount:
(a) its thickness decreases but its width increases.
(b) its thickness decreases but its width remains constant.
(c) its thickness increases but its width decreases.
(d) both its thickness and width decrease.

Question 23

A new medical procedure to cure near-sightedness in-
volves changing the shape of the eye’s lens using a pre-
cisely controlled laser beam. A near-sighted eye cannot
focus clearly on distant objects. To improve the vision of
the patient, we must:
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(a) uniformly decrease the thickness of the lens.
(b) uniformly increase the thickness of the lens.
(c) make the middle of the lens thinner.

(d) make the outer rim of the lens thinner.

Question 24
A proton travels in a circular orbit of radius 1 cm in a
magnetic field of strength 0.5 T. The kinetic energy of the
proton is:
(a) 3.35 x 107277
(b) 1.67 x 107277
(c) 3.83 x 10716 ]
(d) 1.91x 10-16J

Question 25

A metal rod 30 cm long moves at 8 m/s in a plane
perpendicular to a magnetic field of 0.05 T. The velocity of
the rod is in a direction perpendicular to its length. The
potential difference induced between the ends of the rod is:

(a) 48V

(b) 6.40 x 10-20V

(c) 120 mV

(d) A potential difference will not be induced in this case.
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Part B

Question 1

The study of the acceleration due to gravity of the
earth can be very interesting. A variety of factors, such as
the earth’s spin and altitude, result in variations of “¢”. In
this question, we shall investigate these variations.

(a) First let’s assume that the earth is a non-spinning
sphere. Find an expression for “g” at the earth’s sur-
face in terms of the earth’s mass Mg, radius Rg and
G, the gravitational constant.

(b) Modifysyour expression from part (a) to give the ac-
celeration due to gravity at an altitude of A above the
earth’s surface. Simplify your expression in the limit
that h <« Rg (the altitude is much less than the ra-
dius of the earth). Compare the weights of a 90 kg
mountaineer at sea level and at the top of Everest at
an altitude of about 8000 m. Hint: you may use the
approximation that 1/(1 +z)?~ 1 -2z if | z |« 1.

(c) The acceleration due to gravity depends on latitude
because the earth is spinning. Find the percentage
difference between g at the poles and at the equator
due to the earth’s spin. Hint: consider the weight of
an object at the two locations.

(d) Find an expression for the magnitude of the freefall
acceleration of an object near the surface of the earth
as a function of the latitude 8. Assume that the earth
is spherical and spinning.

i

Question 2

It is possible to exert forces on small objects in a con-
trolled fashion using a laser. Consider a laser beam incident
upon a small glass prism as shown. The prism has an index
of refraction n = 1.6 and the laser light is of frequency f.
The prism is isosceles with a base of 2h, a height w and a
base angle of a.
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> h
[ y
_ A
—_— z
w

(a) Sketch the possible paths for a ray of laser light enter-
ing the top half of the prism.

(b) Find the range of values for the angle « so that the light
will exit from the long side of the prism as shown and
find an expression for the deflection angle 8 (you might
want to do this first!). Only an approximate numerical
value for « is required. Henceforth, you may assume
that the angle « satisfies this condition.

(¢} The momentum p of a photon is related to its energy
E by E = pc where c is the speed of light. Find the
vertical force exerted on the prism by a stream of r
photons per second incident upon its top half. You may
express your answer in terms of the deflection angle 6.

Question 3

In some large lakes, typically ones that are long and
narrow, a strange phenomenon occurs. The water will os-
cillate up and down slowly first being high at one end and
low at the other and then later reversing itself. It is much
like the water in a bathtub sloshing back and forth and is
not to be confused with regular waves on the water’s sur-
face. The phenomenon is called “seiching”.

(a) How can seiching be initiated and how might it decay?

(a) Make a physical model for seiching and find an expres-
sion for a lake’s period of oscillation. Possible factors
include the lake’s length I, width w, depth h, and am-
plitude of oscillation 6. Most simple models might be-
gin by considering the lake to be a rectangular tank of
water with the following geometry.
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An exact solution is not expected for this question.
Rather, a simpler system that you can imagine and that has
characteristics in common with this problem can be used to
model seiching and to estimate a period of oscillation.

You may compare your model with data from Lake
Geneva in Switzerland and Lake Vattern in Sweden. Lake
Geneva has a length of 60 km and an average depth of
150 m. Its oscillation period is 76 minutes with amplitudes
of up to 2 m. Seiching on Lake Geneva can last for up to a
week. Lake Vittern is 123 km long, has an average depth
of 50 m and seiches with a period of about 3 hours.

Link to Solutions
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Solutions: Part A

1 (a) 2 (¢) 3 (3 4 (¢) 5 (d)
6 (b) 7 (d) 8 (d) 9 (d) 10(b)
11 (c) 12 (b) 13 (b) 14 (b) 15 (a)
16 (a) 17 (d) 18 (a) 19(d) 20 (b)
21(a) 22(d) 23(c) 24(d) 25 (c)

Part B

Question 1

(a) The acceleration due to gravity at the earth’s surface
1s,

_ GMg
=

(b) At an altitude of h above the earth’s surface, the ac-
celeration due to gravity would be,

L __GMg

g — (RE+h)2 9
_ GMg
- R%(1+h/RE)2 !
~ g(1—2h/Rg) .

The weight of a 90 kg person at sea level would be,

W =mg
=90 x9.81=8829N.

At 8000 m altitude,

W = 882.9 x (1 — 0.00251)
=880.7N .

This is only about 0.25% lighter.

(c) The force diagram for an object on the surface of the
earth at the equator is shown.

This gives us,

mg—N=m—.
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If the angular frequency of the earth’s spin isw = 27 /T
where T = 24 hr is the period of rotation then,

N =m(g—v*/Rg),

= m(g - Rsz) 3
472R
=m(g — Tz E) .

Hence the effective acceleration due to gravity is,

47°Rp
Gett =9~ ~m >
=9.78 m/s* .

The percentage difference between g at the poles and
the effective value at the equator is 0.3%. Not a big
deal.

(d) If the angular frequency of the earth’s spin isw = 27/T
where T = 24 hr is the period of rotation then,
a. =v?/R= Ruw?,
= (Rgcos f)w? ,
The vector diagram shown allows us to find the freefall

acceleration knowing the acceleration due to gravity
and the centripetal acceleration due to the earth’s spin.

Hence,
a} = g* + a? — 2ga. cosf .

Question 2

(a) The ray may either exit the prism as shown or totally
internally reflect from the interior glass/air interface.
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(b) Applying Snell’s law at the two interfaces we find,

sina =nsin f

nsin(a — §) = sinf .
From this we have,

sin o

) -

sin @ = nsin(a — sin~1(

A solution for 6 exists if,

sin a

1.6

a — sin~1( } < 0.675rad .
This is difficult to solve analytically but it is pretty
easy to play with a calculator (be sure that it is in

radian mode) to find that @ must be less than about
1.33 rad (about 76°).

(c) The vertical change in momentum of a photon incident
upon the to half of the prism is,

Apy = -——E—sine .
c

The prism’s change in momentum is equal and opposite
and the force exerted on it is given by F = Ap/At.
Since there are r photons per second incident upon the
prism,

F, :Esin(}’.
c

The quantity rE is the power (in W) incident upon the
prism.

Question 3

There are many possible models that may be consid-
ered including studies of the horizontal motion of the wa-
ter’s centre of mass and modelling the water as an oscillat-
ing (rectangular) rigid body. One could model the oscilla-
tion as water sloshing back and forth in a u-shaped garden
hose. One method would be to consider the wavelength of
a standing wave on a closed body of water.

n=2
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where n is a mode-number. In terms of the speed of a water
wave v, the period of oscillation would be T' = A/v. The
speed of a water wave can only depend on the depth of
the water and the acceleration due to gravity. Dimensional
analysis gives v ~ 1/gh. Hence,

21
= r v

For n = 0, we get periods of 52 minutes for the Lake Geneva
data and 3 hours for Lake Vattern.

Seiching could be initiated by winds, tidal action or
localized cells of high or low air pressure. Seiching would
decay by the drag of the various layers of water against each
other (boundary layer drag).
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This is a three hour exam. National ranking and prizes
will be based on a student’s performance on both sections A
and B of the exam. However, performance on the multiple
choice questions in part A will be used to determine whose
written work in part B will be marked for prize consider-
ation by the National Committee. The questions in part
B of the exam have a range of difficulty. Please be careful
to gather as many of the easier marks as possible before
venturing into more difficult territory. In some cases an an-
swer to part (a) of a question is needed for part (b). Should
you not be able to solve part (a), assume a likely solution
and attempt the rest of the question anyway. No student is
expected to completely finish this exam and parts of each
question are very challenging.

Non-programmable calculators may be used. Please
be very careful to answer the multiple choice questions on
the answer card/sheet provided to you and, most impor-
tantly, write your solutions to the three written problems
on separate sheets as they will be marked by different peo-
ple in different parts of Canada. Good luck.

Data

Speed of light
Gravitational constant
Radius of Earth
Radius of Moon

Mass of Earth

Mass of Moon

Mass of Sun

Radius of Moon’s orbit
Radius of Earth’s orbit
Acceleration due to gravity
Fundamental charge
Mass of electron

Mass of proton

Mass of neutron
Planck’s constant

c=3.00 x 103 m/s

R =6.38x10°m
Ry =170 x 106 m
Mg = 5.98 x 1024 kg
My = 7.35 x 1022 kg
Ms =1.99 x 10% kg
REM = 3.84 x 108 m
Rps =150 x 1011 m
g =9.81 m/s?
e=1.60x10"19C

me = 9.11 x 10~3! kg
mp = 1.673 x 10-27 kg
Ma = 1.675 x 10~27 kg
h=16.63 x 10-34 Js

G = 6.67 x 10~ Nm?/kg?

Coulomb’s constant
Permeability of free space
Speed of sound in air
Boltzmann constant
Absolute zero

1/4me, = 8.99 x 10° Nm?/C?
Po =4m x 10~7 N/A?

v, = 340 m/s

k=1.38 x 1023 J/K
T=0K, T =-273°C

Part A: Multiple Choice

Question 1

Two astronauts, each of mass 75 kg, are floating next
to each other in space, outside the space shuttle. One of
them pushes the other through a distance of 1 m (an arm’s

length) with a force of 300 N. What is the final relative
velocity of the two?

(a) 2.0 m/s

(b) 2.83 m/s

(c) 4.0 m/s

(d) 16.0 m/s

Question 2
Twelve identical resistors (each of resistance R) are
placed along the 12 edges of a cube. What is the effective
resistance between opposite corners of the cube?
(a) 2R/3
(b) 5R/6
(¢) R
(d) 12R

Question 3

A heavy wooden beam of length L lies on the ground.
You must carry it with a friend who happens to be twice
as strong as you are (she can carry twice as much weight
with the same effort). If you pick up the beam at one end,
at what distance from your end should your friend carry it
in order to be fair?

(a) 2L/3
(b) 3L/5
(c) 3L/4
d) L

Question 4

A car travelling at 80 km/h needs a braking distance
of 50 m to come to a complete stop. What braking distance
should the same car need if its initial speed were 160 km/h?
You may assume that the same braking force can be applied
in both cases.

(a) 70.7 m
(b) 100 m
(c) 141m
(d) 200 m

Question 5

What would the length of the earth’s day be if a pen-
dulum suspended at some point along the equator did not
swing (i.e., when it is pulled from its equilibrium point, it
does not swing down again)?
(a) 24 hr
(b) 1.2 hr
(c) 1.4 hr
(d) 2.4 hr
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Question 6

Two electrons are a certain distance apart from one
another. What is the order of magnitude of the ratio of
the electric force between them to the gravitational force
between them?

(a) 108:1
(b) 1028:1
(c) 10311
(d) 10%2:1

Question 7

A balloon rising vertically with a speed of 5 m/s re-
leases a sand bag at an instant when it is 20 m above the
ground. How long after its release does it take for the sand
bag to hit the ground? You may ignore air resistance.
(a) 2.01s
(b) 2.59s
(c) 2.81s
(d) 3.015s

Question 8

A cord is tied to a pail of water and the pail is swung
in a vertical circle of radius 1 m. What must the minimum
velocity of the pail be at its highest point so that no water
spills out?
(a) 3.1 m/s
(b) 5.6 m/s
(c) 20.7 m/s
(d) 100.5 m/s

Question 9

An object of mass 5 kg hangs from a spring and oscil-
lates with a period of 0.5 s. By how much will the equilib-
rium length of the spring be shortened when the object is
removed.
(a) 0.75 cm
(b) 1.50 cm
(c) 3.13 cm
(d) 6.20 cm

Question 10

A certain organ pipe produces a sound of frequency
440 Hz in air. If the pipe is filled with helium at the
same temperature and pressure, what frequency will be pro-
duced? Sound travels three times faster in helium than it
does in air.
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(a) 147 Hz
(b) 440 Hz
(c) 880 Hz
(d) 1320 Hz

Question 11

A ladder of length 10 m and mass 20 kg (and with a
uniform mass distribution) leans against a slippery vertical
wall. The ladder makes an angle of 30° with respect to
the vertical. Friction between the ladder and the ground
prevents it from sliding downwards. What is the magnitude
of the force exerted on the ladder by the wall?
(a) ON
(b) 057 N
(c) 57N
(d) 57N

Question 12

A ball of mass 1.0 kg is whirled on the end of a string
in a horizontal circle of radius 1.5 m and with a constant
speed of 2.0 m/s. The work done on the ball by the tension
in the string in one complete revolution is,
(a) 0J
(b) 2.73
(c) 8.07
(d) 25.17

Question 13

A source of sound emitting a note of constant frequency
moves in a horizontal circle at constant speed. A distant
observer hears a note which fluctuates in pitch over a range
of 20 Hz once every second. If the rate of rotation of the
source is doubled, the observer would hear a fluctuation in
pitch,
(a) greater than 20 Hz once every second.
(b) of 20 Hz twice every second.
(c) less than 20 Hz once every two seconds.

(d) greater than 20 Hz twice every second.

Question 14

Four identical charges are located at the corners of a
square. The electric field is zero at,

(a) any of the four corners of the square.

(b) any of the mid-points of the sides of the square.
(c) the centre point of the square.

(d) at no point within or on the square.
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Question 15
The unit of electric charge may be expressed as,
(a) ampere-newton-meter / watt
(b) ampere-volt
(c) ampere / second
(d) ampere-ohm

Question 16

A rectangular coil of wire rotates about an axis which is
perpendicular to a uniform magnetic field at a steady rate.
Consider the instant when the plane of the coil is parallel
to the magnetic field lines. At that instant the induced
electromotive force is,
(a) minimum.
(b) maximum.
(c) zero.
(d) constant, the same at all times.

Question 17

An airplane flies from a town A to a town B when there
is no wind and takes a time T, for a return trip. When there
is a wind blowing in a direction from town A to town B,
the plane’s time for a similar return trip, T,,, would satisfy,

(a) To > Ty
(b) To < Ty
(c) I, =T,
(d) the result depends on the distance between the towns.

Question 18

You have an ample supply of 3 uf capacitors. What is
the minimum number of these capacitors required to make
a circuit with an equivalent capacitance of 2.25 uf.

(a) 3
(b) 4
(c) 5
(d) 6

Question 19

Three 100 W light bulbs are connected in series to a
120 volt power source. If two of the light bulbs are replaced
by 60 W bulbs, the brightness of the remaining 100 W bulb

is,
(a) brighter than it was before.
(b) dimmer than it was before.
(c) the same brightness as it was before.

(d) will not illuminate.
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Question 20

The earth orbits the sun in an elliptical path. Of the
following statements, which are true?

I The earth’s orbital speed is constant.
II The angular momentum of the earth with respect to
the sun is a constant.
ITI The force acting on the earth due to the sun is a con-
stant.
IV The earth’s orbital speed is faster in the spring and fall
than it is in the summer and winter.
(a) T only.
(b) II only.
(c) IV only.
(d) II and IV only.

Question 21

A ball is thrown upwards into the air. Taking into
account air resistance, the forces acting on the ball while in
upwards flight are,

(a) a decreasing upwards force and a constant downwards
force.

(b) a decreasing upwards force and a decreasing down-
wards force.

(c) a decreasing downwards force.

(d) an increasing downwards force.

Question 22

A bullet travelling at 500 m/s and with a mass of 100 g
collides and remains embedded in a small lead weight of
mass 5 kg. The weight is suspended from a fixed support
by a cord of length 5 m and may swing freely. If the weight
was initially at rest, what is the period of oscillation of
the system immediately after the collision and how does it
change as the amplitude of the oscillation decays due to air
resistance?

(a) 4.5 s and constant in time.
(b) 4.5 s and increasing in time.
(c) 0.7 s and constant in time.
(d) none of the above.

Question 23

A peculiar force acting upon an object has the equation
F = —cz® where z is the displacement of the object from
some origin and ¢ = 1 N/m3. What is the magnitude of the
work done by this force on the object as the object moves
fromz=-2mtoz=4+2m?
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(a) 167
(b) 83
(c) 413
(d 013

Question 24

With what minimum speed, with respect to the earth,
must an object be launched from the earth so as to escape
the gravitational pull of the solar system? You may Ignore
the effect of the earth, moon and other planets.

(a) 5.6 x 103 m/s

(b) 11.2 x 103 m/s
(c) 12.2 x 103 m/s
(d) 42.1 x 10° m/s

Question 25

Sound waves from deep within a room and of frequency
440 Hz are incident upon a tall, narrow, and open window.
An observer outside is far from the window (at least much
farther from the window than the window is wide). The
line from the observer to the window makes an angle of
30° with respect to the normal to the plane of the window.
Shutters begin to close so that the width of the window is
decreasing at 6 m/s. The observer hears,

(a) a 440 Hz note beating at 4.29 Hz.
(b) a 440 Hz note beating at 3.88 Ha.
(c) a 440 Hz note steadily decreasing in intensity.

(d) initially a 440 Hz note with a steadily increasing fre-
quency.
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Part B

Question 1

A massive satellite in orbit (i.e. in a weightless envi-
ronment) has a rotating cuff that allows a small mass m on
the end of a cord to circle about the satellite at a radius r
with a speed v.

The initial speed of the mass is v, and the initial radius
of its circular path is r,. A mechanism within the cuff allows
the cord to be drawn in so that the radius of revolution for
the mass decreases. The centre of revolution for the mass
remains constant and you may assume that the satellite is
much, much more massive than m.

(a) Find the initial tension T, in the string.

(b) Suppose that the cord begins to be drawn in at a con-
stant rate (r decreases uniformly from its initial value
ro). Express the speed v of the mass as a function of
r, 7o and of its initial speed v,.

(c) I the cord snaps beyond a maximum tension Ti,a, and
the radius of the satellite is R, what constraint must
be satisfied in order for the mass to be brought within
the satellite?

(d) What amount of work is necessary to bring the mass
from radius r, to radius R?

Question 2

A solid metal sphere of radius 2 cm carries a net neg-
ative charge —(). The air around the sphere will hence be
subjected to an electric field. If an electric field in excess
of 3.0 x 10 V/m is applied across an “air molecule”, the
molecule will ionize. This will appear as sparking and is
called “break down”. You may assume spherical symmetry
in this problem (although in actuality, sparking will break
this symmetry).

(a) Sketch the electric field lines within and around the
charged sphere and show on your diagram how the ex-
cess charge on the sphere is distributed.

(b) What is the minimum charge that the sphere must have
to cause the break down of air near its surface?
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(c) It requires about 1.6 x 10~18 J of energy to ionize an
air molecule. Consider a free electron near the sur-
face of the sphere carrying this minimum charge as in
part (b). What radial distance must the electron travel
before attaining a kinetic energy equal to the ioniza-
tion energy for an air molecule? An electron typically
travels only 1.0 x 10~% m before colliding with an air
molecule. Is it possible for our accelerated electron to
cause ionization of air molecules away from the surface
of the sphere?

(d) What is the potential (in units of V) on the surface of
the sphere when break down just occurs?

Question 3

A spherical balloon of radius R = 5 ¢m has within it a
small, solid lead sphere of mass m and radius r. The mass
of the balloon is negligible as compared to the mass of the
lead sphere. The system is buoyantly neutral, floating just
below the surface in a pool of water.

The balloon is given a light downwards push. Describe
the motion of the system qualitatively, and as quantitatively
as possible.

Hint: A spherical object of radius r moving without
turbulence and with a velocity v through a fluid of viscosity
n experiences a retarding force given by,

Fy =6mrnu .

Water has a viscosity of 7 = 1.0 x 10~2 Pa$ and a
density of p, = 1000 kg/m>. Lead has a density of P =
11.3 x 103 kg/m3.

Link to Solutions

1997
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Solutions: Part A

1 () 2 () 3 () 4 (@ 5 (c)
6 (d) 7 (b) 8 (a) 9 (d) 10(d)
11(d) 12(a) 13(d) 14(c) 15(a)
16 (b) 17 (b) 18 (b) 19 (b) 20 (b)
21(c) 22(d) 23(d) 24(c) 25(b)

Part B

Question 1

(a) The tension in the cord for any radius of revolution
and speed is,

mu?
r

T =

Hence the initial tension is just T, = mv2/r,.

(b) Conservation of angular momentum gives,
L = mvoro = mor ,

so that v = vor, /7.

(c) The angular momentum L = mur is constant and the
tension is

mo? I

r mr3

The condition for the mass to reach r = R is then

L? mu2r2
Tmax > —= —2_0 .
mR3 R3

(d) The work W is given by the integral of the tension over
radius:
R L2

W = dr

3
r, MT

B (L L
T 2m \R? 12

Question 2

(a) There is no electric field within a solid conductor
and the excess charge is uniformly distributed on the
sphere’s surface. The electric field outside of the sphere
is the same as one that would be formed by a point
charge —(@) located at the centre of the sphere.
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(b) The electric field at the surface of the sphere is just,

1 -Q

" 47e, 12

b

where r is the radius of the sphere. For E =

3.0 x 108 V/m, we find Q@ = 1.33 x 10~7 C.

(c) The potential energy of an electron at the surface of
the sphere is,
1
v, =L ¢

47me, T

where e is the charge on an electron. The potential at
some radius R is then,

1 eQ
UR-—Z;re—o—R—.

The difference must satisfy U, — Ug = 1.6 x 1018 J.
Hence we find,

1 1
-3 —
835X 1073 = oy — =
Solving for R gives,
2 cm
S SV ST

The electron must travel d = R — 2 cm. We find
d = 3.34 x 10~% m. It is unlikely that an accelerated
electron will cause breakdown away from the surface as
it will likely collide with air molecules before attaining
enough energy.

(d) The potential at the surface of the sphere is,
1 -Q

= '

4me, 1

so that V = —60, 000 volts. This is pretty high.
Question 3
In equilibrium, the buoyant force on the system must

equal its weight. Hence,

4
Puw * §7rR3g =mg,
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From this we find the mass of the lead sphere to be,

m = gwprS .

The mass is 0.52 kg and since we know the density of lead,
its radius can be found from,

m= —npre .

3

We find r = 2 cm.

If the system is given a light downwards push, it will
descend slightly. As it descends, its radius will continually
decrease due to water pressure reducing both the buoyant
force and the retarding force. The system will accelerate
downwards and may reach a high speed. At some depth,
the balloon will have collapsed around the lead sphere and
the radius of the system will no longer decrease. As it
continues to accelerate downwards, the retarding force will
increase again due to the increasing velocity. A terminal
velocity will be reached.

The retarding force on the collapsed system is,
F, = 6mnrv

where v is the speed of the system. The equation of motion
for the system is,

4 3
mg — 6mnyrv — §7rpwgr =ma .

The sphere will eventually reach a terminal velocity (when
a = 0) which satisfies,

4 3
6rnros + §7rp.,,gr =mg .
Substitution of the mass of the lead sphere gives,
4 3_ .3
6rnrv, = §7rp.,,g(R —rd).
The terminal velocity is then,

_ 2pwg 03 3
v = onr (R ).

The terminal velocity is v, = 13,000 m/s. This is really
fast and likely invalidates out turbulent free assumption.
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This is a three hour exam. National ranking and prizes
will be based on a student’s performance on both sections A
and B of the exam. However, performance on the multiple
choice questions in part A will be used to determine whose
written work in part B will be marked for prize consider-
ation by the National Committee. The questions in part
B of the exam have a range of difficulty. Please be careful
to gather as many of the easier marks as possible before
venturing into more difficult territory. In some cases an an-
swer to part (a) of a question is needed for part (b). Should
you not be able to solve part (a), assume a likely solution
and attempt the rest of the question anyway. No student is
expected to completely finish this exam and parts of each
question are very challenging.

Non-programmable calculators may be used. Please
be very careful to answer the multiple choice questions on
the answer card/sheet provided to you and, most impor-
tantly, write your solutions to the three written problems
on separate sheets as they will be marked by different peo-

ple in different parts of Canada. Good luck.

Data

Speed of light
Gravitational constant
Radius of Earth

Radius of Moon

Mass of Earth

Mass of Moon

Mass of Sun

Radius of Moon’s orbit
Radius of Earth’s orbit
Acceleration due to gravity
Fundamental charge
Mass of electron

Mass of proton

Mass of neutron

Planck’s constant
Coulomb’s constant
Permeability of free space
Speed of sound in air
Density of air

Boltzmann constant
Absolute zero

Energy Conversion
Avogadro’s number
Combustion Energy of Sugar

Useful Relation:

Forz <1, (1+2)"

¢=3.00 x 108 m/s

G = 6.67 x 101! Nm?/kg?
Rp =6.38x10°m

Ry =170 x 108 m

Mg =5.98 x 10% kg
My = 7.35 x 1022 kg
Ms =1.99 x 10% kg
Rpp =3.84x 108 m
Rps =150 x 1011 m

g = 9.81 m/s?
e=160x10"19C

me = 9.11 x 10-31 kg
my, = 1.673 x 10-27 kg
mp, = 1.675 x 10~27 kg
h =6.63 x 10-3¢ Js
1/47e, = 8.99 x 10° Nm?/C?
Po =4m x 107 N/A?
v, = 340 m/s
p=12kg/m?

k=138 x 10-2 J/K
T=0K,T=-273°C
1cal=4.18417]

N4 =6.02 x 1023 mol—?
15 MJ /kg

® = (1-—nz).

Part A: Multiple Choice

Question 1

What mechanical power P is required to move an ob-
Ject of mass m against an opposing force F at a constant
velocity v?

(a) P=Fv

(b) P =muv?/2
(¢) P=mv/F
(d) P=F?/mv

Question 2

A rocket generates a thrust force by ejecting hot gases
from an engine. If it takes 1 ms to combust 1 kg of fuel,
ejecting it at a speed of 1000 m/s, what thrust is generated?

(a) 1000 N
(b) 10,000 N
(¢) 100,000 N
(d) 1,000,000 N

Question 3

A rubber band (two parallel strands of elastic material)
has a spring constant of 10 N/m. If the band is cut in one
place such that it now forms a single long strand of elastic
material, what is its new spring constant?
(a) 20 N/m
(b) 40 N/m
(¢) 5N/m
(d) 2.5 N/m

Question 4

A ball rests upon a flat piece of paper on a table top.
The paper is pulled quickly and horizontally to the right as
shown. Relative to the its initial position with respect to
the table, the ball initially;

@

] 3

(a) moves to the right.
(b) moves to the left.
(c) remains stationary.

(d) its motion depends on the speed at which the paper
was removed.



Canadian Association of Physicists Prize Exam

Question 5

Two small spheres with masses m; and my hang on
weightless, insulating threads with lenghts /; and I;. The
two spheres carry a charge of ¢; and ¢ respectively. The
spheres hang such that they are level with one another and
the threads are inclined to the vertical at angles 6, and 6.
Which of the following conditions is required if 6; = 6.

a | \> L,
i
\,
L, |I : \\\
\\/l ;2 “\
8, : !
. @
Ml’ Q1 ' Mz, Q2
(a) my =my
(b} a1 1=l q2 |
(C) 11 = 12

(d) none of the above

Question 6
An astronaut aboard the space shuttle, which is in or-
bit about the earth, is said to be weightless because;
(a) there is no force of gravity on her.
(b) aradially outwards force acts on her which cancels the
force of gravity.
(c) she is falling in the earth’s gravitational field.

(d) she is at such a position between the earth and the
moon that their forces of gravity cancel each other.

Question 7

Beats are heard when the A strings of two violins are
played. The beat frequency decreases as the tension in the
A string of violin 1 is slowly increased. Which of the fol-
lowing statements is correct?

(a) The fundamental frequency of the A string in violin 1
is less than that for violin 2.

(b) The fundamental frequency of the A string in violin 1
is greater than that for violin 2.

(¢) The fundamental frequency of the A string in violin 1
may be greater or less than that for violin 2 depending
on the linear mass densities of the two strings.

(d) The fundamental frequency of the A string in violin 1
may be greater or less than that for violin 2 depending
on the temperature.

Question 8

A proton (mass m,, charge +¢) and a deuteron (mass
2my, charge +e) are initially at rest and are accelerated
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through the same potential difference AV. Which of the
following is true concerning the final properties of the two
particles?

(a) They have the same speed.

(b) They have the same momentum.

(c) They have the same kinetic energy.

(d) They have been subjected to the same impulse.

Question 9

An ideal battery is connected to a circuit of four resis-
tors as shown. If the resistance of Ry, is increased, then:

R,
1
KL
R,

(a) The current through R; decreases.

(b) The potential difference across R; increases.
(c) The potential difference across R4 increases.
(d) The potential difference across R, decreases.

Question 10
A ray of light is incident upon an air/water interface
(it passes from air into water) at an angle of 45°. Which of
(1) wavelength
(2) frequency
(3) speed of propagation
(4) direction of propagation
change as the light enters the water?
(a) 1,3 only
(b) 3,4 only
(c) 1,2,4 only
(d) 1,3,4 only

Question 11

Three freight cars, each of mass m, are being pulled by
an engine exerting a force F on the lead car. What is the
force exerted on the trailing car by the middle one?

(a) F

(b) F/2
(c) F/3
(d) 2F/3
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Question 12

The lowest frequency to resonate in a pipe, closed at
one end and open at the other, is 300 Hz. Which of the fol-
lowing frequencies will not resonate in this particular pipe?
(a) 900 Hz
(b) 2,100 Hz
(c) 3,300 Hz
(d) 3,600 Bz

Question 13

A long metal bar, 30.0 cm in length , is aligned along
a north-south line and moves eastwards at a speed of
10.0 m/s. A uniform magnetic field of 4.00 T points down-
wards. If the south end of the bar has a potential of 0 V,
the induced potential at the north end of the bar is,
(a) +12V
(b) -12V
(c) 0V
(d) cannot be determined since there is no closed circuit.

Question 14

A proton is moving in a uniform electric field, E, of un-
known magnitude and direction. There is a uniform mag-
netic field of 0.01 T pointing in the y-direction. The proton
moves in the x- direction at a constant velocity of 10 km/s.
All directions are with respect to the usual right handed
x-y-z coordinate system. Which of the following is correct?
(a) £ =100 V/m, in the z-direction.
(b) E =100 V/m, in the negative z-direction.
(¢) E =100 V/m, in the x-direction.
(d) E =100 V/m, in the negative y-direction.

Question 15

A aluminum block has a cavity within it which is com-
pletely closed. The block is placed in a region permeated by
a uniform electric field which is directed upwards. Which
of the following is a correct statement describing conditions
in the interior of the block’s cavity?
(a) The electric field in the cavity is directed upwards.
(b) The electric field in the cavity is directed downwards.
(c) There is no electric field in the cavity.

(d) The electric field in the cavity is of varying magnitude
and is zero at the exact center.

Question 16

Two copper spheres, A and B, are identical in all re-
spects but A carries a charge of —3 uC whereas B is charged
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to +1 uC. The two are brought together until they touch
and then separated so that they are nearby but otherwise
insulated. Which of the following is true concerning the
electrostatic force F' between the two spheres?

(a) F =0 as one of the spheres is uncharged.

(b) F =0 as both of the spheres are uncharged.

(c) F is attractive.

(d) F is repulsive.

Question 17

A real battery has an emf ¢ and an internal resistance
r. A variable resistor R is connected across the terminals
of the battery. A current I is drawn from the battery and
the potential difference across the terminals of the battery
is V. If R is slowly decreased to zero, which of the following
best describes I, and V7

(a) I decreases to zero; V approaches e.

(b) I approaches an infinite value; V decreases to zero.
(c) I approaches €/r; V approaches e.

(d) I approaches €/r; V decreases to zero.

Question 18

Three resistors are connected together as shown. A
current I flows into A and out of B. What is the power
dissipated by the resistor R/2?

B
\
R/2 \*
\

/
A —R d C
(a) 8I2R/25
(b) I*R
(c) 16I12R/5
(d) 25I2R/32

Question 19

Light enters one end of an optical fibre as shown. The
uniform index of refraction of the cylindrical fibre is n =
1.4. What is the maximum angle 6 that the incident light
may have so that the light ray is totally internally reflected
within the fibre. Take the index of refraction of air to be
unity; all results shown to two significant digits.
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(a) 78°
(b) 46°
(c) 44°

(d) 12°

Question 20

Two balls of the same mass are dropped from the same
height onto the floor. The first ball bounces upwards from
the floor elastically. The second ball sticks to the floor. The
first applies an impulse to the floor of I; and the second
applies an impulse I;. The two impulses obey,

(a) I = 2I.
(b) I, = I/2.
(c) I, = 41.
(d) I, = I /4.

Question 21

A glass of water has an ice cube floating in it. The level
of the water is marked on the glass with a grease-pencil.
Once the ice cube has completely melted, and assuming
that there has been no evaporation, the water level, relative
to the initial marking, has;

(a) gone up.

(b) gone down.

(¢) remained the same.

(d) cannot say based on the above information.

Question 22

A bit of mud stuck to a bicycle’s front wheel detaches
and is flung horizontally forward when it is at the top of
the wheel’s rotation (directly above the wheel’s hub). The
bicycle is moving forward at a speed v and the bicycle is
rolling along without slipping. At the instant that the bit
of mud hits the ground, how far in front of the bicycle’s
front wheel hub is it? (Ignore air resistance)

(a) V/2rv?/g
(b) Varv?/g
(c) \/BroZ/g
(d) /16rv?/g
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Question 23

An exploratory rocket of mass m is in orbit about the
sun at a radius of Rggs/10 (one tenth of the radius of the
earth’s orbit about the sun). To exit this orbit, it fires its
engine over a short period of time. This quickly doubles
the velocity of the rocket while halving its mass (due to
fuel consumption). Immediately after the burn, what is the
kinetic energy of the rocket?

(a) 10GMgsm/Rgs
(b) 5GMsm/Rgs
(c) 20GMsm/Rgs
(d) GMsm/2Rgs

Question 24
A light bulb shines light along the x-axis and through

two parallel ideal polarizing filters, one with a fixed po-

larizing axis, and one with an axis that rotates about the
x-axis and in the yz-plane. Looking towards the light bulb
through the combined filtering system, you see;

(a) A bulb almost disappearing twice per revolution, and
reaching a maximum intensity twice per revolution.
The maximum brightness is not as bright as looking
at an unfiltered bulb.

(b) Asin (a) but once per revolution.

(c) Asin (a) but with a maximum brightness as bright as
an unfiltered bulb.

(d) Asin (a) but with a bulb that disappears completely.

Question 25

Two identical metallic spheres are both charged to +Q.
The spheres are fixed in place, with their centers 21 apart
from one another. They are joined by a light, in-flexible
rod. Sliding back and forth on the rod (ignore friction)
is a small disk of mass m charged to q. The disk is in
equilibrium when it half way between the spheres. If the
disk is displaced by a small amount from its equilibrium
point, it will oscillate with a period of:

(a) 27\/7eomP/Qq
(b) 27+/Qq/meomP
(c) 2m/4me,mi3/Qq
(d) 27y/dme,mi2/Qq

Part B

Question 1

A ball of mass m = 1.0 kg is dropped from a height
h1 = 1.0 m above a hard table top. It rebounds to a height
hi < hy. The coefficient of restitution between the ball and

4
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the table is € = \/h{/h; = 0.7. The radius of the ball is
r = 0.5 cm.

(a) What is the ratio of the ball’s kinetic energy just after
it has bounced to that just before it bounces?

(b) If the duration of the collision between the ball and
the table top is At = 0.01 s, what is the average force
exerted on the ball by the table?

(c) From what height, ks, above the table top and directly
above the first ball, must a second ball be dropped so
that it collides with the first ball immediately after the
first ball has finished its bounce from the table top.
The second ball is identical to the first but with a mass
of 100 g.

(d) If the coefficient of restitution between the two balls
is 1.0, find the rebound height, A, of the second ball
above the table top.

Question 2

Laminar optical devices are important in the semi-
conducting electronics industry. It is important to know
how light interacts with such an interface and so let’s con-
sider the interaction of light with a simple laminar struc-
ture.

Suppose that a beam of light of intensity I,, shines upon
a laminar interface with a small angle of incidence §; = 30°.
The interface is a laminar sandwich made of two layers.
There is a thick substrate layer , with an index of refraction
n, = 1.2, and a thin mid-layer, with an index of refraction
n; = 1.5. The index of refraction of air, n, may be taken
to be unity. The thickness of the mid-layer is large enough
so that interference effects are not an issue.

|
N 30°
L T N 1.0
} N
|
| =
| NF 15
i
Nc=1.2

(a) Find the angle 6; that light refracted through the
air/mid-layer interface makes with the normal. Hence,
find the angle of incidence for light impinging upon the
substrate. Finally, find the refracted angle, 8, for light
passing through the mid-layer/substrate interface.

Note: For unpolarized light incident upon an n;/n, inter-
face with an incident angle 6;, there will be a reflected ray
and a refracted ray (at an angle of 6, to the normal). The
fraction of the incident light reflected is given by,

sin®(6, — 6; ))
sin?(8, + 6;)/ °

_ 1/tan?(6, —6;)
R= §(tan2(e, +6)
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The fraction of light transmitted is T = 1 — R.

(b) Using your angles from part (a), calculate values for R
and T for reflection and transmission at the air /mid-
layer, mid-layer/substrate, and mid-layer/air inter-
faces.

(c) Find an expression for the intensity of the light which
is reflected from the laminar interface. Evaluate your
expression to as many significant figures as possible.

Question 3

A hummingbird has a mass of m = 10 g. It hovers in
much the same manner as a helicopter except that instead
of rotating, its wings sweep back and forth, developing lift
on both parts of the stroke. The vertical, cross sectional
area that the wings sweep through is A = 0.01 m?2.

(a) Estimate the mechanical power output P the hum-
mingbird needs to generate for hovering.

(b) Estimate the mass of sugar the hummingbird needs to
ingest (as nectar) in order to hover for one hour.

Note: This question requires you to make assumptions and

to estimate physical quantities. Marks are awarded
for the quality of these assumptions and estimations
so please explain them clearly. You should, however,
attempt the question using your assumptions whatever
the quality of your estimations.

Link to Solutions
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Solutions: Part A

1 (a) 2 (d) 3 (d) 4 (a) 5 (a)

6 (c) 7 (& 8 (¢) 9 (c) 10(d)

11(c) 12(d) 13(a) 14(b) 15 (c)

16 (d) 17(d) 18(a) 19(a) 20 (b)

21(c) 22(b) 23(a) 24(d) 25(a)
Part B

Question 1

(a)

(b)

()

(d)

We can take all heights to be measured between the
table top and the bottom of the ball (although it makes
no difference if the top or middie of the ball is chosen
as a reference point). Since the kinetic energies before
and after the bounce satisfy,

mgh; = Ex; mgh} = Eky ,

then Exy/Egi = b /h1 = 0.49.
Using Favg = Ap/At we write,

m(v; + vy)
Fang = =R~

_ m(v2gh1 + v/2gh})

- bl

At
ma/2gh;y
= ——(140.7
=474 N .

If hy = gt?/2, then it takes ¢ = 0.452 s for the ball to
fall to the table. The collison time is 0.01 s so that the
total time that second ball may fall for is ¢ = 0.462 s.
The ball must fall from a height of k2 = gt2/2 = 1.05m
above the first ball. Adding the 1.0 cm height of the
first ball gives 1.06 m.

The velocity of the balls just before colliding is,

vy = 0.7 X v/2¢gh; = 3.10 m/s
vg = \/2ghs = 4.54 m/s .

Since the mass of the second ball is one tenth the mass
of the first, m, our momentum and energy conservation
equations are,

100, % 4+ vh> = 1002 + 02 = 1177,
10v] + v4 = 10v; — vz = 26.5m/s ,

Solving for v}, = 9.36 m/s gives, h}, = v, /2g = 4.47 m.
Adding the height of a ball gives k) = 4.48 m above
the table top.
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Question 2

(2)

(b)

(2)

The reflected light is directed at 30° to the normal.
Snell’s law gives us the refraction angle for the n, — n;
interface,

ng sin(6;) = ny sin(6;) .
Hence, 6; = 19.5°. The angle of light incident upon,
and reflected from, the substrate layer is also 19.5°.

Applying Snell’s law again gives the refraction angle
for the light passing into the substrate.

nrsin(6;) = n, sin(6,) .

Hence 6, = 24.6°. Light reflecting from the substrate
is incident upon the air at an angle of 19.5° and the
refraction angle is 30°.

Evaluating the expressions given for the reflection and
transmission coeflicients gives,

Ra=0.04 T,; =0.96
R;, = 0.0124
Ris =0.04 Tj, = 0.96

The intensity of the ray which reflects from the first in-
terface is just Rgil, or 0.041,. The refracted or trans-
mitted ray may reflect from the second interface and
in turn, be transmitted through the first. Its intensity
is T Rys T I, or 0.231,. The total for these first two
possible rays is 0.271,.

Now the problem is to sum the intensities of all possible
reflected rays. Simplifying our notation to R, = 0.04,
R =10.25 and T = 0.96 we write,
I=1I,(Ro+TRT+TRR,RT + TRR,RR,RT +...)
=ILRo+ I, TRT(1+ RoR+ (RoR): +...);

Here one can use a calculator to estimate a limit for
this series or one can recognise the geometric series.

I_p ., TRT
I, °TI-R.R’

Hence I /I, = 0.2727272727... .

Question 3

As the bird’s wings sweep back and forth, they will
deflect a mass of air downwards with velocity Av =
v. The mass of air involved is approximately m, =
pAAz where Az is the length of the wings sweep. The
acceleration of the air downwards is approximately a =
Awv/At. The lift is then,

L=mga,

= pviA =myg .

9
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The power is just P = Lv which gives,

P =pv*4,

= V(mg)3/pA,

1/3W.

(b) Hydrocarbons burn yielding about 40 MJ /kg. One can
get this from reading food labeling (300 ml of Coke
has about 100 kcal or about 4 MJ), binding energy
information (a hydrogen atom has 13.6 eV which gives
about 1 MJ/g), human caloric intake vs. output con-
siderations or any clever estimate. For a typical animal
efficiency of 25%, about 100 mg (or 1% of the bird’s
mass) is needed for an hours hover. Huge variations
from this answer will be accepted. In actual fact, the
bird needs about 4 times this amount (due to drag ef-
fects and since nectar is CHO, not CH). Any student
commenting this will be richly rewarded.
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This is a three hour exam. National ranking and prizes
will be based on a student’s performance on both sections A
and B of the exam. However, performance on the multiple
choice questions in part A will be used to determine whose
written work in part B will be marked for prize consider-
ation by the National Committee. The questions in part
B of the exam have a range of difficulty. Please be careful
to gather as many of the easier marks as possible before
venturing into more difficult territory. In some cases an an-
swer to part (a) of a question is needed for part (b). Should
you not be able to solve part (a), assume a likely solution
and attempt the rest of the question anyway. No student is
expected to completely finish this exam and parts of each
question are very challenging.

Non-programmable calculators may be used. Please
be very careful to answer the multiple choice questions on
the answer card/sheet provided to you and, most impor-
tantly, write your solutions to the three written problems
on separate sheets as they will be marked by different peo-
ple in different parts of Canada. Good luck.

Data

Speed of light c=3.00 x 10% m/s
Gravitational constant
Radius of Earth

Radius of Moon

Mass of Earth

Mass of Moon

Mass of Sun

Radius of Moon’s orbit
Radius of Earth’s orbit
Acceleration due to gravity
Fundamental charge
Mass of electron

Mass of proton

Mass of neutron

Planck’s constant
Coulomb’s constant
Permeability of free space
Speed of sound in air
Density of air

Boltzmann constant
Absolute zero

Energy Conversion
Avogadro’s number

Rp =6.38 x 10 m
RM =1.70 x 106 m
Mg =5.98 x 10* kg
M]u = 7.35 X 1022 kg
Mg =1.99 x 1030 kg
REM =3.84 x 108 m
Rpg = 1.50 x 101* m
g =981 m/s’
e=1.60x10"" C

me = 9.11 x 1073 kg
m, = 1.673 x 107%" kg
my, = 1.675 x 10~%" kg
h=6.63x107% Js

fto = 47 x 10~7 N/A?
vy = 340 m/s

p =12 kg/m?
k=1.38x10"% J/K
T=0K,T=-273C
1 cal=4.184 J

N4 = 6.02 x 102 mol !

G = 6.67 x 10~ Nm? /kg?

1/4me, = 8.99 x 10° Nm? /C?

Part A: Multiple Choice

Question 1
The time dependence of the acceleration of a car is as
shown. Which time corresponds to the maximum speed of

the car?
a

Question 2

Two identical loudspeakers are supplied with identical
sinusoidal signals. They are placed close to one another in a
room and it is noted that there are regions of increased and
decreased sound intensity in the vicinity of the speakers.
Which of the following actions will not change this pattern?

(a) Moving one of the speakers.

(b) Changing the amplitude of the signal.

(c) Changing the frequency of the signal.

(d) Replacing the air in the room with Helium gas.

Question 3

Two black objects of the same diameter, a sphere and
a disc, are placed in front of a uniform beam of light. The
plane of the disc is perpendicular to the light rays. The
force acting upon them by the light is:

(a) zero

(b) bigger on the disc.
(¢) bigger on the sphere.
(d) the same on both.

Question 4

A 1 kg mass rests on the ground, at sea-level and at
the equator. What would its weight be if the earth were
spinning ten times faster than is presently the case?

(a) 9.80 N
(b) 3.37 N
(c) 6.43 N
(d) 9.76 N
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Question 5

An ideal Ammeter—a device to measure current in an
electrical circuit—should have an internal resistance which

Z€ro.
infinite.
equal to the resistance of the circuit’s load.

equal to the internal resistance of the circuit’s power
source.

Question 6

A 100,000 kg aircraft drops a 1000 kg package of sup-
plies over an arctic research station. What approximate
force is felt by the 100 kg pilot at the instant of the release?
(a) 1IN
(b) 10N
(c) 100 N

)

(d) zero

Question 7

A converging lens forms an image of an object on a
screen. The image is real and has twice the size of the
object. If the positions of the screen and the object are
interchanged, leaving the lens in its original position, what
is the new image size on the screen?

(a) Twice the object size.

(b) Same as the object size.

(c¢) Half the object size.

(d) Can’t say as it depends on the focal length of the lens.

Question 8

A bucket full of water is attached to the end of a rope
and allowed to swing back and forth as a pendulum from
a fixed support. The bucket has a hole in its bottom that
allows water to leak out. How does the period of motion
change with the loss of water?

(a) The period does not change.

(b) The period continuously decreases.

(¢) The period continuously increases.

(d) The period increases to some maximum and then de-
creases again.

Question 9

A pencil is placed vertically on a table top with its
pointy end up and its sticky eraser end down. As it falls over
from this unstable position, its point of contact with the
table remains stationary. During its fall, the acceleration
of its tip,

1999

(a) remains less than g at all times.

(b) exceeds g at some point.

(c) becomes g just before hitting the table.
)

(d) is constant.

Question 10

Two 20 g worms climb over a 10 cm high, very thin,
wall. One worm is thin and 20 cm long. The other is fat
(but still thin compared to its length) and only 10 cm long.
What is the ratio of the potential energy of the thin worm
as compared to that of the fat worm when each is half way
over the top of the wall?

(a) 1:1

Question 11

Suppose that the “Man Who Skied Down Everest”
went straight down an incline of 40° to the horizontal and
subject to a coefficient of kinetic friction of 0.10. Starting
from rest, how long did it take him to reach a speed of
50 km/hr (Ignore air resistance)?
(a) 2.5
(b) 9.0s
(c) 1.5 x10% s
(d) 2.0s

Question 12

A stone is thrown vertically downward from the edge
of a cliff with an initial speed of 10 m/s. Just before hitting
the ground, it has a final speed of 30 m/s. If instead, the
stone were thrown horizontally outwards from the top of the
cliff with the same initial speed as before, what final speed
would it have immediately before hitting the ground?

(a) 10 m/s
(b) 20 m/s
(c) 30 m/s
(d) 40 m/s

Question 13

Two objects of equal mass, and heading towards each
other with equal speeds, undergo a head-on collision. Which
of the following statements is correct?

(a) Their final velocities must be zero.

(b) Their final velocities may be zero.

(¢) Each must have a final velocity equal to the other’s
initial velocity.

(d) Their velocities must be reduced in magnitude.
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Question 14
A positive point charge +@Q is placed at x = 0 and a

negative point charge —Q is placed at * = a. The mag-
nitude of the electrostatic force between the two is F. If
another point charge +@ is paced at * = —a, the net force
on the charge at the origin (z = 0) is,

(a) 2F in the negative x-direction.

(b) F in the positive x-direction.

(¢) 5F/4 in the positive x-direction.

(d) 2F in the positive x-direction.

Question 15
A simple circuit contains an ideal battery and a resis-
tance R. If a second resistor is placed in parallel with the
first,
(a) the potential across R will decrease.
(b) the current through R will decrease.
(c¢) the current delivered by the battery will increase.
(d) the power dissipated by R will increase.

Question 16

A positively charged insulator is brought near (but
does not touch) two metallic spheres that are in contact.
The metallic spheres are then separated. The sphere which
was initially farthest from the insulator will have,
(a) no net charge.
(b) a negative charge.
(c) a positive charge.
(d) either a positive or negative charge.

Question 17

A uniform electric field is as shown. How many of
the labelled points have the same electric potential as the
shaded point?

E
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Question 18

A spherical capacitor is formed by two metallic and
concentric spherical shells. The capacitor is then charged
so that the outer shell carries a positive charge and the
inner shell carries an equal but negative charge. Even if the
capacitor is not connected to any circuit, the charge will
eventually leak away due to the small conductivity of the
material between the shells. What is the character of the
magnetic field induced by this leakage current?

(a) Radially outwards from the inner shell to the outer
shell.

(b) Radially inwards from the outer shell to the inner shell.

(c) Circular field lines between the shells and perpendicu-
lar to the radial direction.

(d) No magnetic field is induced.

Question 19
Which of the following has units of magnetic field?

)

b) kg A-! s7!
)
)

Question 20

Near the geographic north pole is the magnetic north
pole which is, in fact, a south magnetic pole. At this point,
the earth’s magnetic field points straight down. An electron
is projected southwards and horizontally from the magnetic
north pole. The magnetic force on the electron will cause
it to be deflected to the,

(a) Up
(b) Down
(c) East
(d) West

Question 21

A diffraction grating has 300 “lines” per mm etched
upon it. When light of wavelength 550 nm is normally
incident upon the grating, how many bright spots appear
on a screen a short distance away?

(a) 1
(b) 6
(c) 12
(d) 13

Question 22
A drop of oil (n = 1.4) is on a glass (n = 1.5) sheet
and is observed from directly above by reflected white light.

3
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A number of circular constructive interference bands are
observed for each colour in the visible spectrum. Approx-
imately how thick is the oil film where one observes the
third blue band from the outside edge of the drop. The
wavelength of blue light may be taken to be Ay, = 450 nm.

@ observer
air
oil
(a) 482 nm
(b) 675 nm
(c) 1125 nm
(d) 1350 nm

Question 23

A uniform, horizontal beam of light is incident upon
a prism as shown. The prism is in the shape of a quarter-
cylinder, of radius R = 5 cm, and has the index of refraction
n = 1.5. A patch on the table top for a distance x from the
cylinder is unilluminated. The value of x is,

_—
E—
_—
<:E—>

R

Question 24

Consider the following types of electromagnetic radi-
ation: radio waves, infra-red, visible light. Which of the
following statements are true?

(i) only radio waves can be used to transmit audio infor-
mation.
only infra-red radiation is emitted by very hot objects.

only visible light can be detected by humans.

only i is true.
only ii is true.
only iii is true.

None of the statements are true.

1999

Question 25

In the film Armageddon, astronauts land on an aster-
oid and are able to walk around “normally” due to the
gravitation of the large rock. Suppose that a spherical as-
teroid has a mass M and a radius R. A spherical hole of
radius R/2 is excavated from the asteriod as shown. What
is the gravitational acceleration at a point on the surface of
the asteroid at a point just above the excavation?

(a) G
(b) $a
(©) i
(d) T
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Part B

Question 1

Four charges, each of charge +e, are at the four corners
of a square of side a = 1 cm. The four charges are fixed in
place and are considered to be of point-size. Gravity plays
no role in this question.

+ +
€ p
+ +
P €

(a) Sketch a diagram of the electric field due to this charge
system.

(b) What is the net force acting upon one of the charges?

(c) What is the electrostatic potential energy of this charge
system?

(d) Now suppose that two of the charges are protons and
the other two are positrons. A positron is the electron’s
anti-particle. It has the same mass as an electron but a
charge of +e. The four charges are suddenly released.
What are their speeds when they are a significant dis-
tance apart from one another?

Question 2

Suppose that we have a string of equally spaced beads
of mass m, their surfaces being separated by a distance
d, that are free to slide without friction on a thin wire.
Suppose that a constant force F' acts on the first bead,
initially at rest, causing it to accelerate along the wire as
shown. This force acts only on the first bead and might be
created by a well directed, steady stream of air. The first
bead will collide with the second, which will in turn collide
with the third, and so on. Suppose that all collisions are
elastic.

F
>
—O0— 00 —0
1 g 2 3 4

(a) What is the speed of the first bead immediately be-
fore and immediately after its collision with the second
bead?

(b) What is the speed of the second bead immediately be-
fore and immediately after its collision with the third
bead?
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(c) Remember that the constant force is always acting
upon the first bead. What is the time interval be-
tween subsequent collisions between the first and sec-
ond beads? What then is the average speed of the first
bead? What is the speed of the “shock wave” that
travels down the wire?

(d) If the whole process is repeated, but with collisions
which are perfectly inelastic, what is the terminal speed
of the shock wave formed?

Question 3

From everyday experience and observations, estimate
the brightness of a full moon as compared to the noon day
sun. Brightness is defined as the luminous intensity as mea-
sured in units of power per unit area. To arrive at a rea-
sonable numerical estimate, you will need to estimate some
physical parameters. It is essential that you explain the rea-
soning behind your estimates and include detailed drawings
and explanations to support your arguments.
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Solutions: Part A

1 (¢) 2 (b) 3 () 4 (¢c) 5 (a)
6 (b) 7 (¢) 8 (d) 9 (b) 10 (c)
11(a) 12(¢c) 13 (b) 14 (d) 15 (c)
16 (c) 17 (b) 18 (d) 19 (a) 20 (d)
21 (d) 22(a) 23(a) 24(d) 25 (b)
Part B

Question 1

(a)
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Py ! e 1 Lt e
dre, a* /2 4me, (\/2a)? ’
1 e?
~ 8re .a_2.<1+2\/§)7
=441 x10"* N,

and acts in a direction away from the square and along
the square’s diagonal.

The electrostatic potential energy of the system is the
sum of the pairwise potential energies.

e? 1 e?
U=4x c— 42X . ,
4me, a + 41e,  (v/2a)
1 e?
= . (4
dme, a A f)

=125x10"% J.

The positrons are many orders of magnitude less mas-
sive than the protons so that very shortly after be-
ing released, they will have moved very far away and
reached a high velocity. Conservation of energy gives,

1 2

e T !

4me,
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Substituting numerical data gives v, = 345 m/s.
the remaining time,the speed of the positron does not
change significnalty and the protons are eventually ac-
celerated to a speed v,. Again, conservation of energy
gives,

1 e? 1 9

=2 X =M,V .
(V2a) 27"

4me,

This gives v, = 3.1 m/s.

Question 2

(a)

(b)

Immedaitely before its collision with the second bead,
the first bead has a speed of v; = y/2Fd/m. Immedi-
ately afterwards, it has a speed of zero.

Immedaitely before its collision with the third bead,
the second bead has a speed of v = y/2Fd/m. Imme-
diately afterwards, it has a speed of zero.

The time between subsequent collisions of the first
bead with the second is governed by

1
d= —at®
2™
where a = F'/m so that the average speed of the first
bead is v, = d/t = v; /2. The first bead moves at an
average speed which is half the speed v; of the shock
wave that travels down the wire.

Suppose that after a time, the clump of beads that have
collided (and are all stuck together) is travelling with
a constant (terminal) velocity v. In a time interval At
there are vAt/d further collisions increasing the mass
of the clump by mvAt/d and increasing the momentum
of the clump by mv?At/d. Since F = Ap/At, v =
\/Fd/m. The shock wave moves at a speed of v; /v/2.

Question 3

A reasoned argument may come from many directions.

A geometric estimate might argue that as much sunlight is
incident upon a unit area on the moon as upon the earth
(the moon’s orbital radius about the earth is not significant
as compared to the earth’s orbital radius about the sun).
The intensity of light per unit area is about,

P
I, = ——5—,
dr Ry ¢

where P is the sun’s power output. We can estimate that
the moon reflects about » = 0.3 (30%) of this light. We
need to know how much light, reflected by the moon, is
incident upon a unit area on the earth. The geometry for
a full moon is,
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reflected

sunlight
to Sun
Hence,
1
I=rl, TR} - ———
/] 2 b
21 Ry
2
1,
==
1, 2Ry,

This gives a relative intensity of about 3.0 x 1076,
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This is a three hour exam. National ranking and prizes
will be based on a student’s performance on both sections A
and B of the exam. However, performance on the multiple
choice questions in part A will be used to determine whose
written work in part B will be marked for prize consider-
ation by the National Committee. The questions in part
B of the exam have a range of difficulty. Please be careful
to gather as many of the easier marks as possible before
venturing into more difficult territory. In some cases an an-
swer to part (a) of a question is needed for part (b). Should
you not be able to solve part (a), assume a likely solution
and attempt the rest of the question anyway. No student is
expected to completely finish this exam and parts of each
question are very challenging.

Non-programmable calculators may be used. Please
be very careful to answer the multiple choice questions on
the answer card/sheet provided to you and, most impor-
tantly, write your solutions to the three written problems
on separate sheets as they will be marked by different peo-
ple in different parts of Canada. Good luck.

Data

Speed of light
Gravitational constant
Radius of Earth
Radius of Moon

Mass of Earth

Mass of Moon

Mass of Sun

Radius of Moon’s orbit
Radius of Earth’s orbit
Acceleration due to gravity
Fundamental charge
Mass of electron

Mass of proton

Mass of neutron
Planck’s constant
Coulomb’s constant
Permeability of free space
Speed of sound in air
Density of air
Boltzmann constant
Absolute zero

Energy Conversion
Avogadro’s number

c=3.00 x 10® m/s

G = 6.67 x 10711 Nm? /kg?
Rp =6.38 x 10 m
Ry =1.70 x 105 m
Mp =5.98 x 10** kg
M]w = 7.35 X 1022 kg
Mg =1.99 x 10%° kg
REJW = 3.84 x 108 m
Rps =150 x 10" m
g =9.81 m/s?
e=1.60x1071 C

me = 9.11 x 1073 kg
m, = 1.673 x 10727 kg
My = 1.675 x 10727 kg
h =6.63 x 10734 Js

1/4me, = 8.99 x 10° Nm?/C?

o = 47 x 1077 N /A2
vs = 340 m/s
p=12kg/m?
k=1.38x10"23 J/K
T=0K,T=-273°C
1eV=1.6x10"1J

N4 =6.02 x 1023 mol~!

Part A: Multiple Choice

Question 1

Two high performance bicycle wheels have the same
mass but one is a solid disk and the other is a hoop with
very light (as compared to the mass of the rim) spokes.
Which wheel takes the most energy to accelerate to a speed
v? Ignore any air and rolling resistances.

a

(a)
(b)
(c)

)

(d) It depends on the radius of each wheel.

The disk wheel requires more energy.
The spoked wheel requires more energy.

Both take the same amount of energy.

Question 2

An astronaut on a strange planet finds that the accel-
eration due to gravity is two times greater than that on
earth. Which of the following could explain this?

(a) The mass of the planet is half that of the earth’s but
its radius is the same.

(b) The radius of the planet is half that of the earth’s but
its mass is the same.

(c) Both the mass and the radius are twice the earth’s
values.

(d) Both the mass and the radius are half the earth’s val-
ues.

Question 3

A ball of mass of 10 g is hung from the end of a
light vertical spring and set oscillating with an amplitude
of 10 cm. The period of the oscillation is 1 s. If the ball
is now replaced by another with a mass of 40 g and again
set oscillating with the same amplitude, its new period of
oscillation will be,

(a) 1s.

Question 4

The human ear canal, which is open to the atmosphere
and ends at the ear drum, is about 3 cm long. Which of
the following is the best approximation to the fundemental
resonant frequency of the ear canal?

(a) 1,500 Hz
(b) 3,000 Hz
(c) 6,000 Hz
(d) 11,000 Hz
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Question 5

A metal ball is connected to the ground with a wire
via a switch. The switch is initally closed (i.e.the ball is
connected to ground) while a charge +@ is brought close
to the ball (but not touching). While the charge is near
the ball, the switch is opened and then the charge is taken
away. The charge on the ball is now,
(a) zero.
(b) positive.
(c) negative.

)

(d) unchanged from its initial charge.

Question 6
In the light from a distant star, a particular spectral

line is observed. The wavelength of this line varies between
being about 2% shorter than the same line as observed in
an earth based laboratory, and about 2% longer. Which of
the following best describes the star.

(a) The star is moving away from the earth.

(b) The star is moving towards the earth.

(¢) The star is very, very massive as compared to the sun.

)

(d) The star is orbiting about some massive hidden object.

Question 7

A metal bar rotates about a vertical axis which passes
through the center of the bar. The axis of rotation is per-
pendicular to the length of the bar. There is a uniform
magnetic field in the vertical direction. The emf (or po-
tential difference) induced between the two ends of the bar
is,

(a) zero.
(b) a sinusoidally oscillating value.
(¢) a non-zero positive value.

)

(d) a non-zero negative value.

Question 8

A projector shows an image which is in focus but too
large for the screen on which it is shown. Since the projector
and the screen are fixed in place, the projectionist must,

(a) adjust the projector’s lens by moving it closer to the
screen.

(b) adjust the projector’s lens by moving it farther from
the screen.

(c) replace the projector’s lens with one having a shorter
focal length.

(d) replace the projector’s lens with one having a longer
focal length.
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Question 9

In photographic darkrooms, the only source of light is
usually a red light bulb. After spending time in a darkroom,
a person’s eye becomes adjusted to the light but everything
appears to be in black and white. Since a red surface reflects
all red light, it will appear “white”. Which of the following
colours will appear to be the brightest?

(a) Green
(b) Blue

(¢) Purple
(d) Black

Question 10

Millikan’s oil drop experiment attempts to measure the
charge on a single electron, e, by measuring the charge on
tiny oil drops suspended in an electrostatic field. It is as-
sumed that the charge on the oil drops is due to just a small
number of excess electrons. The charges 3.90 x 10719 C,
6.50 x 10719 C, and 9.10 x 10~!? C are measured on three
drops of oil. The charge of an electron is deduced to be,

(a) 1.3 x 1071 C.
(b) 1.6 x 10719 C.
(c) 2.6 x 10719 C.
(d) 3.9 x 10719 C.

Question 11

Two mirrors are joined together so that they make an
angle of 60° as shown.

-60°

A person stands at a point P which is on the line which
bisects the 60° angle. How many images of herself does the
person see?

(a) 1
(b) 3
(c) 6

)

(d) infinite number
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Question 12

Consider a roller coaster with a loop-the-loop. The
loop is not circular (that would be too dangerous) but has
a radius of curvature which decreases with height. A roller
coaster car starts from rest from the top of a hill which is
5 m higher than the top of the loop. It rolls down the hill
and through the loop. What must the radius of curvature
at the top of the loop be so that the passengers of the car
will feel, at that point, as if they have their normal weight?

(a) 5m

Question 13

Two identical conducting balls have positive charges
q1 7 qo respectively. The balls are brought together so that
they touch and then put back in their original positions.
The force between the balls is,

(a) The same as it was before the balls touched.
(b) Greater than before the balls touched.

(¢) Less than before the balls touched.

(d) Zero.

Question 14

Helium 3He becomes a superfluid at temperatures T' <
2.18 K. A superfluid flows with no viscosity. This behaviour
can only be explained using quantum physics and it can
only happen if the de Broglie wavelength of a helium atom,
of mass m, is comparable to the inter-atomic spacing of the
fluid. Which of the following could be an expression for A,
the de Broglie wavelength?

(a) A =h/V3mkT
(b) A= V3mkT/rh
(c) A= Vh/3mkT
(d) A= 3mkT/Vh

Question 15

In a game of egg-toss, two players toss an egg back and
forth between them while moving farther and farther apart.
The loser is the person who breaks the egg when catching it.
The force required to break an egg’s shell is about 5 N and
a typical egg has a mass of about 50 g. If the players are
10 m apart, and the eggs are thrown with initial velocities
directed at 45° above the horizontal, what is the shortest
time that a player can take to arrest the motion of the egg
so as not to break it?
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Question 16
A circuit is comprised of 8 identical batteries connected
in series as shown.

-
1 |

Each battery has an emf of 1.5 V and an internal
resistance of 0.2 2. What is the reading on a voltmeter
connected across any one of the batteries?.

(a) 0.0

(b) 1.3V
(c) 1.5V
(d) 12V

Question 17
Each branch in the following circuit has a resistance R.

The equivalent resistance of the the circuit between the
points A and B is,
(a) R
(b) 2R
(c) 4R
(d) 8R
Question 18

Which of the following statements is true concerning

the elastic collision of two objects?

(a) No work is done on any of the two objects, since there
is no external force.

(b) The work done by the first object on the second is equal
to the work done on the second by the first.

(c) The work done by the first object on the second is
exactly the opposite of the work done on the second
by the first.

(d) The work done on the system depends on the angle of
collision.
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Question 19
Which of the following statements is false?

(a) The momentum of a heavy object is greater than that
of a light object moving at the same speed.

(b) In a perfectly inelastic collision, all the initial kinetic
energy of the colliding bodies is dissipated.

(¢) The momentum of a system of colliding bodies may
be conserved even though the total mechanical energy
may not.

(d) The velocity of the center of mass of a system is the
system’s total momentum divided by its total mass.

Question 20
Which of the following statements is true?

(a) The observed doppler shift for sound waves depends
only on the relative motion of the source and the re-
ceiver.

(b) Only transverse waves can diffract.

(¢) Two wave sources that are out of phase by 180° are
incoherent.

(d) Interference patterns are only observed for coherent
sources.

Question 21

An airplane circumnavigates the globe by flying above
the equator and at a constant altitude above sea level. If
the plane repeats the journey but flies at an altitude which
is 1000 m higher than before, how much larger a distance
through the atmosphere does the plane travel as compared
to the first time?
(a) 6.283 km

(b) 62.83 km
(c) 628.3 km
(d) 6283 km

Question 22

A block of mass m is at rest on an inclined plane. The
coefficients of static and kinetic friction between the block
and the plane are pus and pur < ps. The angle that the plane
makes with the horizontal satisfies tan = p,. A string is
attached to the block. Is it possible to pull on the string in
such a way that the block will slide with constant velocity
along a horizontal line? That is to say, can the block slide
along a line of constant elevation?
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Question 23

A proton is moving with a speed of u directly towards
an alpha-particle (Helium nucleus) which, when the two
particles were very far apart from one another, was initially
at rest. What is the separation of the particles at their point
of closest approach? You may assume that m, = 4m,,.

(a) 7= e?/meomyu?

(b) r = €2 /dre,mpu?

(c) 7= 5e?/dme,myu?
)

(d) r = 5e*/8me,mpu?

Question 24

Red light from a HeNe laser has a wavelength of
630 nm. If it is normally incident upon an optical diffrac-
tion grating with 2000 lines per centimeter, how many max-
ima (including the central maximum) may be observed on
a screen which is far from the grating?

(a) 14
(b) 15
(c) 16
(d) 17

Question 25
Which of the following statements is true?

(a) The capacitance of a capacitor is the total amount of
charge it can store.

(b) The equivalent capacitance of two capacitors in series
is the sum of the two capacitances.

(c) A dielectric material inserted between the conductors
of a capacitor increases its capacitance.

(d) The electrostatic energy stored by a capacitor is equal
to the ratio of the charge on either conductor to the
potential difference between the conductors.
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Part B

Problem 1

A mass spectrometer measures the mass of ions. An
ion is accelerated to a high speed and injected into a region
with a uniform magnetic field which is perpendicular to the
ion’s velocity. The ion will follow a curved trajectory and
impact a photographic plate some distance away from the
injection point. By measuring this distance, the ion’s mass
can be deduced.

o) B =

film

Suppose singly charged (q = +e¢) ions of $9K and 14K
are accelerated to an energy of 500 eV and injected into a
magnetic field B = 0.7 T. The velocity of the ions upon
entering the magnetic field is perpendicular to the line OP.

(a) What speed do each of the ions have when they impact
the photographic plate at a point P?

(b) What is the shape of the trajectory for the ions? Find
the distance OP for each of the two ions.

(c¢) In reality, things are not quite so simple. Variations
in the ions’ velocities can cause problems with the res-
olution of the machine. If the initial energy of the
ions cannot be held precisely at 500 eV, there will be
a small variation in the distances OP. Suppose that
the energy of the ions is 500 + 5 €V. Can the two ions
be distinguished from one another when they hit the
screen?

(d) Suppose that the velocity of the ions when they enter
the magnetic field cannot be held perpendicular to the
line OP. If there is a small variation of +a about a
perpendicular injection angle, find the variation in the
length of OP. Can the two ions be distinguished from
one another if a = 3°7

Problem 2

A town B is directly east of a town A. The two towns
are a distance L apart. In the absence of any wind, a plane
can fly from town A to B in a time 7. The speed of the
airplane, v, = L/T is called the plane’s air-speed. Assume
in all that follows that the plane always has the same air-
speed. If the plane flys with a tail wind of speed v,,, then
it will have a speed with respect to the ground, v, given by
Vg = U + Vy. This is called the plane’s ground-speed.

(a) Explain how the plane could have a ground-speed of
Z€ero.
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(b) If a wind v,, blows from the west (i.e.to the east), find
the time that the plane would take for a round trip
from town A to B and back again. Show that it is
greater than T

(¢) If a wind v,, blows from the south (i.e.to the north),
sketch a diagram showing the heading that the plane
must fly so as to fly in a straight line from town A to
town B. Again, find the round trip time for flying in
such a cross wind.

(d) Show that regardless of the wind direction, the round
trip time for a flight from town A to B and back again
is longer than if there was no wind whatsoever. Find
an expression for the round trip time if a wind v,, blows
in an arbitrary direction.

Problem 3

Leonardo da Vinci was commissioned by the Duke of
Milan to construct a Bronze statue as a tribute to his late
father. The proposed size was to be twenty three feet tall
and weigh 80 tons (73,000 kg). For this task Leonardo
had to develop new casting methods to construct this mas-
sive statue. By 1499 the French invaded Milan and he had
only completed a 22-foot clay model which was used by the
French soldiers for target practice. The project was never
completed.

Heavy statues need to be placed upon very strong con-
crete pedestals. The compressive strength of high strength
concrete ranges from 10 — 70 N/mm?. Lets take a typi-
cal high-strength concrete with a compressive strength of
s = 50 N/mm? and a density of p = 1250 kg/m®. This
concrete will crumble if a pressure of greater than this is
applied.

(a) Suppose Leonardo’s statue (a horse with four feet
touching the ground) is to be placed on such a concrete
pedestal. What must be the minimum area of each of
the horse’s feet so as not to damage the pedestal?

(b) Now, more generally, what is the maximum height of
a conical mountain made of high strength concrete?

(c) Finally, outline the design constraints that go into
making a free standing concrete structure with the
maximum possible height.
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Solutions: Part A

L (b) 2 (d) 3 (b) 4 (b) 5 (c)

6 (d) 7 (a) 8 (d) 9 (c) 10 (a)

11 (c) 12(a) 13 (b) 14 (a) 15 (b)

16 (a) 17 (b) 18 (¢) 19 (b) 20 (d)

21 (a) 22 (a) 23(c) 24 (b) 25(c)
Part B

Question 1

(a) The magnetic field does no work on the ion. The im-
pact speed is the same as the ion’s initial speed. Using,

1
E = —mv?
2mv s

Y
N Am,

We have approximated the mass of the ion to be the
atomic number times the mass of a proton. We ignore
the mass of the electrons and the minor differnces be-
tween proton and neutron masses. We do not need to
worry about binding energies. Hence,

v39 = 4.96 x 10* m/s |
vy = 4.83 x 10* m/s .

we find that

(b) The trajectory is circular with a radius given by,
Amyv
T eB
NTs:
eB ’
The distance OP is just twice the radius. Hence,
OP39 = 5.76 cm s
OPy; =591 cm .

(¢) Onme could work out the variations in OP by putting in
maximum and minimum values for the energy, but it
is faster to look at the variation of radius with energy.

AAB = 2Ar |
B V2AmpE " AFE
eB E’
AE
TR

Since AE/E = 0.01, we find,
AOP39 ~ AOP41 ~ 0.06 cm .

The two positions are more than 0.12 cm apart so that
the two ions are distinguishable.

(d) Consider the same ion entering the field normally and
with an angle o as shown.
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Both trajectories are circular with the same radius.
The final positions of the ions are 2r and 2r cos a respec-
tively. It is easy to see that we get the same result for an
ion injected at an angle of —a. Hence the variation in the
position of the ion is,

AOP = £2r(1 — cosa) ,
@
= 4rsin® 3

%7’042 .

For the small angle of a = 7/60, we have
AOng ~ AOP41 ~ 0.02 cm .

The ions are still distinguishable.

Question 2

(a) The plane may have no ground-speed if it flys into a
wind equal to its air-speed.

(b) The time for the first leg is,

L

t1 =
Vo + Vg

whereas the time for the second leg is,

L
ty = ;
Vo — Uy

We must assume that v, > v, or else the plane will
never return. The total time is,

2L 1

f=
Vo x 1 — (v /v0)?

Since in the absence of wind, the time would be 2L /v,,
the time with the wind is larger.

(¢) The heading of the plane must obey,
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4

This gives,

Vg = U, COS L,

Vy =

Vg = Vo\/1 — (Vi /10)? .

Vp Sin o .

Hence,

The time forthe first leg of the trip is just ¢t; = L/v, which

gives,
L 1

tHH=—X—————.
Vo 1 — (v /v0)?

Symmetry dictates that the times for both legs of the trip

are equal so that the total time is just,

2L 1
= — X

t _
Vo 1 — (0 /v0)?

(d) If the wind blows at an angle of 6 north of east then,

This requires that,

Vg = Uy €08 B 4 v, cos &

0 = vy sin € — v, sin o

Hence,

Vg = Uy cosf + vo\/l — (U /16)? sin? 6 .

For the return leg, we have,

This requires that,

Vg = Uy COS Ot — Uy COS 0

0 = v,sina — vy, sin 6

Hence,

vy = vo\/l — (v /)2 8In% 6 — vy, cos 6 .
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The total tip time is then,

2, \/1— (Vo [V0)2 sin? @
t=— X ,
Vo 1 — (Vw/v0)?
2L
> — .

Vo

Question 3

(a)

(b)

Each hoof must have an area of:

1
A== ™
4 s

= 35.8 cm?

Each hoof must be at last 6 cm square.

For a conical mountain of radius r and height h, the
pressure on the base surface area is,
P %WTthg

)
2

_poh
==

Setting this equal to the compressive strength of con-

crete gives,

_3s

pg

The maximum height, before the base layer of concrete

begins to crumble, is 12.2 km. Consider that the high-

est mountains in the world (which are not as strong as

high strength concrete) are about 8 km high.

h

Any particular layer of concrete within the tower only
needs to be strong enough to hold up the weight of the
concrete above it. The cross sectional area A(x) of the
tower must decrease with the height . The defining
constraint for the cross sectional area of a tower is then,

sA(z) = pgV () ,

where V(z) is the volume of the tower above the height
. A number of models could be examined. The conical
tower will be quickly found to have too much mass
above any cross-sectional area to be the most efficient
shape. The tower must have curved sides.

The best students may be able to express this volume
as,

V@%:LHA@Mx,

where H is the height of the tower. The trick now is
to differentiate both sides of the resulting equation to
get,
dA(x)
dx

= -HAw@) .



Canadian Association of Physicists Prize Exam 2000

Clearly, the cross sectional area of the tower decreases
exponentially. The rate of curvature is least for a low
density, high strength materiall The tower need not
be round in cross section although this would have the
greatest cross sectional area (and hence strength) for a
given perimeter.

A solution based on calculus is not required. The basic
constraint applied to a sensible model will be judged
accordingly. Students might examine a series of blocks,
each smaller than the one below, stacked upon one an-
other. The defining relationship can also be found from
noting that the weight of a small segment of tower is
given by,
AW = pgA(x)Azx .

The difference between the weight that would need to
be supported by the top surface of this segment as
opposed to that for the bottom surface is —sAA so

that,
SAA = —pgA(z)Azx .
This gives,
AA(z) Py
=—"A(x) .
Az S (z)
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Question 2

The diagram below shows various positions of a child in

motion on a swing. Somewhere in front of the child a station-
This is a three hour exam. National ranking and prizesy whistle is blowing. At which position will the child hear
will be based on a student’s performance on both sectionsh& highest frequency for the sound of the whistle?

and B of the exam. However, performance on the multiple

choice questions in part A will be used to determine whose

written work in part B will be marked for prize consideration f‘_

by the National Committee. The questions in part B of the A o A ﬁ
exam have a range of difficulty. Please be careful to gather -

as many of the easier marks as possible before venturing into whistle
more difficult territory. If an answer to part (a) of a question B C

is needed for part (b), and you are not able to solve part (a),

assume a likely solution and attempt the rest of the questi¢a) At B when moving toward A.
anyway. No student is expected to complete this exam afie) At B when moving toward C.
parts of each problem may be very challenging.

Non-programmable calculators may be used.

(c) At C when moving toward B.

Pleag®) At C when moving toward D.

be very careful to answer the multiple choice ques-

tions on the answer card/sheetprovided; most im-
write your solutions to the three writterQuestion 3

portantly,

problems onseparate sheets as they will be marked In a Young double slit experiment, green light is incident

by people in different parts of Canada.

Data

Speed of light
Gravitational constant

c¢=3.00x 108 m/s
G =6.67 x 107 N-m?/kg?

Acceleration due to gravity g = 9.80 m/s’

Fundamental charge
Mass of electron
Mass of proton
Planck’s constant
Coulomb’s constant
Permeability of free space
Speed of sound in air
Density of air
Boltzmann constant
Energy Conversion
Avogadro’s number

e=160x10"1°C

me = 9.11 x 1073 kg

m, = 1.673 x 10727 kg

h=6.63x1073*Js

1/47me, = 8.99 x 107 Im/C?

to = 4m x 1077 N/A?

vy = 343 m/s

p = 1.2 kg/m?

kE=138x10"23 J/K
leV=6 x 10719

N4 = 6.02 x 1022 mol—!

Part A: Multiple Choice

Question 1

Three identical resistors are connected across a volti}

Good luckn the two slits. The interference pattern is observed on a

screen. Which one of the following changes would cause the
observed fringes to be more closely spaced?

fringes

incoming
light waves

screen

(a) Reducing the separation between the slits.

(b) Using blue light instead of green light.

(c) Using red light instead of green light.

(d) Moving the light source further away from the slits.

Question 4
A thin lens with focal lengthy is to be used as a magnify-
glass. Which of the following statements regarding this

sourceV’ so that one of them is in parallel with two other§ituation is true?

which are connected in series. The power dissipated throu% A Converging lens must be used7 and the Object be p|aced
the first one, compared to the power dissipated by each of the at 3 distance greater thaif from the lens.

other two, is approximately

(a) the same.

(b) half as much.

(c) twice as much.

(d) four times as much.

(b) A diverging lens must be used, and the object be placed
betweenf and2f from the lens.

(c) Aconverging lens must be used, and the object be placed
at a distance less thghfrom the lens.

(d) A diverging lens must be used, and the object be placed
at any point other than the focal point.
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Question 5 Question 8
The figure shows the path of a ray of light as it passesTwo test charges are brought successively to a position
through three different materials with refractive indices some distance away from a negative charge. First, test-
ne andng. The figure is drawn to scale. What can we cowrhargeq is placed at a distanc® from —@Q. Then it is re-
clude concerning the indices of these three materials?  moved and a test-chargeq is placed at a distanc&R from
—@Q. The sign ofq is unknown. Compared with the electric
AN potential at the position of the test-charge in the first case, the
. electric potential at the position of the second test-charge is

-Q a  -Q ~2q
S [ J [ 2

n2 N R 2R
. @ (b)

(a) the same.

(b) twice as large.

(c) half as large.

(d) impossible to determine unless the sigry & known.

(@) n3 < ng < ny.
(b) ng < mn1 < na.
(€) no < ny < ngs.
(d) n1 < ng < na.

. Question 9
Question 6 . . A simple pendulum, consisting of a massat the end of
The diagram shows the trajectory of three artillery shellg, ,nstretchable string of lengfh swings upward, making
Each was fired with the same initial speed. Which shell wgg angled with the vertical. The work donky the tension in

in the air for the longest time? (Ignore air friction.) the string is
(&) Zero.
g (b) mgL
(c) mgL cos 0
I (d) -mgL sin 6
(8) Shell A. Question 10
(b) Shell B. In problems involving electromagnetism it is often conve-
(c) ShellC. nient and informative to express answers in terms of a con-
(d) Shells A and C were in the air for equal time, which wagant, «, which is a combination of the Coulomb constant,
longer than for shell B. ke = 1/4me,, the charge of the electron, andh = h/2m,

h being Planck’s constant. For instance, the lowest energy
that a hydrogen atom can have is givenBy= —1a?mc?,
wherem is the mass of the electron amds the speed of

Question 7 _ _ _ light. Which of the following is the correct expression foP
LetV be electric potential anfl the magnitude of the elec-(HINT: non-relativistic kinetic energy igmv?, wherev is

tric field. At a given position, which of the following statespeed.)
ments is true?

kee? h
(a) Eis always zero wher¥ is zero. (a) The (b) kee2c
(b) V is always zero wheré& is zero. © keezh_ @ kee’c
(c) E can be zero wher¥ is nonzero. c h

(d) F is always nonzero wherg is nonzero.
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Question 11 Question 14
A mass suspended from a spring is oscillating up andA vertical spring with constant 250 N/m and negligible
down. Consider the following two statements: mass is attached to a horizontal plate. A block of mass 0.255
. . _ kg is dropped onto the spring which compresses by 0.12 m
(1) At some p0|_nf[ during the_oscnlatlon, the mass has Zersgfore coming momentarily to rest. The following two num-
velocity but !t IS acF:eIeratlng. o bers are the work done by the force of gravity,, and the
(2) At some point during the o_scnlatlon, the mass has zgfRk done by the springiV., (both over the total distance
velocity and zero acceleration. that the spring is compressed).
(a) Both occur at some time during the oscillation. (a) Wy =0.30J, W, = -1.8J.
(b) Neither occurs during the oscillation. (b) Wy =0.30J3, Wy =1.8J.
(c) Only (1) occurs. (c) Wy =-0.30J, W, =1.8J.
(d) Only (2) occurs. (d) Wy =—-0.30J, W, = —-1.8J.
Question 12 Question 15

A very long solenoid perpendicular to the page generate

a downward magnetic field whose magnitude increases o L . .
ﬁ e path, the tension in the string is three times the weight of

time. This induces an emf in a conducting wire loop arou ; The stone’ d at that point is ai b
the solenoid which lights two identical bulbs connected in stg'—e stone. The stones speed at that pointis given by

ries along the wire. Now two points diametrically opposed o) 2,/gr
the wire loop are shorted with another wire lying to the righth) ,/2¢r
of bulb B in the plane of the page. After the shorting wire i?c) V3gr
inserted, (d) 4gr

stone of massn is attached to a light strong string and
irled in avertical circle of radius-. At the exact bottom of

Question 16
You arerapidly pumping air into a tire with a bicycle pump.
At the same time, helium gas mapidly escaping out of a

AO O balloon. Which of the following statements is true?
(a) The pump cools down while the helium gas warms up as
it is expelled.
(b) The pump warms up while the helium gas cools down as
it is expelled.
(c) The pump cools down while the helium gas also cools
(a) bulb A goes out, and bulb B dims. down as it is expe”ed_
(b) bulb A goes out, and bulb B gets brighter. (d) The pump warms ups while the helium has also warms
(c) bulb B goes out, and bulb A dims. up as it is expelled.
(d) bulb B goes out, and bulb A gets brighter.
Question 17

A particle, moving through a certain region of space, expe-
riences a non-zero magnetic force. Which of the following is
possible?

Question 13

A quantity of charge(, is distributed uniformly through
a sphere of radiu®. A smaller sphere, of radiusand con-
centric with the large sphere, is now removed from it, leavinga) A magnetic field exists in that region and changes the
a spherical cavity with no charge in it. The charge density of speed of the particle.
the remaining shell has not changed. The electrostatic potgs) A magnetic field exists in this region and the particle’s

tial at a distance > R, outside the shell, is velocity vector is parallel to the magnetic field vector.
1 Qi 1 QR —d (c) A magnetic field exists in this region and the particle is
(a) —— (b) — moving at right angle to the magnetic field.
dmeg 7T d3 dreg v R3 9 ) g_ g_ . 9 ) L
] R 1 e (d) A magnetic field exists in this region and the particle is
(c) 9_3 (d) 9_3 moving in the direction opposite to the magnetic field
dmeg 1 d deg r R vector.
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Question 18 Question 23

The astronauts aboard a Space Shuttle in circular orbiA uniform pole is attached to a vertical wall by a friction-
around the Earth wish to transfer the shuttle to a new circuless pivot. The pole is held horizontal by a vertical cable at-
orbit at higher altitude. In this new orbit, the shuttle will haveached to the ceiling as shown. Considering torques on the
pole about the axis of the pivot, which one of the statements

(a) a smaller orbital speed and a larger total energy. below the figure is correct?

(b) a smaller orbital speed and a smaller total energy.
(c) alarger orbital speed and a larger total energy.
(d) alarger orbital speed and a smaller total energy.

cable
Question 19 _
A car pushes a stalled truck up a hill. The car exerts a force pivot
of magnitudeF; on the truck. The truck exerts a force of pole

magnitudeF; on the car. Then

(a) F1 = F5 since these forces form an action-reaction pai
(b) Fy = F5 only if the car and truck do not accelerate.

(c) Fy > F5, or else the car and the truck would not move.
(d) F} < F; because the truck is heavier.

r(a) The magnitude of the torque due to the tension in the
cable is equal to the magnitude of the torque due to the
weight of the pole.

(b) The magnitude of the torque due to the tension in the
cable is greater than the magnitude of the torque due to

Question 20 the weight of the pole.
A convex mirror has its centre of curvature located behintf) The magnitude of the torque due to the tension in the
the mirror. The image formed by such a mirror is cable is less than the magnitude of the torque due to the

weight of the pole.

(8) upside down, enlarged and virtual. (d) The tension in the cable is equal to the weight of the

(b) upside down, reduced and virtual.

ole.
(c) right side up. reduced and real. P
(d) right side up, reduced and virtual.
Question 24
The minimum speed with respect to air that a particular jet
Question 21 aircraft must have in order to keep aloft is 300 km/hr. Suppose

A toy airplane is travelling in a horizontal circle at a conthat as its pilot prepares to take off, the wind blows eastward
stant speed at the end of a tether wire. The magnitude of &te@ ground speed that can vary between 0 and 30 km/hr. 1g-
tension in the wire ig". Then the wire is played out to twicenoring any other fact, a safe procedure to follow, consistent
its original length and the plane is made to fly at twice itgith using up as little fuel as possible, is to

original speed. The tension in the wire is now
(a) take off eastward atgroundspeed of 320 km/hr.

1
(S) %? (b) take off westward at groundspeed of 320 km/hr.
((c; % (c) take off westward at groundspeed of 300 km/hr.
) 2F (d) take off westward at groundspeed of 280 km/hr.
Question 22 Question 25

The plates of a parallel-plate capacitor are separated by A massm is moving at speed perpendicular to a rod of
solid dielectric. This capacitor and a resistor are connectedéngthd and mass\/ = 6m which pivots around a friction-
series across the terminals of a battery. Now the plates of ldss axle running through its centre. It strikes and sticks to
capacitor are pulled slightly farther apart. When equilibriuthe end of the rod. The moment of inertia of the rod about

is restored in the circuit, its centre isMd?/12. Then the angular speed of the system
(a) the potential difference across the plates has increasé'cg’.ht after the collision is
(b) the energy stored on the capacitor has increased. (a) 2v/3d.
(c) the capacitance of the capacitor has increased. (b) 2v/d.
(d) the charge on the plates of the capacitor has decrease@r) v/d.
(d) 3v/2d.
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Part B (b) Suppose that the acceleration imparted to the bottle by
the escaping gas and that you calculated in part (a) re-
mains the same until the air has finished escaping at the
constant raté\ M/ / At. What would be théotal distance
covered by the bottle when it finally comes to a stop?

Problem 1

Suppose that initially the system of masses shown below is
held motionless. All surfaces are frictionless, and the pulley
is fixed to mass\/. The string is completely inextensible: its () NOTE: BONUS marks will be awarded if you can de-
length is constant. We are interested in the acceleration of rive the following expression for the maximum speed

each mass at the instant right after they are released. Note the bottle can ever attain once all the air has escaped,
that at this instant the string holding, is still vertical. and which doesiot assume that the acceleration of the

bottle is constant while the air is escaping:
m
1

_om - pg/2My oo o
°r = T (anyan M MY
M

i wherem is the mass of the escaped air, neglecting the
air left in the bottle at the end.

(a) Draw free-body diagrams showing and labelling all
forces that act on the three masses at the instant righdblem 3

after they are released. Consider a long horizontal cylindrical shell, of length
(b) Write Newton’s second law as it applies to each magadius R which can rotate freely about its longitudinal axis
Explain briefly whyA accelerates. with a moment of inertial. The material that composes it

is electrically insulating and non-magnetic. A massless string
attached to a vertically hanging masss then wound around
Re cylinder drum. The mass is released from rest at time
t=0.

(d) Determine the tensidmfi in the string and the three accel-

erations in terms of the masses and of the gravitationg?) Determine the angular acceleration and kinetic energy of
accelerationg. the system after the hanging mass has fallen a distance

(e) Take the limits of your results in part (d) 3 — oc. h. N -
What do they become if instead you take — 0, orif (b) A net amount of positive charg@, of negligible mass,

you takem, — 0 (not both at the same time)? Do your IS deposited uniformly on the outside drum of the shell
results make sense in all those limits? before the mass is released. Redo part (a) under these

conditions. Calculate the difference in kinetic energy
between the two caség = 0 and@ # 0. Do you have
any idea as to where the “missing” kinetic energy went?

(c) Let A be the acceleration of masg, a; that ofm,, and
ao that of my. Find a relation between the acceleratio
of the three masses.

Problem 2

A 100 kg (when empty) cylindrical bottle of gas, contain- HINT: The magnetic field due to a very long solenoid of
ing 100 | of air at a pressure of 100 atmospheres, falls overigAgth ; and NV turns carrying a currenf produces no net
the lab floor, breaking the valve. This leaves a circular hdigagnetic field outside the solenoid, but a net uniform mag-
of radius 2.0 cm at the end of the bottle, through which the igtic field of strengthu, NI/1 inside the solenoid. The field
escapes in a direction parallel to the long axis of the bottlejs directed along the solenoid axis.

(a) Letu be the exhaust speed of the air relative to the lab,
assumed to be constaaind;, M the initial and final
mass of the bottle, respectively. The bottle slides across
a floor with a kinetic coefficient of frictiom = 0.15.

CalculateA M /At, the maximum rate at which the mass
of the bottle changes if, is limited by the speed of
sound, approximately equal to 343 m/s. HINT: under
our assumptionsh M /At is constant, and the escaping
air (as opposed to the air still in the bottle) has a density
of 1.2 kg/n?.

Write down the fundamental conservation law which
governs the motion of the bottle. Calculate its accel-
eration as the air starts escaping.



Solutions to CAP Exam 2001 az = (1 + M/mq)A. Inserting this in (2) and eliminating
with (3) leads to

Part A
mimazg
1 (d 2 @d 3 (b)) 4 (¢) 5 (¢ A =
6@ 7@ 8 () 9 (2 10() M (mlM+ ma) +mims
11(c) 12(d) 13(b) 14(a) 15(b) T = g mimz
16(b) 17(c) 18(a) 19(a) 20 (d) M(my + ma) + mims
21(d) 22(d) 23(@) 24(c) 25(a) Then
Mgmso
ap = (M/m1)A =
1= (M/m) M(my 4+ mz) +mima
(M + ml)mg g
=(1+—)A =
@2 ( ml) M(m1 +m2) + mime
Part B
e) It is understood that the limit/ — oo is a mathematical
Problem 1 short-hand for making/ large enough that the other masses
a) Free-body diagrams: in the problem become small with respect toMf > my,
M > ma.
N, T
Ny T L l myms
-7 M—00 = A—0, T — ——q,
my + mo
M a a 7m2
= —
1 2 M1+ ma g
M9 M9 ’N This is the standard result for the massless pulley problem.
Mg
mg represents the weight of an objedf.is the reaction force m —0= A—0,T—0,a —g, a —g
exerted by the ground on the cart, alidis the reaction force )
betweenn, andM. T is the tension in the string. T goes to zero (because; = 0, no net horizontal force acts
on M). a; = g may look strange, but it just means that the
body must have the same acceleratiomassince the string
b) The three equations of motion are that connects them has a fixed length.
T:mlal (1) m2—>0:>A,a17a2,T—>0
meg — T = mgas (2) If my = 0, the tension in the string is also zero, and the rest
T — MA (3) of the system cannot start moving.

whereay, as and A are the accelerations at, ms and M,

respectively. The vertical forces ail cancel each other, andProbIem 2

so do those acting om,. M accelerates (to the left) because .

the string exerts a forcg to the left on the pulley. 8) deM = —pairAvsouna = —0.52 Kg/s, with A the area
of the hole,V the volume of gas in the bottle, apgd,, = 1.2
kg/m?® at standard pressure, so 120 kdn 100 atmospheres.

c) Imagine yourself accelerating with respect to the grounthe rate at which the momentutdv of the bottle changes

so thatM is stationary with respect to you. Then the accelegquals minus the rate at which the momentum of the escaping

ation ofm, with respect to yoand therefore with respect toair changes, minus the magnitude of the friction fodEg,=

M) is a5 to the right, since the length of the string does npt}/ g. Thus,conservation of total momentumdemands that

change. With respect to the ground, we must have F = dy(Mv) = —(d,M)u — uMg

ap =az — A (4) The initial mass of air in the bottle isx = (0.1 m3)(120

kg/m?). Then we find, withM = M; = 112 kg, that the
initial acceleration is
d) In (b) and (c), we have four equations with four unknowns. (dy M)

d,M ,
(1) and (3) givea; = (M/m;)A. Equation (4) then gives ~ @ = F/M; = — M, TR 0.11m/s
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b) At 0.52 kg/s, it takes 23 s for 12 kg of air to escape. Atwhered;I = (Q/27)diw = Qa/27. Then
constant acceleration of 0.11 f/she bottle reaches a speed

of vy = at = 2.6 m/s over a distance ofat> = 30 m. B — QR o
Note that during this segment of the bottle’s motion, we must 4ml

neglect the friction fqrce, othgrwise the acceleration wouﬁd1is electric field produces a retarding torq@/£) R on the
not be constant. To find the distanéeovered after the gascylinder, as expected.

has escaped, we note thitd = K, whereK = yM v} . The equations of motion for the cylinder and the mass are
is the maximum kinetic energy reached by the bottle, Whl%%w respectively,
energy is going to be dissipated by the friction foilge = ' '

1M g as it deccelerates the bottle. This yieitls- 2.3 m, so Ia = TR+ QER, —~T + mg = maR
that the bottle travels a total of 32 m.

where, again?’ is the tension in the string. Eliminating this

¢) BONUS part: integrating and solving fora yields

pMg
dM
di M o — mg R
I +mR? + p,Q*R? /4~l

d(Mv) = —udM —

gives the final momentum and speed is the total mass of

the escaped air) This acceleration is indeed smaller than that predicted in the
11g/2 zero-charge situation, due to the increase of the inertial factor
pr = —u(My— M;) — W(M,% - M?), or in the denominator.
Jan ¢ The kinetic energy is stillk = (I + mR?)w?, but we
vy = mu/My — %(MJ% _ MiQ) cannot equate this to the potential energy lost by the falling
t

mass. Instead, we note that the angular acceleration is con-
stant, so that it is related to the angular speedby= 2aA ¢,
Problem 3 whereA ¢ is the total angular displacement, equakjR, of

. . the cylinder when the mass has fallen a distahceThen
a) Leta be the angular acceleration of the cylinder. Its equ y

= 2
tion of motion is/a = TR, wherel is its moment of inertia A= (I +mE*)ah/R, or
around its rotation axis, ariflis the tension in the string. The I+ mR2
equation of motion of the mass4isi’ + mg = ma = maR, K = mgh T+ mR2 + i Q>R J4nl
whereaq is its linear acceleration. Solving faryields Ho

The total kinetic energy after a drdpis reduced in the same

mgR . ) CoEE .
&= TR proportion as the acceleration and the "missing” energy is
The total kinetic energyK, acquired by the system must 1o Q*R? /4l

. . AK = —mgh
be equal to the gravitational potential energy lost by the mass. I +mR? + 1, Q2R? /47l
So

K = mgh [ NOTE: The missing kinetic energy can readily be seen to be

b) From Amgre’s law, § B - dl = p,I, applied to a cir- B2
cular loop outside the cylinder and perpendicular to it, one AK = —— 7R

finds, due to the symmetry of the problem, that the magni- 21y

tude of the magnetic field induced by the current cre- \yhich is equal to minus the magnetic-field energy stored in-
ated by the rotating charge I$ = 1.,//1, directed along the sjde the shell, as predicted by Maxwell's theory of electro-

axis of the cylindrical shell (into the page if the cylinder iTnagnetism. The student is not asked to find this last ex-
perpendicular to it and accelerates clockwise). This also fgassion, howeveq

sults from the hint given in the question. Since the current is
I=AQ/At=Quw/2m, we arrive atB = p wQ/27l.

Now sinceB is increasing, the increase of the magnetic
flux @, = BrR? inside the shell generates an electric field
E tangent to the shell and perpendicular to its axis, according
to Faraday’s law. This field retards the acceleration of the
charge, thereby also slowing down the increasé g{Lenz’s
law). Faraday’s law applied along a circular path of radius
around the surface of the cylinder gives

fE-dl = EQ2rR) = —di®y = —wR*pyd ]
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2002 Prize Exam A demonstration apparatus sits on a table in the lab. It con-
sists of a metal track (shown as a thick solid line in the fig-

This is a three hour exam. National ranking and prizes wilf€ below) along which a perfectly spherical marble can roll
be based on a student’s performance on both sections A ¥if§out slipping. In one run, the marble is released from rest
B of the exam. However, performance on the multiple choiéé @ height: above the table on the left section, rolls down
questions in part A will be used to determine whose writtéfie Side and then up the other side without slipping, briefly
work in part B will be marked for prize consideration by thetopping when it has reachéd. Assuming the table to be
National Committee. The questions in part B of the exafiprizontal and neglecting air drag as well as any energy loss
have a range of difficulty. Do be careful to gather as many @€ to rolling,

the easier marks as possible before venturing into more diffi- o
cult territory. If an answer to part (a) of a question is needed A \

likely solution and attempt the rest of the question anyway.
No student is expected to complete this exam and parts of
each problem may be very challenging.

Non-programmable calculators may be used. Please be vy 1, < h always, because the friction that keeps the balll
careful to answer the multiple choice questiarsthe an- rolling must dissipate energy.

swer card/sheetprovided; most importantly, write your so-
lutions to the three written problems @eparatesheets as o
they will be marked by people in different parts of Canadd®) 71 = h only if tilt angles¢ and¢ are equal.
Good luck. (d) Ay = honly iftilt angle ¢ is larger tharo.

for part (b), and you are not able to solve part (a), assume a h

(b) hy, = h, since total mechanical energy is conserved.

Data

Speed of light c=3.00 x 108 m/s
Gravitational constant G = 6.67 x 10~ N-m?/kg?
Acceleration due to gravity g = 9.80 m/s®

Question 3

In the movielJurassic Park, as a jeep is being pursued by a
dinosaur, one can see the animal in the jeep’s side rear-view
mirror on which is printed: “Objects in mirror are closer than

Fundamental charge e=1.60x10""C thev appear” Then
Mass of electron me = 9.11 x 10731 kg y appear. '
Mass of proton m, = 1.673 x 10727 kg (@) the mirror is flat.
’ _ 9 2
Coulomb_s_ constant 1/4me, = 8.99 x 10° Im/C (b) the mirror is concave.
Permealbility of free space p, = 47 x 10~7 N/A? he mirror i
Speed of sound in air vs = 343 m/s (c) the mirror is convex.
Index of refraction of watern,, = 1.33 (d) the mirror could be either convex or concave.
Energy conversion 1eVi=6 x 10712 J
Question 4
Part A: Multiple Choice A lump of sticky chewing-gum with mass moves at speed

v toward another lump of mas&/ at rest. They collide

and stick together, both moving at spe€d Nothing else
Question 1 is known about the conditions under which the collision takes
Allittle girl is holding a helium-filled balloon on a string whileplace. Which of the following statements is the most correct?

riding in a closed elevator going down avery t_aII building aga) Neither total kinetic energy nor total linear momentum
constant speed. The elevator shaft is maintained under v

C_
. can be conserved.
uum. Suddenly the elevator cable snaps, sending the elevator

into free fall. In her surprise the girl lets go of the string. Sh&P) This is an elastic collision in which both total kinetic

is even more surprised to see energy and total linear momentum are conserved; the
final speed id” = v/2.
(a) the balloon rising. (c) Thisis an inelastic collision, and in such collisions, total
(b) the balloon floating downward. linear momentum is always conserved; the final speed
(c) the balloon remaining stationary. ISV =wv/4.

(d) the balloon bouncing slowly between the floor and thé) This is an inelastic collision _in which total linear mo-
ceiling. mentum is conserved, provided no external force can

deliver an impulse to the system during the collision.
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Question 5 Question 10

According to the Archimedes principle, At the shallow end of a swimming pool, the water is 70.0
. . . . cm deep. The diameter of the cone of light emerging from
() a body |mmerseq in a fluid EXperiences an upward fot[%% water into the air above, emitted by a light source 10.0
equal to the weight of the fluid it displaces. cm in diameter at the bottom of the pool and measured by an
(b) abody immersed in a fluid experiences an upward forggserver on the edge of the pool 2.50 m away, is’
equal to the weight of the object.
(c) a body immersed in a fluid displaces an amount of ﬂui&a) 1.60m. (b) 1.70 m.
equal to the volume of the body. () 1.75m. (d) 1.80 m.

(d) a body immersed in a liquid floats only if its density is

smaller than that of the liquid. Question 11

) Of two quantities of water and steam, both at 40@nd hav-
Question 6 ing the same mass, in immediate contact with the same area
A guitar string of lengthL, with both of its ends fixed, is of your skin, which is likeliest to cause a more severe burn?
vibrating, prqdu_cing a sounq composed of a fundamental frgé) The steam.  (b) There is no difference.
quency and its integer multiples (harmonics). To emphasize
all the even-numbered harmonics at the expense of the od@) The water.  (d) It depends on the steam’s pressure.
numbered ones, the furthest distance away from either end

where one should hold down the string is Question 12
(@ L/2. (b) L/3. A varying electric current running through a coiled wire in-
(c) L/4. (d) L/5. duces an emf across the coil. The voltage measured by a volt-

meter across the terminals of the coil

uestion 7
Q . idal ) . | ) £ unif q (a) is smaller or larger than the emf, depending on how fast
A sinusoidal wave is moving along a string of uniform den- the current changes.

sity. If you double the frequency of the wave, _
(b) is larger than the emf.
(a) the wavelength of the wave doubles.
(b) the speed of the wave doubles.
(c) the speed of the wave remains about the same.
(d) the period of the wave doubles. Question 13

(c) is equal to the emf.
(d) is smaller than the emf.

Three blocks of identical mass are connected by strings as
Question 8 shown below. The whole system is accelerated to the right
Two point-charges, each with a charge of#Q, lie some fi- along a frictionless, h.orizontal sqrface by a fof€eThe net
nite distance apart. On which of the segments of an infinfRfCe acting on the middle block is
line going through the charges is there a point, a finite dis-
tance away from the charges, where the electric potential is —F
zero, assuming that it vanishes at infinity?

(a) Betweeen the charges only. (a) zero. (b)F.
(b) On either side outside the system. (c) 2F/3. (d) F/3.
(c) Impossible to tell without knowing the distance between

the charges. Question 14

(d) Nowhere. A spaceship is moving straight toward Earth with its engine
turned off. LetM andm be the masses of the Earth and of the

Question 9 spaceship, respectively, witR the distance from the space-
Standing on the ground, you are holding with your handSRIP to the centre of the Earth. As a result of the gravitational
string from which is suspended a stone. The reaction forf@ce of the Earth, in moving from position 1 to position 2,
associated—in the sense of Newtor$ Bww—uwith the force the kinetic energy of the spaceship increases by
of Earth’s gravity on the stone, is the force exerted by . GMm(Ry — Ry) 0) GMm(R; — Ry)

R1R2 ' RlRZ .
GMm(Rg — Rl) (d) GM’/TL(R1 — RQ)

Rt ' RYR3

(a) the string on your hand. (b) the stone on the string.
(c) your body on the Earth. (d) the stone on the Earth.  (C)



Canadian Association of Physicists Prize Exam 2002

Question 15 Question 19

Two massesM, and My, attached to the end of springs @ an ink-jet printer, an ink droplet of massis given a nega-
and b, respectively, undergo simple harmonic motion ortige charge; by a computer-controlled charging unit, and then
horizontal, frictionless surface. If the periods of motion aenters at speed the region between two deflecting parallel
identical, and ifM, = 2M,, the amplitudesA of oscillation plates of length. separated by distanak(see figure below).

of the two masses are related by All over this region exists a downward electric field which
you can assume to be uniform. Neglecting the gravitational

@Ay = Au/V2. (0) Aa = Ap/4. force on the droplet, the maximum charge that it can be given
(©) Ax = Ay. (d) none of the above. so that it will not hit a plate is most closely approximated by
Question 16

Consider a circuit which contains a battery and a single resis-
tance R. If a second resistance is added in parallel with R,

(a) the voltage across R will decrease.

muv?E mv3d
(b) the current through R will increase. () Wi ( )W'
(c) the total current drawn from the battery will increase. ©) md . (d) m(vL)2.
(d) the power dissipated in R will decrease. E(vL)? Ed
Question 20
Question 17 Four very long straight wires carry equal electric currents in

StarshipEnterprise is in a circular orbit of period 300 minutesthe +2 direction. They intersect the—y plane at(z, y) =
around planet Thera at an altitude of 1000 km. A Klingoh@:0), (0;a), (a,0), and(0, —a). The magnetic force ex-
spaceship then enters another circular orbit around Ther&4gd on the wire at positiofi-a, 0) is along

an altitude of 19000 km. Thera has a radius of 5000 km. Thg) 1. (b) —v.
Klingon spaceship circles Thera in (©) +o (d) —z
(a) 600 minutes. (b) 1200 minutes.
(c) 1800 minutes. (d) 2400 minutes. Question 21

Two masses, both equal to 100 g, are suspended at the ends
Question 18 of identical light strings of lengtli = 1.0 m, attached to the
game point on the ceiling (see figure). At time: 0, they are
multaneously released from rest, one at adgle- 10°, the
from the vertical. The masses will

A simplified bola consists of two (instead of the usual thre
small but heavy balls connected to a common point by id p
tical lengths of string. To launch it, you hold one of the balg[h_er at angld, = 20
overhead and swing the other ball in a horizontal circle abéiﬂ"'de
your wrist. You then let go of the bola which very soon starts
rotating around its centre of mass, as shown below. Which
one of the following statements holds true when the rotation
axis changes from (1) to (2)?

e

(1) (2)

(&) Angular momentum is the same, but angular speed in-
creases.

(b) Angular momentum and angular speed remain the sanf@) at¢ = 0.0°, 0.50 s later.

(c) Angular momentum is the same, but angular speed dd) até = 5.0° to the right of the vertical, 0.16 s later.
creases. (c) atd =0.0°,0.13 s later.

(d) Angular momentum and angular speed both increase.(d) atf = 5.0° to the right of the vertical, 0.10 s later.
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Question 22 Question 24

Two trains are moving toward each other on two parallaljet-fighter pilot, wishing to experience weightlessness con-
tracks at the same speed with respect to the ground. Whé#ions, enters a parabolic trajectory closely approximating
the whistle of one train blows, the frequency of the sounkat of a projectile in free-fall. His aircraft must fly at a min-
heard by a passenger on the other train will be imum speed of 400 km/hr to keep control, and he should not
exceed 600 km/hr so as not to suffer a black-out when he
Is out of the trajectory at the end. There is no wind and air
istance can be compensated by the engine. In order to be
weightless as long as possible, he should enter the parabola at

(a) greatest if the air is still.

ul
(b) greatest if a wind blows in the same direction and at tﬁgs
same speed as the other train.

(c) greatest if a wind blows in the opposite direction and ah upward angle (with respect to the horizontal ground) of

the same speed as the other train.

(d) will not depend on whether there is a wind blowing. (8)33.7°. (b)41.8°.
(c) 56.3°. (d) 48.2°.
Question 23
Question 25

In an African wildlife reserve your jeep is travelling atan-

stantspeed of 105 km/halongsidea cheetah running at full Which one of the following statementsrist true? The phase
speed. The animal, frightened by the jeep’s noise, keeps difterence between two light waves can change

constant distance of 60 m from the vehicle. Not having paid

much attention to the surrounding landscape, you sudderi§) Py reflection.
realize that your jeep is passing the very same spot whergli) by the waves travelling along paths of different lengths.

was 60 seconds before. The speed of the cheetah is
(&) 105 km/hr. (b) 94 km/hr.
(c) 99 km/hr. (d) 82 km/hr.

Part B

Problem 1

Passing a car on a two-lane road requires more caution as
speeds increase. Apart from maintaining a safe distance be-
tween vehicles in the same lane, there should also be enough
space between oncoming vehicles while the passing manoceu-
vre takes place.

Take all cars initially, travelling at the same constant speed, to
have a length 4.2 m. Suppose further that a passing manceu-
vre starts with the passing car at least 3.0 car lengths behind
the back of the slower car, and that it ends when the driver has
pulled in with the back of her car at least 3.0 car lengths ahead
of the slower car (no fish-tailing!). The passing car takes 4.0 s
at constant acceleration to reach its final passing speed, which
it keeps thereafter. This final speed is 11 km/hr greater than
the steady speed of the slower car.

(a) Calculate the total time it takes for such a passing
manceuvre.

(b) Now suppose that at the instant the passing driver has
reached her overtaking speed, she notices 500 m ahead
(from the front of her car) a very large truck coming

(c) by the waves travelling through media that have a differ-

ent refraction index.

(d) by being transmitted through a boundary between two

media with different refraction indices.

toward her. The speed limit for trucks on that road,
which we shall assume the truck driver respects, is 90
km/hr. The slower car is driving at 100 km/hr. Oth-
erwise, the same conditions as in part (a) apply. We
assume that for minimal safety she should have com-
pleted her manceuvre at least 2.0 s before the truck and
her pass each other, But she cannot abort the manoeu-
vre without braking unless the front of her car is at least
2.0 m behind the back of the slow car, and she cannot
brake safely because another car right behind her is also
trying to pass the slow car. Given that it takes her 1.6 s
to react after she first sees the truck, discuss whether it
is safe for her to continue, or whether she should pull
back behind the slower car (if she can!). If it turns out
that she is in trouble, could she continue accelerating
at the same rate up to a higher speed not exceeding 120
km/hr and pass safely while still pulling in three car
lengths in front of the slow car?
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Problem 2 Problem 3

In Poe’s famous horror talélhe Pit and the Pendulum, the One fine afternoon, as his family watches from some dis-
hero, who finds himself strapped flat to a horizontal suance, a man walking barefoot on moist ground near a tower
face, notices an almost motionless pendulum hanging freapporting electric transmission lines suddenly stops and col-
the ceiling 12 m above him. After some time, he also red&pses. His relatives call in emergency services, but these ar-
izes that the pendulum is descending very slowly toward hie too late to prevent the man’s death.

with, according to the story, the amplitude of the swings afithe autopsy reveals that the man’s heart went into ventricu-
the speed at the lowest point in each swiraih increasing lar fibrillation, a fatal condition if not stopped very quickly.
inexorably What is swinging is in fact a small razor-edgetiis relatives believe that he was electrocuted by some stray
crescent of steel which will eventually sweep across the maelsctric current from the tower and sue the power company.
heart. The court orders a forensic investigation to determine if the
Let's analyze this terrifying situation more closely to seeompany is responsible for the victim’s death.

if Poe’s spell-binding description actually makes physic@he investigation finds that there was indeed an electrical
sense. To do this, we must make some assumptions wHalit at the time the incident occurred: for about 1.0 s, an
will not affect our final conclusion. The blade of massis electric current of 100 A leaked into the ground from a verti-
suspended on the end of a massless cable of Idnaytidl is cal conducting rod whose rounded tip was just below ground,
executing simple harmonic motion. Assume that the bladdasated 10 m away from where the man was standing. The
also slowly lowered in very small incrementsiathich occur resistivity of the moist ground was about 100 m.

only when it goes through its lowest position in each swing,

atd = 0°, whered is the angular position with respect to the (&) Assuming that the current spread uniformly into the

vertical.

(&) Explain in one short sentence why the angular momen-
tum of the razor ab = 0° remains constant all through
the descent.

(b) Letthe initial length of the cord big and the initial max-
imum speed of the razor hg. Obtain an algebraic ex- (b)
pression forw as a function of. (©)

(c) Derive an algebraic expression for the kinetic energy of
the pendulum af = 0° as a function of.

(d) Make a reasonable simplyfing assumption about the totgld)
mechanical energy. Find (always as a functiori)ahe
maximum gravitational potential energy acquired by the
pendulum in a given swing.

Find the maximum angular displacement of the razor as a
function ofl.

(€)

() Discuss the accuracy of Poe’s description of the descent®)
of the pendulum.

(f)

ground from the rounded tip, find the magnitudes of the
current density,/ (in A/m?), and of the electric field,
E, as a function of the distancefrom the tip of the
rod. If you don’t know the relationship betwednand

E, you can derive it from Ohm’s law and a bit of di-
mensional analysis.

CalculateE’ andJ at the victim’s location.

Under any suitable approximation, obtain a reasonable
estimate of the potential difference between the man’s
feet.

It is reasonable to suppose that the current went up one
leg of the man, across the torso (and the heart), and
down through the other leg. The commonly accepted
values for the resistance of a leg is 3QGand that of

a torso 1002 in these conditions. From these data,
estimate the current across the victim’s torso.

Using your expression faE(r), obtain the potential
difference, AV, between the tip of the rod and a point
situated at distance. Take the tip of the rod to have
radiusa. If the integral is a problem, you can still get
the answer by noticing the similarity betwegi(r) and
the field of a well-known charge configuration.

Currents ranging from 0.10 A to 1.0 A across a torso
can trigger fibrillation in the heart. Could the accident
have been caused by the current that leaked from the
rod?
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Part A
1 () 2 (b 3 () 4 W 5@
6 @ 7 (¢) 8 (d 9 (d 10(b)
11(a) 12(d) 13(d) 14(b) 15(d)
16(c) 17(d) 18(@) 19(b) 20(c)
21(a) 22(d) 23(d) 24(d) 25(d)
Part B
Problem 1

(a) It is convenient—but not essential to answer this—to

(b)

work in the rest-frame of the slow car. Then we only
have to deal with the relative final velocityof the cars,
and their relative acceleratian the latter being also the
acceleration of the passing car with respect to the ground.
We are interested in the position of the front of the pass-
ing car with respect to the front of the slow car. Let
t. be the time it takes to reach speedt acceleration
a = v/t,. Furthermore, let,, be the time it takes the
front of the passing car to reach its final position, four
car lengths ahead of the slow car, at speedCalling
T = t, + tp, the total time it takes to pass the slow car,
we can write for the positiom of the front of the passing
car:

z(T)

1
—4.0L + 5a 24 vty
4.0L

where L = 4.2 m is the length of a car. Eliminating
a = v/t, and solving fort, yields

.o 80L 1
b — ) 9 a
so that SOL 1
T = ——+=t,
T3 @

With v = 11 km/hr (3.06 m/s) and, = 4.0 s, we obtain
T=13s.

The distance that includes the distance the passing car
coversafter its driver notices the truck, plus the safet{d)
margin at the end, is

d = (Ucar + Utruck)(tb + 2.0 S)
8.0L 1
= (’Ucar + Utruck) (U — 5 ﬁa + 2.0 S)

where the 2.0 s term accounts for the safety margin at )
end of the manceuvre. With,, = 111 km/hr and (hope-
fully!) veruae = 90 km/hr (25 m/s) at the most, we obtain

d = 614 m, which is greater than the initial distance of

the truck. A collision seems inevitable if no action is
taken.

Does the driver have time to pull in behind the slow car,
given that braking would risk a collision with the car right
behind her and that she must keep at a distance of at least
2.0 m behind the slow car if she pulls in? Well, when
she sees the truck (at timg = 4.0 s, she is at a distance
3.0L — vt,/2 = 6.5 m behind the slow car. But during
the 1.6 s it takes her to react, she has covered a further
4.9 m relative to the front car, so she is only about 1.6 m
behind and would have to brake to keep at a safe distance
from the car in front.

Her other alternative is to keep accelerating at the same
rate. Nowt, = 4.00" /v, wherev’ is her new final rela-

tive speed which could be as large as 20 km/hr , giving
to = 4.0 x 20/11 = 7.3 s. Taking into account her re-
action time during which she travels at 111 km/hr, the
distance she covers over the whole passing manceuvre,
plus the safety margin at the end, is now

8.0L

. 1
d= (Ué+vi+vt)(1},_ta+2~0 s)—i—(vc—&-vt) x1.6s

2
wherew; is the speed of the slow car. Inserting numbers

givesd = 351 m, comfortably below the 500 m initial
distance between her and the truck.

Settingd to be 500 m, one can actually solve the above

equation (but the students are not expected to do this!)
for the minimume’ that allows the driver to pass safely.

It is a cubic whose solution is about 16 km/hr, so that the
driver could accelerate to 116 km/hr only and still make

it.

Problem 2

At 6 = 0°, the force of gravity applies no torque on the
razor, and neither does any other force, so that angular
momentum there must be conserved throughout the de-
scent.

Since angular momentum is conserved,l, = muvl,
wherew is the maximum speed of the razor when the ca-
ble has lengtli. Then

The maximum kinetic energy is

1 1 L\°
§m1}2 = 577“}8 <ZO)
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(d) Total mechanical energy being conservéd,= U, so (b) Withr = 10 m, J = 0.16 A/m?, andE = 16 V/m (or

(e)

(f) The results of parts (b) and (e) make it clear that Poe’s de-

that )
1 1 l
U = 5777/02 = §mv(2) <lo)

Leth be the maximum height reached by the razor mea-
sured from the lowest point of a given swing. Then
h = (1 — cos Omax), Whered,,.x is the maximum an-

N/C).

(c) Assume that one foot was at mdst 0.5 m further away

from the rod than the other foot. Takirfgto be roughly
constant over this distance, we obtain a fairly good esti-
mate for the potential differenc’ ~ Ed ~ 8 V.

gular displacement of the razor from the vertical. AHd) The equivalent resistance of the body would be that of the

that angle, the razor has its maximum potential energy,
U = mgl(1 — cos Omax), relative to its potential energy
at the lowest point of a swing before any changd.in
Equating this to the result of part (d) and solving figf,

yields
(voly)?
2¢13

Omax = cos™ ! <1 -

two legs and the torso in a series combination, therefore
1600(2. From Ohm’s law, the current flowing through
the torso would be

i ~8/1600 = 0.005 A

or 5 mA.

scription is inaccurate: far from increasing, as he claim@) We have for the potential difference betweeand the
the maximum speed and maximum displacement (and tip:

therefore the amplitude) of the razor decrease Wwith

Problem 3

@)

The current spreads out uniformly from the tip over a
hemisphere of arezrr?. With current/ = 100 A, this
gives a current density

1 15.9

2mr?
The current density is related to the electric field mag-
nitude, £, by £ = pJ, wherep is the resistivity of the
soil. This expression is easily obtained from Ohm'’s law:
V = RI, whereV is the potential difference across a
fairly small distancel in the ground, andr is the re-
sistance of the ground over this distance. Then Ohm'’s
law can be rewritter?l = (pl/A)(JA), with A the area
across which the current flows. Dimensional analysis
would yield the same answer.

With the numbers given,
pl
2mr2

A/m?

r2

15.9
r2

E =

AV

s pI .
/a <27T’I“2> dr

We could also have noted thd has the samd /r?
distance fall-off as the well-known Coulomb field, so
that the potential should have/r fall-off, just like the
Coulomb potential. The termh/a simply ensures that
AV = 0whenr = a.

[Incidentally, if we use this expression to check our an-
swer to part (c), with one foot at = 10.25 m, and the
other atr = 9.75 m, we get the same potential difference
to the accuracy used.]

(f) The estimated current through the torso is twenty times

smaller than the threshold current for fibrillation. Even
with our assumptions, we can safely discard any possi-
bility that it caused the man’s death.
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as possible before venturing into more difficult territory. If an
answer to part (a) of a question is needed for part (b), and you
are not able to solve part (a), assume a likely solution and at-
tempt the rest of the question anyway. No student is expected
to complete this exam and parts of each problem may be very
challenging.
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careful to answer the multiple-choice questions on the an-
swer card/sheet provided; most importantly, write your so-
lutions to the three long problems on separ ate sheets as they
will be marked by people in different parts of Canada. Good
luck.

Data

c=3.00 x 108 m/s

G = 6.67 x 10711 N-m?/kg?
R = 6.38 x 10° km

M, = 6.0 x 10** kg

Mass of Sun Mg = 2.0 x 10°° kg

Radius of Earth’s orbit Reg = 1.50 x 108 km
Acceleration due to gravity ¢ = 9.80 m/s?

Fundamental charge e=1.60x10"1C

Mass of electron mg=9.11 x 10~* kg

Mass of proton mp = 1.673 x 10727 kg
Planck’s constant h=6.63x10734J)s
Coulomb’s constant 1/4me, = 8.99 x 109 J-m/C?
Speed of sound in air vy = 343 mls

Energy conversion 1eV=1.6x 10719

Speed of light
Gravitational constant
Radius of Earth

Mass of Earth

Part A: Multiple Choice
Question 1

A parallel-plate capacitor holds charge ¢ and is not connected
to anything. The distance between the plates is now in-
creased. The electrical energy stored on the capacitor

(a) decreases;
(b) remains the same;
(c) increases;

(d) can do any of the above, depending on how the capaci-
tance changes.

Question 2

When a mechanical or electromagnetic wave goes from one
medium to another, it undergoes a change in

(@) amplitude only;
(c) speed only;

(b) both speed and wavelength;
(d) wavelength only.

Question 3

Two identical rooms in a perfectly insulated house are con-
nected by an open doorway. The temperature in the two
rooms are maintained at different values. The room which
contains more air molecules is

(a) the one with the higher temperature;

(b) the one with the lower temperature;

(c) the one with the higher pressure;

(d) neither, since both have the same volume.

Question 4

Three airplanes, A, B and C, each release an object from the
same altitude and with the same initial speed v, with respect
to the ground.. At the moment their object is released, A is
flying horizontally, B is flying upward at an angle 6 with re-
spect to the horizontal, and C is flying at the same angle 6
as B but downward with respect to the horizontal. Assuming
the ground to be horizontal and neglecting any aerodynami-
cal effect, the speeds v at which the three objects will hit the
ground satisfy

(@) vy =vg < vg;

(b) vy > vg = vg;

(©) vy <vg < g, (d) vy = vg = v
Question 5

Two identical conducting spheres, A and B, carry equal elec-
tric charge. They are separated by a distance much larger
than their diameter and exert an electrostatic force F' on each
other. A third identical conducting sphere C is initially un-
charged and far away from A and B. Sphere C is then brought
briefly into contact with sphere A, then with sphere B, and
finally removed far away. The electrostatic force between A
and B is now

(a) 3F/8; (b) F/2;
(c) F/4; (d) F/16.
Question 6

On the ground, the Earth exerts a force Fy on an astronaut.
The force that the Earth exerts on this astronaut inside the
Space Shuttle in low Earth orbit, 300 km above the ground, is

(a) alittle less than Fy;

(b) alittle more than Fy;

(c) exactly Fy;

(d) zero, since the astronaut is weightless when in orbit.

Question 7

A person is swinging a ball at the end of a string of length ¢
with constant speed v. The work done by the tension 7" in the
string over one revolution is

(@) 0; (b) mv?/2;
(c) 27eT (d) undetermined by the information given.
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Question 8

The pressure exerted by a gas on the walls of the vessel that
contains it is due to the

(a) change in Kkinetic energy of the gas molecules as they
strike the walls;

(b) collisions between the gas molecules;
(c) repulsive force between the gas molecules;

(d) change in momentum of the gas molecules as they
strike the walls.

Question 9

A Martian creature similar to an Earth frog jumps with an ini-
tial speed v, and attains the range R over horizontal ground.
The maximum possible height reached by the creature, ne-
glecting friction in the tenuous Martian air, is (¢ being the
launch angle):

(@)
(b)
(©)

(d) undetermined because of missing data.

Question 10

The work done to accelerate a truck on a horizontal road from
rest to speed v

R
1 tano;

sin 0;

tan @;

SN =S

(@) is less than that required to accelerate it from v to 2v;
(b) is equal than that required to accelerate it from v to 2v;
(c) is more than that required to accelerate it from v to 2v;
(d) may be any one of the above since it depends on the
force acting on the truck and the distance over which it
acts.
Question 11
If the Earth did not rotate on its axis, the magnitude of the
gravitational acceleration at the Equator would be about
(@) 0.003% larger; (b) 0.3% larger;
(c) 0.3% smaller; (d) 0.003% smaller.

Question 12
You want to apply a force on a box so that it moves with
constant speed across a horizontal floor. The coefficient of
kinetic friction between the box and the floor is py. Of the
four following cases, the force you apply on the box will be
smallest when you

(@) push on it with a force applied at an angle 0 < 6 < 90°

downward from the horizontal;

(b) pull on it with a force applied at the same angle 6 as in
(@), upward from the horizontal,

(c) do either (a) or (b) since the applied force is the same;
(d) push or pull with a force applied horizontally.
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Question 13

An electric current runs counterclockwise in a rectangular
loop around the outside edge of this page, which lies flat on
your table. A uniform magnetic field is then turned on, di-
rected parallel to the page from top to bottom. The magnetic
force on the page will cause

(@) the left edge to lift up;
(c) the top edge to lift up;

(b) the right edge to lift up;
(d) the bottom edge to lift up.

Question 14

A car has a maximum acceleration of 3.0 m/s2. Its maximum
acceleration while towing another car twice its mass, assum-
ing no skidding, would be

(@) 3.0m/s?; (b) 1.5m/s?;
(c) 1.0m/s?; (d) 0.5m/s?.
Question 15

Two satellites of equal mass, A and B, are in concentric or-
bits around the Earth. The distance of B from Earth’s centre
is twice that of A. The ratio of the centripetal force acting on
B to that acting on A is

(@) 1; (b) \/1/2;
(c) 1/2; (d) 1/4.
Question 16

A proton sits at coordinates (z,y) = (0,0), and an electron
at (d, h), where d > h. Attime ¢t = 0, a uniform electric
field E of unknown magnitude but pointing in the positive y
direction is turned on. Assuming that d is large enough that
the proton-electron interaction is negligible, the y coordinates
of the two particles will be equal (at equal time)

(@) atabout y = d/2000;

(b) at an undetermined value since E is unknown;

(c) atabouty = d/43;

(d) nowhere: they move in opposite directions.

Question 17
In the circuit below we increase the resistance Ry. If I is the
current through resistor R; (j = 1,2, 3), then

Ry

Rs Ry

(@) I; and I, both increase;
(b) I, decreases and I, increases;
(c) I and I5 both decrease;
(d) I; increases and I decreases.
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Question 18
Two carts, A and B, are placed on an air track. They are made
of the same material and look identical. B is given a constant
speed and collides elastically with A at rest. After the colli-
sion, both carts move in the same direction. One concludes
that

(@ A is hollow;

(b) B is hollow;

(c) A and B are identical,

(d) any of the first three answers is possible.

Question 19

The smallest length scale known in physics is the Planck
length. It is an important ingredient in some currrent cosmo-
logical theories. Which of the following expressions could
represent this Planck length? (see Data table.)

(@) \e?/hc; (b) V/he/G;

(c) VGhc; (d) VhG/c3.
Question 20

The Webb space telescope, scheduled to be launched in 2010,
will have a mirror 6 m in diameter. Compared with the Hub-
ble space telescope, whose mirror has a 2.4 m diameter, it will
be able to resolve objects whose angular separation is about

(@) 2.5times smaller;
(b) 5 times smaller;
(c) an order of magnitude smaller;

(d) the same: the larger mirror only increases the amount
of light gathered.

Question 21

A simple pendulum of length L is suspended from the top of
a flat beam of thickness L/2. The bob is pulled away from
the beam so that it makes an angle 8 < 30° with the vertical,
as shown in the figure. It is then released from rest. If ¢ is the
maximum angular deflection to the right, then

L/2

@¢=0;
©0<od<20;

(b) ¢ <6;
(d) ¢ =20.
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Question 22

In the diagram below, light is incident on the interface be-
tween media 1 and 2 at exactly the critical angle, and is to-
tally reflected. The light is then also totally reflected at the
interface between media 1 and 3, after which it travels in a
direction opposite to its initial direction. The two interfaces
are perpendicular. The media must have a refraction index n
such that

N

N3
@) n1 < ng <ng; (b)n? — n3 > n3;
©ni —n3 > ni; (d)n? + n3 > n3

Question 23

For the sake of science a physicist jumps attached to the end
of a bungee cord, carrying sound measuring equipment. As
he swings up and down vertically with a period of 6.0s, he
monitors the frequency of a sound source on the ground di-
rectly below him, and observes a difference of 84 Hz between
the maximum and minimum frequency of the source. If the
source emits at a constant 1370 Hz, and assuming no signif-
icant attenuation of his oscillations over the duration of the
measurements, the amplitude of his oscillations is closest to

(@) 10m; (b) 20 m;
(c) 32m; (d) 15m.
Question 24

A person pulls a box along the ground at constant speed. Con-
sidering the Earth and the box together as a system, which of
the following is true about the net force £ exerted by the per-
son on this system and the work W she does on it?

@F=0and W =0; (b) FA0and W =0;
() F=0and W #0; (d)F#0and W #0.
Question 25

A magnet moves inside a coil. Which of the following factors
can affect the emf induced in the coil?

I. the speed at which the magnet moves
Il. the strength of the magnet
I11. the number of turns in the coil

(b) I and 11 only;
(d) 1, 1l and 1.

(@) 1 only;
(c) Iand 111 only;
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Part B

Problem 1

At TRIUMF, a large experimental particle and nuclear physics
research facility on the campus of the University of British
Columbia, one major programme involves the production of
intense beams of unstable isotopes of alkali atoms (potassium
K, rubidium Rb, francium Fr). These have the advantage
that since their valence shell contains only one electron, their
closed shell structure when they are ionised simplifies calcu-
lations.

Many isotopes are produced when bombarding a calcium
oxide target with 0.5GeV protons from the TRIUMF accel-
erator. Until recently, the desired isotope was selected by
means of the TRIUMF Isotope Separator On-Line (TISOL)—
now decommissioned and replaced by a combined separa-
tor/accelerator called ISAC—and sent as a low-speed beam
to experimental areas.

You are asked to design a (much) simplified version of TI-
SOL. More specifically, you want to select 38K ions whose
energy is 20 keV. 2K has a mass of 6.3 x 10~26 kg. Separa-
tion should proceed in two steps, as illustrated below.

38K

(1) Velocity

Selector (2) Mass Separator

The figure shows the desired path of a 20 keV 33K ion through
the system. This path is to be achieved by means of suit-
able uniform time-independent electromagnetic fields. Inter-
actions between ions can be neglected here.

(a) Inthe first step, out of all ions (33K or not) entering the ve-
locity selector from the left, only those that have a speed
corresponding to a 20 keV 3*K ion should be undeflected.
Suggest a field configuration that can do this, draw a
sketch showing the direction of the field(s), and derive
as much information as you can about the magnitude of
the field(s).

(b) In the second step, only 38K ions should be deflected
so that the radius R of their trajectory is 2.1 m. Again,
suggest a suitable field configuration for this, draw a
sketch showing the direction of the field(s), and derive
as much information as you can about the magnitude of
the field(s).

Problem 2

Tides are mainly caused by the gradient (or variation) of the
gravitational force of the Moon and of the Sun across the
Earth’s diameter. Large water masses, such as Earth’s oceans,
bulge along the direction of the gradient and are pinched in
the perpendicular direction. As the Earth rotates, the bulges
(high tide regions) move across the surface of the Earth.

Now the Bay of Fundy, between New Brunswick and Nova
Scotia, is reputed to have the highest tides in the world. Their
amplitude is only about a metre at the mouth, or entrance, of
the bay, whereas at the other end, 260 km away, the ampli-
tude reaches up to 16 m. You may assume that the relevant
speed of water waves in the bay (for very long wavelengths
and shallow enough depth) is about 25 m/s. The bay is nar-
row compared to its length.

Using the above data, investigate whether the unusually high
tides could be the result of a resonance excited by the Moon
in the bay. Assume that the depth of the bay is uniform, and
neglect the influence of the Sun. Hint: calculate the period of
the water oscillations in the bay.

Problem 3

The next-generation large space telescope is scheduled for
launch in 2010. It will be put in orbit around the Sun, in a
special zone where its distance relative to the Earth and to
the Sun can remain constant. The location of such zones was
first calculated in the XVII*™® century by the French-Italian
mathematician Joseph-Louis Lagrange.

Even though it relies on approximations, Lagrange’s full so-
lution is fairly involved, but you should still be able to make
a good qualitative guess at a partial solution. Consider two
point masses, M7 and Mo, referring respectively to the Sun
and the Earth. Both orbit around their common centre of mass
at angular velocity w and with a period of one year. These or-
bits are circular to a good approximation, and the distance R
between M, and M5 is constant. Since M7 > Ms, the mo-
tion of M, is not detectable at the scale of the figure below
and can be neglected.
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We wish to find where, on the line that joins AM; and Mo,
an object of mass m can sit so that it also orbits the centre
of mass (which we can take to be at M;’s position) with the
same, constant, angular velocity w. We can also safely as-
sume that m is so small that it does not influence the motion
of M, and M.

(a) Write down the equation that must be satisfied by the
forces acting on the orbiting m in terms of w, My, M, R
and x, where « is the distance between m and Mj.

(b) Show that in the limit My < M;, this condition can be
written
W] = au?

(1+u)?
where v = x/R, and o = My /M.
(c) Do not attempt to solve this algebraic equation. Instead,
use physical arguments to find how many solutions there
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are for = and where roughly the Lagrange zones are po-
sitioned on the x axis. Provide a qualitative sketch based
on the above figure, and explain your reasoning.

(d) The Webb space telescope (as it is called) will operate
at a temperature of about 35K and, therefore, it should
be shielded from heat sources at all times, while having
as unobstructed a view of the sky as possible. Discuss
which (if any) of your solutions is most suitable for the

Webb telescope.

(e) If there are other Lagrange zones off the x axis, they can-
not be found from the equation in (b), but what would be
their minimum number? Justify your answer.

Hint: To a good approximation Kepler’s Third Law for the
system is w?R3 = GM;.
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Part A
1@ )| 20| 3®G| 4W| 5@
6 (a) 7@ | 8@ | 9@ |10 (@
11 (b) | 12 (b) | 13 (c) | 14 (c) | 15 (d)
16 @) | 17 (c) | 18 (@) | 19 (d) | 20 (a)
21 (c) | 22 (c) | 23 (@) | 24 (c) | 25 (d)
Part B
Problem 1

(&) As shown in the figure below, we can use a uniform elec-

tric field, E, directed downward in the plane of the
page, and a uniform magnetic field, B, directed into
the page. (E directed upward and B, out of the page
will also work.)

N EEETR
[T w1z

(1) Velocity
Selector

Since the alkali ions all have positive charge e, they ex-
perience

e an electric force F'z = eE, directed downward in
the plane of the page;

e amagnetic force F', = ev x By, where v is the ve-
locity of an ion. From the right-hand rule for vector
products, it is directed upward in the plane of the
page; for v directed to the right, the magnitude of
F,, issimply evB.

For a given velocity v, there exist magnitudes of E and
B, such that the magnetic and electric forces balance
each other. This condition is achieved when Fo = —F
oreE = ev,Bj. Then all ions which have speed

M?

when they enter the velocity selector will not be de-
flected. lons with other speeds will be deflected and can
be extracted from the initial beam. Only the ratio E/B is
determined by the condition:

(b)

where m,, is the mass of a **K ion and K = mgv?/2.
Then

~ [2(2.0 x 10%eV)(1.6 x 10-19C)
N 6.3 x 10~26 kg

= 3.2 x10°m/s

E
B

Note that this value is much smaller than the speed of
light, consistent with our ignoring relativistic effects.

In this case, the uniform magnetic field B,, directed into
the page, as shown in the figure below, exerts a cen-
tripetal force F'5 on incoming ions, giving them a circu-
lar trajectory of radius R. It does not change their energy
(and speed) since magnetic fields do no work. The di-
rection of deflection of the ions is determined from the
right-hand rule applied to F's = ev, x Bs.

(2) Mass Separator

Since v, and B, are perpendicular, we have Fp =
ev,B2. Using the general expression for a centripetal

force, Fy = mvé/R, where m is the mass of an ion,
we obtain
mvo
B €BQ

All incoming ions having the same speed, to each ionic
mass in the beam will correspond one value of R in a
given magnetic field. If only 38K ions are to have a tra-
jectory with radius of curvature Ry, we should use a field

i 2my Ko
RO 62

mvo

By, = —°
2 GRQ

With the data supplied, we have

1
Ry

ZK()(QV)

B =
2 e/m,

KjyineV!

1 2(2.0 x 10%eV)
~2.1m\/ (1.6 x 10-19C) /(6.3 x 10-26 kg)

= 0.060T
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Problem 2

If the high tides in the Bay of Fundy are caused by a reso-
nance mechanism, it must be because the tidal forces from
the Moon driving seawater in and out of the bay are exciting
one of its standing-wave modes. The rise and fall of the tide
can be modelled by a wave with extremely long wavelength
propagating on the water. The boundary conditions at the
mouth and the far end of the bay mimic those of a standing
wave on a string with on end fixed (mouth), where the ver-
tical displacement is minimum, and the other free (far end),
where displacement is maximum. This mode would have a
wavelength A = 4L, where L is the length of the string or,
here, the length of the bay: L = 260 km.
With v = 25 m/s the speed of the waves, their period is
o A_ 4
(Y v
4(2.60 x 10°m) A
= S5 TS = 4.16 x 10%s
= 11.6 hours

Now we expect the period of the tides to be about 12.4 hours.
Indeed, if the Moon had a fixed position with respect to the
Earth, the two tidal bulges (high tides) on Earth would move
in the direction opposite the Earth’s rotation with one passing
through a given position every 12 hours. But the Moon moves
in its own orbit with the Earth’s rotation with an average pe-
riod of about 29 days, ie. 6.2° in the sky every 12 hours or
720 minutes. Therefore, it takes 25 minutes for the Moon to
cover that angular distance, and this increases the tidal period
to 12.4 hours.

We have found that the period with which the water sloshes
back and forth in the bay due to the Moon’s tidal force is com-
parable to the period of the fundamental resonance mode for
our admittedly crude model of the Bay of Fundy. Given the
approximations involved, this is quite a good match, and it
is likely that this resonance mechanism can explain why the
tides are amplified.

Problem 3

(&) We are looking for a configuration where the telescope,
the Earth and the Sun maintain the same relative posi-
tions in a coordinate system rotating at constant angular
velocity w. In other words, in that rotating system, the
telescope has the following net acceleration:

S GM, G M,

x? (R £ x)?
where the + sign is to be used when = > R and the — sign
when z < R. (Technical point: since we are working in
the non-inertial frame rotating with angular velocity w,
an extra pseudo-acceleration (Coriolis) term dependent
on dz/dt should also be present. With our assumption
of a circular orbit, however, dz/d¢ = 0, and the Coriolis
term does not contribute.)

The condition that a vanishes then reads
GM, GM,
x? (R+tx)?

a =

w2x =
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(b) Using Kepler’s Third Law, GM; = w?R3, and introduc-
ing the parameter @ = M, /M, we can eliminate w? and
M;y:

R3 aR3
x? (R =+ x)?

€r =

Multiplying by 22/ R? and rearranging yields, with v =
x/R:
3 au?

(1+u)?

(c) From the result in (a), there should be a point L1 on the
axis between the Earth and the Sun where the condition
that the centrifugal acceleration w22, equals the net grav-
itational acceleration (which is smaller than that due to
the Sun) can be satisfied for a value of w equal to the
Earth’s, so that 1 < R. Since the mass of the Earth is
over 300 000 times smaller than the Sun’s, L1 should not
be very far from Earth. It is actually 1.5 million km away,
one hundred times closer than the Sun.

Conversely, the same condition will be satisfied at a point
L2 a bit further than the Earth’s orbit, where this time
the gravitational attractions of Sun and Earth add, so that
xo > R. L2 should be (and is) at about the same distance
from the Earth’s orbit as L1.

Finally, at a point L3 on the other side of Sun, the condi-
tion is also satisfied where the gravitational acceleration
due to the Sun’s and the Earth’s gravity reinforcing each
other equals w?z3. Since Earth is much further from L3
than from L2, L3 should be much closer to R than L2. It
is a good place to hide from Earth.

L3

(d) The point labelled L2 in the figure will be suitable for the
telescope. A heat screen attached to the telescope will
shield it from heat radiated by both Earth and Sun since
they are always aligned as viewed from L2, leaving the
rest of the sky unobstructed for observation.

(e) Since the system shown in the figure is symmetric about
the = axis, Lagrange points off the axis must come in
pairs. So the minimum number is two. In fact, Lagrange
found one pair of solutions off the axis, for a total of five.

2
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be based on a student’s performance on both sections A and B
of the exam. Performance on the multiple-choice questions in
part A will be used to determine whose written work in part
B will be marked for prize consideration by the CAP Exam
National Committee. The questions in part B have a range of
difficulty. Do be careful to gather as many of the easier marks
as possible before venturing into more difficult territory. If an
answer to part (a) of a question is needed for part (b), and you
are not able to solve part (a), assume a likely solution and at-
tempt the rest of the question anyway. No student is expected
to complete this exam and parts of each problem may be very
challenging.

Non-programmable calculators may be used. Please be care-
ful to answer the multiple-choice questions on the answer
card/sheet provided; most importantly, write your solutions
to the three long problems on three separate sheets as they
will be marked by people in different parts of Canada. Good
luck.

Data

c=3.00 x 103m/s

G = 6.67 x 10~ N-m?/kg?
g = 9.80m/s?
e=1.60x10"19C

mg = 9.11 x 10-3' kg

mp = 1.673 x 10727 kg
h=6.63 x 10734J-s
1/4me, = 8.99 x 109 J-m/C2
E=138x10"23J/K

Speed of light
Gravitational constant
Acceleration due to gravity
Fundamental charge

Mass of electron

Mass of proton

Planck’s constant
Coulomb’s constant
Boltzmann constant

Part A: Multiple Choice

Question 1

You are standing upright in a room in front of a vertical mir-
ror. In this mirror, you can see from your position only the
upper two-thirds of your body. You wish to see the entire
length of your body reflected in the mirror. Which combi-
nation of the following three courses of action will achieve
this?

(I) Move away from the mirror;

(I1) move toward the the mirror;

(1) use a mirror whose height will allow you to see your
whole image when you are at your initial position.

(a) (1) only; (b) (1) only;
(c) (111) only; (d) either (1) or (I11).
Question 2

A 5kg cart collides on a horizontal surface with a 20 kg cart.
Which cart experiences the smaller force because of the col-
lision?
(a) The 5kg cart;
(c) the 20 kg cart; (d) it depends if the collision is elastic.

(b) the forces are equal;

Question 3

Two monkeys with the same mass stand on a branch at height
h above the horizontal jungle floor. Monkey A steps off the
branch holding the end of an inextensible rope of length L
whose other end is tied to another branch at height H, lets
go at the bottom of the swing, and falls freely to the floor,
as shown below. Monkey B steps off and falls straight down-
ward. Then, neglecting air resistance but not the tension in the
rope, the total work W done on each monkey and the speed v
with which each hits the floor are as follows:

et h
.-

.
’
L

(b) Wa = Wg, va < v;
(d) Wa < Wg, va = vg.

B
H .
;

(@) Wa < Wg, va < vg;
(c) Wa = Wg, va = vg;
Question 4

A person, standing on a train that is accelerating forward at
3.3m/s?, throws a ball vertically upward. Neglecting air re-
sistance, the magnitude of the ball’s acceleration relative to
the train is

(a) 9.8 m/s?; (b) 10.3m/s?;
(c) 7.0m/s?; (d) 13.1 m/s2.
Question 5

I must cross a river in the shortest possible time. Water flows
downstream at a constant 5.0 m/s between the two parallel
shores. Taking the direction of the flow as reference, if my
boat has a maximum speed of 10 m/s, it should head at

(@) 90°; (b) 120°;
(c) 150°; (d) 27°.
Question 6

A hoop and a solid cylinder have the same mass and radius.
They both roll, without slipping, on a horizontal surface. If
their kinetic energies are equal,

(a) the hoop has a greater translational speed than the cylin-
der;

(b) the cylinder has a greater translational speed than the
hoop;

(c) the hoop and the cylinder have the same translational
speed;

(d) the hoop has a greater rotational speed than the cylin-
der.



Question 7
A string clamped at both ends is vibrating. At the moment
the string looks flat, the instantaneous transverse velocity of
points along the string, excluding its end-points, must be

(@) zero everywhere.

(b) dependent on the location along the string.

(c) not zero anywhere.

(d) non-zero and in the same direction everywhere.

Question 8

In vacuum, a potential difference V' is maintained between
points a distance d apart. The corresponding electric field £
accelerates an electron from rest to a speed v over that dis-
tance. Which one of the following statements is true?

(@) E does not depend on d; (b) E depends on V/, not on d;

(c) E depends only on d: (d) v depends on V/, not on d.

Question 9

Light waves propagate along the length of a pipe containing a
perfect vacuum and whose end caps are perfect reflectors. A
standing-wave pattern is formed with frequency f and wave-
length A\. When a gas, with index of refraction n, is intro-
duced into the pipe, which of the following changes occurs?

(@) X increases; (b) f increases;

(c) A decreases; (d) f decreases.

Question 10

Students claim that in a lab experiment they witnessed a head-
on elagtic collision between two balls on a horizontal surface
which resulted in the balls being both at rest. No external hor-
izontal force was acting at any time on the masses. Which of
these comments is the most appropriate about this process?

(@) Initial speeds and masses must have been different;
(b) initial speeds and masses must have been identical;

(c) initial speeds, but not necessarily masses, were identi-
cal;

(d) the process cannot have occurred as claimed.

Question 11

The potential across a 3 uF capacitor is 12V when it is not
connected to anything. It is then connected in parallel with
an uncharged 6 pF capacitor. At equilibrium, the charge ¢ on
the 3 uF capacitor and the potential difference V" across it are

@qg=12uC, V =4V, (b) g =24uC,V =8V,
(©)g=36uC,V =12V, dg=12uC, V =6V,
Question 12
In subatomic physics, one often associates a characteristic
wavelength X\ with a particle of mass m. If h = h/2x (h be-
ing Planck’s constant) and c the speed of light, which of the
following expressions is most likely to be the correct one?
(@) A\ = he/m; (b) A = h/mc?;
) A=nhm/c; d) A =1h/mc;

Question 13

At equilibrium, the electric field at a point on a closed con-
ducting surface, whether the surface is charged or neutral, can
never be

(a) tangent to the surface;

(b) perpendicular to the surface;

(c) zero;

(d) directed inward since it must vanish inside.

Question 14

A uniform cubical box of mass M rests on a horizontal floor
with one edge against a small obstruction fixed to the floor.
Can a horizontal force of magnitude F" applied on the box at
the centre of the side opposite the obstruction tip the box?
(@) No, never; (b) yes, only if F' > mg;
(c) yes, F' > mg/2 is sufficient; (d) yes, only if F' > 2myg.
Question 15

A circuit consists of a battery, a resistor R , and two light
bulbs A and B as shown below:

R

®
[

If the filament in lightbulb A burns out, then the following is
true for light bulb B:

(@) It is turned off;
(c) it gets dimmer; (d) it gets brighter.
Question 16

An observer at O views two closely spaced lines on the bot-
tom sheet through an angled slab of plastic with parallel faces,
exactly as shown in the figure(gelow.

(b) its brightness does not change;

—

plastic right

v/ [ S

Compared to when there is no plastic, the lines appear to the
observer

(a) the same but shifted to the right;
(b) shifted to the left and spaced further apart;

(c) shifted to the right and spaced closer together;
(d) exactly as they do without the plastic slab.



Question 17

If all of Earth’s polar ice were suddenly to melt into the
oceans, in the short term the length of the day would

(@) increase; (b) remain the same;
(c) decrease; (d) first decrease, then increase.

Question 18

Two identical balls, A and B, of uniform composition and ini-
tially at the same temperature, each absorb exactly the same
amount of heat. A is hanging down from the ceiling while
B rests on the horizontal floor in the same room. Assuming
no subsequent heat loss by the balls, which of the following
statements is correct about their final temperatures, 7, and
Ty, once the balls have reached their final dimension?

-

A B

O

@ T, < Tg; (b) T, > Tg;
© T, = Tg; )T, < T
Question 19

Two uncharged balls A and B, each very light and coated with
a conducting material, hang vertically side by side just touch-
ing each other. A positively-charged glass rod is brought near
ball A without touching it. Now A and B are separated and
then the glass rod is removed. If Qa and Qg represent the
electric charges on A and B, respectively, you conclude that

(@ Qa<0and Qg <0; (b)) Qa <0and Qg > 0;
©)Qa>0and Qg < 0; (d)Qa > 0and Qg > 0;

Question 20

You are travelling at constant speed in an airtight car with a
balloon floating motionless next to you. Suddenly, you slam
on the brakes so as to stop the car quickly. During deccelera-
tion, with respect to the car the balloon

(@) moves forward;  (b) remains motionless;
(c) moves backward;

Question 21

Due to tidal friction on Earth, the radius R of the Moon’s orbit
is increasing at the rate of a few centimetres per year. During
this process, the Moon’s angular momentum

(d) can move forward or backward.

(a) remains constant since its speed decreases;
(b) remains constant but its total energy increases;
(c) increases as v/ R while its total energy increases;

(d) decreases as v/R while its kinetic energy decreases.

Question 22

In order to measure the speed v of blood flowing through an
artery, a uniform magnetic field B is applied in a direction
perpendicular to the flow and a voltmeter measures the volt-
age across the diameter D of the artery, at right angles to B.
If positive and negative ions in the blood are longitudinally at
rest with respect to the flow, the speed of the flow is closest to

(@) v=V/BD; (b)v=BD/V;
(c)v=VD/B; (d)v=DB/VD.
Question 23

A bar magnet with its north (N) and south (S) poles as shown
below is initially moving to the left, along the axis of, and
away from a circular conducting loop. A current I is induced
in the loop, with a the acceleration of the magnet due to this
current. As seen from the magnet looking in the direction of
the loop,

(@) I runs clockwise and a points to the left;

(b) I runs counterclockwise and a points to the right;
(c) I runs clockwise and a points to the right;

(d) I runs counterclockwise and a points to the left.

Question 24

You are moving a negative charge ¢ < 0 at a small constant
speed away from a conducting spherical shell on which re-
sides a negative charge @ < 0. The electrostatic field of @
is E. Let U be the total energy of ¢, W, the work done by
the force F', you exert on ¢, and W the work done by the
electrostatic force F'g on g. Then, as ¢ is being moved,

(@) Wq= —WE, and therefore U remains constant;
(b) F4= —FFE, and therefore U remains constant;
(c) U increases;
(d) U decreases;

Question 25

An ice cube of pure fresh water floats on pure fresh water in
a glass. A huge ice shelf, also of pure fresh water, floats on
the ocean away from Antarctica. Neglecting the contribution
due to the density of air, as the ice cube and the iceberg melt,

(a) the water level rises both in the glass and in the ocean;
(b) the water level does not change in either case;

(c) the water level stays the same in the glass but rises in
the ocean;

(d) the water level decreases in the glass but stays the same
in the ocean.



Part B

Problem 1

A uniform ball of mass M = 1.00Kg is released from rest at
the surface of a pond and sinks vertically into the water. An
observer, wishing to determine the density of this ball, mea-
sures the time-dependence of the angle « between the vertical
at his position, a distance h above the surface, and the direc-
tion of the ball’s apparent instantaneous position (see figure).
The horizontal distance between the observer and the initial
position of the ball is d.

The drag force acting on the ball as it sinks is well approxi-
mated at low speed v by Fysg = —bv, where b is a constant.
We also take the density of water to be py, = 1000 kg/m? and
its refraction index as ny, = 1.33.

(a) Derive an expression for the instantaneous depth y of the
ball as a function of a, A, and d.

(b) Having calculated the depth of the ball as a function of
time, the observer can then construct the following table
for the speed of the ball as a function of time:

] Time [s] ‘ Speed [m/s] H Time [s] ‘ Speed [m/s] ‘

0.000 0.000 0.225 0.8425
0.010 0.0910 0.275 0.8767
0.025 0.2086 0.325 0.8966
0.075 0.5081 0.375 0.9082
0.125 0.6823 0.425 0.9145
0.175 0.7836 0.475 0.9155

From these data, find the initial acceleration of the ball
and estimate at which value its speed will stabilise. Then
calculate the density of the ball and obtain a value for the
drag coefficient b.

Problem 2

Bicycle headlights are often powered by a generator, with the
rim of the generator’s shaft rolling against the tire’s rim due
to the rotation of the wheel. The shaft is rigidly connected to
a coil within the generator which rotates in a magnetic field
B.

In one such generator, the coil has 125 turns of wire and a
cross-sectional area of 0.0010 m?2, immersed in a field of mag-
nitude 0.080 T. At the area of contact with the tire, the rim of
the generator’s shaft has a radius of 1.25 cm. The tire’s diam-
eter is 66 cm.

(a) If the lightbulb in the headlight needs 5.0 W of average
electrical power, corresponding to a voltage amplitude of
4.0V, to produce a decent amount of light, calculate the
linear speed of the bicycle needed, assuming no slipping
anywhere in the problem.

(b) Calculate the torque that must be supplied by the bicycle
wheel to produce the required average electrical power
for the bulb. State briefly two other simplifying assump-

tions that must be made.

(c) What is the amplitude of the current induced in the coil
under these conditions?

To the extent that the lightbulb obeys Ohm’s Law, and
that its resistance is constant, by what factor would the
power delivered to the bulb increase if the cyclist tripled
the bicycle’s speed (presumably downbhill or at the Tour
de France)?

(d)

Problem 3

The long jump as an Olympic sport dates back at least as far
as 700 BC. Unlike in the modern Olympics, it was practised
not only from a running start, but also from a standing start.
The length of a jump was measured (as it still is) from the
point where the back of the feet touched the ground on land-
ing. Paintings on ancient Greek vases depict athletes jumping
from a standing start while holding compact weights in both
hands. Examples of these have been dug up by archaeolo-
gists, and typical ones, made of stone or lead, each have a
mass of around 3 kg.

(a) Write a short paragraph explaining qualitatively how ath-
letes could boost their performance, ie. jump further from
a standing start, by carrying such weights. More pre-
cisely, describe what they would have done with the
weights during the jump.You can accept that, as biome-
chanics research has shown, a loaded body could take off
at the same speed and angle as an unloaded one.

Estimate by how much the length of a 3 m jump could be
increased for a 65 kg athlete jumping at an angle of 50°.
Remember that this takes place from a standing start, not
a running start like today’s long jump. You can take the
centre of mass of the body to be at a height of 1 m above
ground and the length of the arms to be 65cm. Also, at
the moment of take-off, the athlete is leaning forward so
that his shoulders are about 15cm in front of the centre
of mass of his body.

(b)
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Problem 1
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T~ i
e f---- d------ > surface
Vi

(a)

(a)
Let = be the horizontal distance from the point where
the ball was released, to the point where a ray originat-
ing from the instantaneous position of the ball at depth y
crosses the surface and reaches the observer.

From Snell’s law we have sin a Ny sin 3, where
nyw = 1.33 is the index of refraction of water.

From geometry, we can also write:

r = d— htana
tan 8 = z/y
Then
T cos 1—sin?p
= =z = x| ——
Y7 tanp sin 8 sin’ 3

Nw

(d — h tan «) (sina>2 -1

The initial acceleration ag can be calculated from the firs
velocity point in the data table. Velocity changed from 0
to 0.091 m/s in 0.01 s, which gives ag = 9.10 m/s2.

The terminal speed can be read off the table as approxi-
mately vr = 0.916 m/s2.

The total instantaneous downward force F' acting on the
ball when it has speed v is

F = Mg — psVg — v (1)

where M g is the gravitational force, p,,V g is the upward
buoyancy force if the ball has volume V, and bv is the
drag force. By Newton’s second law, F' = Ma, where a
is the acceleration of the ball..

Initially, v is small enough that the drag force can be ig-
nored, and we can write

F = ppatVg—pwVg = pranVao
with pp,y the density of the ball. Thus,

_Pw

1—ap/g
1000 kg/m?®

1—19.10/9.80

1.4 x 10* kg/m?

Phall =

On the other hand, when the speed v has reached its fina
value vy, the acceleration vanishes and eq. (1) becomes

0= Mg — psVg — bug = (1 — P VMg — bus
Pball
Solving for b yields
b = @ (1 — pW)
vf Prall
_ (1.00kg)(9-80m/s*) (. 1.00 x 10°kg/m®
N 0.916 m/s 1.4 x 104 kg/m®
= 9.9kg/s
Problem 3

(a)

(b)

The centre of mass of the body of the athlete loaded with
the weights follows a parabolic trajectory. Then, if the
jumper thrusts the weights forward at arm’s length as he
jumps, the centre of mass lies a bit forward and higher
from its position if there were no weights. In mid-flight
the athlete then swings the weights down and backward
before landing, which puts the point of contact of his feet
at a position slightly further ahead with respect to the cen-
tre of mass then if no weights were carried. There is also
an extra enhancement coming from the upward vertical
motion of the body with respect to the centre of mass as
the weights are swung down before landing, in effect ex-
tending the parabolic trajectory a bit further downward,
and therefore further forward.

Let M be the mass of the body and m the total mass of

the weights. The position of the centre of mass is given
by R=(X,Y):

Mrq + mry
M+m

! + %Tz
1+m/M

R =



where 7 and 79 are the positions of the centre of mass
of the body and the centre of mass of the weights, respec-

Problem 2

tively. The shift in the position of the centre of mass of (a) Since the generator shaft contacts the tire very close to

the body due to the weights is then

Mry + mrs T+ T2
AR = = —
M+m 1+m/M "
B Ar
1+ M/m

where Ar = r9 — ry. With M = 65kg and m = 6kg,
this gives AR = 0.085 Ar.

Let us break down the effect into three parts, two hori-
zontal ones and one vertical.

o At take-off, the weights are held at arm’s length
(arms horizontal). Assuming 65 cm as the length of
the arms, plus another 15 cm for the horizontal po-
sition of the shoulders relative to the centre of mass
ofthe body, we have Az = x5—x; = 80 cm, which
gives AX = 6.8cm.

e At landing, the arms are swung backwards. We as-
sume that at landing the arms make an angle of 40°
with the vertical. Then the centre of mass of the
body is 0.0845 sin40°(60 cm) = 3.3 cm ahead of
the centre of mass of the system.

e Vertically, if the athlete lands in a crouching posi-
tion, it is reasonable to assume that the vertical po-
sition of the weights has shifted by up to one metre
between take-off and landing. Therefore, when the
trajectory of the system’s centre of mass is back to
its starting height above ground, the centre of mass
of the body is higher by about AY = 0.085x1m =
8.5 cm. The angle of the trajectory being about 50°,
the corresponding horizontal extension of the length
of the jump is AX = AY/tan50° = 7.1 cm.

Totalling these three contributions gives an extension of
the jump’s length of about 17 cm. This is of course quite
dependent on the assumptions we made, but gives a rea-
sonable estimate.

(b)

(©)

(d)

its edge, we can take its tangential speed v to be that of
the bicycle wheel, and therefore the linear speed of the
bicycle itself. This is related to its rotational speed w by
v = wr, where r is the radius of the shaft.

As is readily derived from Faraday’s law applied to the
rotating coil with NV turns and area A, immersed in a uni-
form magnetic fiel with magnitude B, the voltage output
of the generator as a function of time is:

£ = wNBA sinwt

and its amplitude is therefore £,y = wN BA. Combin-
ing these expressions leads to

r&
NBA
B (1.25 x 1072 m)(4.0V)
~ (125)(0.080T)(1.0 x 10—3 m?)

= 5.0m/s

The average torque supplied by the tire’s rotation is given
by 7 = P/w, with P the average mechanical power. If
we ignore any loss due to (1) friction and (2) the resis-
tance of the coil, P is also the average electrical power
produced by the generator. Then

rP/v
(1.25 x 1072 m)(5.0 W)

5.0m/s
= 1.25x 1072N-m

T =

The power amplitude Py« is twice the average power,
and the maximum current is therefore:

Imax = Prax/Emax = (10W)/(4.0V) = 2.5A
Assuming that the lightbulb obeys Ohm’s Law, the power
it consumes goes like the square of the voltage supplied
at constant resistance. Since that voltage goes like the
linear speed of the bicycle, power is proportional to v?.

If that speed triples (to 15 m/s, or 54 km/hr), the power
supplied is multiplied by 9. The bulb may well burn out!
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This is a three-hour exam. National ranking and prizes will
be based on a student’s performance on both sections A and B
of the exam. Performance on the multiple-choice questions in
part A will be used to determine whose written work in part
B will be marked for prize consideration by the CAP Exam
National Committee. The questions in part B have a range of
difficulty. Do be careful to gather as many of the easier marks
as possible before venturing into more difficult territory. If an
answer to part (a) of a question is needed for part (b), and you
are not able to solve part (a), assume a likely solution and at-
tempt the rest of the question anyway. No student is expected
to complete this exam and parts of each problem may be very
challenging.

Non-programmable calculators may be used. Please be care-
ful to answer the multiple-choice questions on the answer
card/sheet provided; most importantly, write your solutions
to the three long problems on three separate sheets as they
will be marked by people in different parts of Canada. Good
luck.

Data

¢ =3.00 x 108 m/s
G = 6.67 x 10~ N-m?/kg?

Speed of light
Gravitational constant
Radius of Earth R = 6.37 x 10° km

Mass of Earth M =6.0 x 10**kg

Radius of Earth’s orbit Reg = 1.50 x 10%km
Acceleration due to gravity ¢ = 9.80 m/s?

Fundamental charge e=1.60x10"19C

Mass of electron mg=9.11 x 10~* kg

Mass of proton mp = 1.673 x 10727 kg
Planck’s constant h =6.63 x10734Js
Coulomb’s constant 1/4me, = 8.99 x 109 J-m/C?

Part A: Multiple Choice

Question 1

A child throws a ball toward the front end of an approaching
train. The collision between the ball and the train is perfectly
elastic. Let v be the speed of the ball with respect to the train
and V its speed with respect to the ground. If the labels*i”
and “f” refer to those speeds just before and just after, re-
spectively, the ball hits the train, then

@ v =viand Vi < V4; (b) vi < vrand Vi < V4
(€) vi > vrand Vi < V%; (d) vi =vrand Vi > V4.
Question 2
A physics textbook of mass m rests flat on a horizontal table
of mass M placed on the ground. Let N, ., be the contact
force exerted by body “a” on body “b”. According to New-
ton’s 3" Law, which of the following is an action-reaction
pair of forces?
(@ mg and N tapie—book;
(b) (m + M)g and NN tale—book;
(©) N ground—tavle aNd M g + N book—tavle;

(d) N ground—table and N table—ground-

Question 3

At some time ¢, two identical balls, A and B, are set rolling
without slipping at the same speed from one end of two tracks
which are identical with the same horizontal length, except
that track B has a dip in the path of ball B, as shown in the fig-
ure. The straight portions of the tracks are horizontal. Gravity
is uniform throughout. Which ball reaches the other end first?

Q
A

TN

(a) Ball A;
(b) neither, since both arrive at the same time;
(c) ball B;
(d) ball A, but only if the dip is deep enough.

Question 4

To a good approximation, Earth and Jupiter move around the
Sun in circular orbits of 1.49 x 108 km and 7.79 x 10° km
radius, respectively. What is the maximum error that can
arise in the prediction of solar eclipse times (as observed from
Earth) on Jupiter caused by one of its moons if one fails to
take into account the variation of the relative position of the
two planets?

(@) 2.6 x 10%s;
(€) 5.0 x 10%;

Question 5

Experiment shows that two perfectly neutral parallel metal
plates separated by a small distance d, attract each other via
a very weak force, known as the Casimir force. The force
per unit area of the plates, F, depends only on the Planck
constant h, on the speed of light ¢, and on d. Which of the
following has the best chance of being correct for 7?

(b) 3.1 x 103s;
(d) 9.9 x 102s.

@ F = he/d? (b) F = hc/d*;
©) F = hd?/c; d) F = d*/he.
Question 6

A simple pendulum of length L with a bob of mass m is taken
into Earth orbit on the International Space Station. Its fre-
quency of oscillation with respect to that on the ground is

(a) greater; (b) smaller but non-zero;

(c) the same; (d) zero.

Question 7

When you turn on a battery-operated portable music-playing
device, how long must you leave it on for electrons leaving
the negative terminal of the battery to reach the positive ter-
minal if their path lies within good conductors?

(@) A few milliseconds; (b) a few tenths of a second;

(c) a few microseconds; (d) a few minutes.
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Question 8

Circuit A is made of resistors connected in series to a battery;
circuit B is made of resistors connected in parallel to a bat-
tery. Let P be the power drawn from the batteries. As the
number of resistors in each circuit is increased,

(@) Pa increases and Py decreases;
(b) both P and Pg increase;

(c) P decreases and Pg increases;
(d) Pa and Pg remain the same.

Question 9

According to a simplified but still useful model, the drag force
due to air resistance on a moving car goes like the square of
the car’s speed v. Suppose that the maximum speed of a car
is limited only by this drag force. If the power of the car’s en-
gine were increased by 50%, the top speed of the car would
increase by about

(a) 50%; (b) 15%;
(c) 22%; (d) 30%.
Question 10

A projectile is launched with an initial velocity v;, with vj,
and wj, the horizontal and vertical velocity components, re-
spectively. When is there a point on its trajectory after launch
where its velocity is perpendicular to its acceleration?

(a) Always; (b) only if v, #0 and vj,, points upward,

(c) only if v, #£0; (d) always, except if vi,, = 0.
Question 11

Three charged conducting metal spheres, of radius R, Rs,
and Rg, are connected together by wires. Let Ry < Ro < Rs.
At equilibrium, which of the following sets of relations in-
volving the electric field strength E generated by a sphere, its
potential V', and its charge @, must hold between the spheres?

(@ Vi =Va=V;,
(b) Vi =V, =15,
() Vi < Vo< V3,
d) Vi >Vo >V,

E1 < By < E3, Q1 < Q2 <Qs;
E1 > Ey > E3, Q1 < Q2 < Qs;
E1 < E; < E3, Q1=0Q2=Qs3;
E1 < By < E3, Q1> Q2> Qs;

Question 12

A ball of mass m attached to an inextensible string of length
R in swung around a vertical circle just fast enough so that
the string is always fully stretched. Let AT denote the differ-
ence between the tension in the string at the bottom and at the
top of the circle, v, and v, the speed of the ball at the bottom
and at the top, respectively. Then, taking “dependence” to be
with respect to a set of independent variables,

(@) AT isindependent of R, vy and vy;

(b) AT isindependent of R, but depends on v — v?;
(c) AT dependson R, but on neither v, nor vy;

(d) AT dependson R and v — v},
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Question 13

An object of mass m hangs motionless from a vertical spring.
When the object is pulled down to a new rest position, the
total mechanical energy of the system

(@) increases; (b) remains the same;

(c) decreases; (d) may increase or decrease depending on

the new position.
Question 14

As more and more negative electric charge is being brought
to a conducting sphere, inside the sphere

(a) the electric field and potential increase;

(b) the electric field stays constant and the potential in-
creases;

(c) the electric field stays constant and the potential de-
creases;

(d) the electric field increases and the potential decreases.

Question 15

A static magnetic field of about 0.01 T in strength can erase
data on the magnetic strip of a credit card. What would be
roughly the minimum diameter of a long straight wire car-
rying a 100 A current for which your card would be safe no
matter how close you take it to the wire?

(@) 0.2mm; (b) 1 mm;
() 2mm; (d) 4 mm.
Question 16

A string of length L is composed of two segments of equal
length. One segment has linear mass density 1, and the other
other o # p1. One segment is tied to a wall, and the string
is stretched by a force, applied to the other segment, which
is much greater than the total weight of the string. If 7T} is
the tension in the i™ segment, and v; the speed of a transverse
wave propagating along that segment,

@ vy =vand Ty = Ty; (b) vy # ve and Ty = To;
(C) V1 = Vg and T 75 Ts; (d) V1 7’5 Vo and T 7& 1.

Question 17
A perfectly straight portion of a uniform rope has mass M
and length L. At end A of the segment, the tension in the
rope is Ta; atend B it is Tg > Ta. The tension in the rope at
a distance L/5 from end A is

(@) T — Th; (b) (Ta + TB)/5;

(©) (4Ta + Ts)/5; (d) (Ta —T8)/5.

Question 18

Two spheres are identical except that sphere A is white
whereas sphere B is black. After they have been in thermal
contact long enough with each other and their surroundings,
in the visible range,

(a) A radiates less than B;
(b) both emit the same amount of radiation;
(c) A radiates more than B;

(d) A radiates more than B only if its temperature is high
enough.
2
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Question 19

An aircraft bound for Vancouver and coming from Montréal
is flying due west. Its body and wings are covered in alu-
minium. At some point on its flight path, the Earth’s magnetic
field points north and downward. The point on the plane’s ex-
terior which is then at the highest potential is

(@) the nose (front); (b) the tail (back);
(c) the tip of the right wing; (d) the tip of the left wing.

Question 20

You are on the shore of a canal of uniform width d and want
to reach a point a distance L > d away along the other shore
as quickly as possible. To achieve this, you first run along
the shore at constant speed v;, then jump in the canal and
swim directly toward your target at constant speed v < w1,
both being your maximum speeds. The water in the canal is
motionless. The angle of your trajectory in the water with
respect to the shore must obey:

(@) cosf = vy /vg; (b) cosf = /v? /v —1;
(€)cos = 1 —d/L; (d)cosf = vy/v.

Question 21

Exactly half of a rectangular conducting loop lies in a uni-
form magnetic field perpendicular to the plane of the loop.
At some point in time, the magnitude of the magnetic field
starts rapidly decreasing. While this is happening, which of
the following statements most accurately describes the effect
on the loop?

(@) The loop is pulled into the magnetic field;
(b) the loop is pushed out of the magnetic field;

(c) the loop starts rotating;

(d) the behaviour of the loop cannot be determined unless
the direction of the magnetic field is completely speci-
fied.

Question 22

Two otherwise identical spaceships have different solar sails:
sail A is a perfect reflector, sail B is a perfect absorber. Each
starts at the same distance from the Sun and travels radially
outward. Let Apa and Apg be the momentum gained by the
ships after travelling equal distances. Then

(@) Apa = Apg; (b) Apa > Apg;
(c) Apa < Apg; (d) Apa = Apg = 0.
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Question 23

If there were only one transmitter, and you were separated
from this transmitter by the many tall buildings to be found in
downtown Toronto, spaced about 30 m apart on average, with
which of the following would you be most likely to experi-
ence dead spots (places with very poor or no reception)?

(a) AM radio stations (frequency 1 MHz);
(b) FM radio stations (frequency 100 MHz);
(c) cell phones (frequency 1000 MHz);

(d) all of the previous equally.

Question 24

A horizontal cathode ray tube (CRT) is set so that its electron
beam produces a spot of light at the centre of the screen when
no external electromagnetic field is present. When you look
straight at the screen, however, you discover that the spot, in-
stead of being at the centre as it should, is shifted a bit to the
right. Suspecting what the cause of this deflection may be,
you rotate the CRT by 180° around its vertical axis. Facing
the screen, you find that the spot of light is still shifted to
right of centre by the same distance as before. You conclude
that the CRT is immersed in

(@) an electric field directed horizontally to the left with re-
spect to the screen’s initial position;

(b) an electric field directed horizontally to the right with
respect to the screen’s initial position;

(c) amagnetic field directed vertically upward with respect
to the screen’s initial position;

(d) a magnetic field directed vertically downward with re-
spect to the screen’s initial position;

Question 25

Light rays from a very distant source travel along the +2 di-
rection. Two identical thin lenses with focal length f > 0 and
their optical axis along z, sit, one at x = 0, and the other at
x = d < f. Where do the rays focus?

f(f—=d). f(f—d).
@d + my (b)d — sz,
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Part B

Problem 1

A magnetohydrodynamic (MHD) generator is a device that
converts part of the kinetic energy of a streaming hot gas into
electrical energy. At its operating temperature of between
2000 and 3000K, the gas is readily ionised. As schemati-
cally shown in the figure, the ions and electrons enter a re-
gion between two electrodes (here, parallel conducting plates
of area A separated by a gap d) in which a uniform and con-
stant magnetic field B has been set up, pointing straight out
of the page. Their initial velocity v is parallel to the plates.
A resistor R is connected to the plates. The magnetic field is
strong enough that many charged particles will hit the elec-
trodes and charge them before they can exit. This creates a
time-varying potential difference V' between the plates.

®
O

—

@BE d

R

(a) On a diagram, display all the forces acting on a positive
ion at some generic position between the plates. Use your
diagram to show that the ion experiences a braking force
a soon as its velocity has a component transverse to the
plates.

(b) Then, as a crude approximation, assume that any elec-
tric field E arising from the process is uniform every-
where between the plates. Assume also that the trans-
verse component of the velocity of the charges remains
everywhere much smaller than its longitudinal compo-
nent, and that the latter therefore is pretty uniform. The
gas obeys a generalised Ohm’s law, according to which
J = o(E + v x B), where J is the transverse current
density between the plates and o is the conductivity of

the gas.

Obtain an expression for the current I flowing through
the resistor in terms of v, B, and R.

(c) Derive an expression for the output voltage V' that does
not explicitly contain R.

Problem 2

A 1000kg satellite is orbiting the Earth at an altitude of
400 km. It receives electrical power from a solar panel of
area A = 10m?2. At this altitude, Earth’s atmosphere is
very tenuous, with a density p ~ 10~'! kg/m3. Neverthe-
less, over time, the friction force generated by collisions of
the molecules and the panel might cause the satellite to lose
altitude.

2005

(a) Assume that in such collisions, the molecules become
embedded in the solar panel. If the satellite is moving
at speed v, find an expression for the maximum retarding
force on the solar panel in terms of p and of the radius of
the satellite’s orbit. Make any other reasonable assump-
tion.

(b) Estimate how much altitude the satellite might lose over
one week because of this friction. If you make assump-

tions, do not forget to justify them briefly.

(c) Somebody claims that as the satellite loses altitude it also
loses speed because of the friction. Comment briefly.

Problem 3

In a mood for some physics as you look at a sailboat on a lake,
you wonder about its stability when a strong wind blows from
the side. The sailboat leans over in the wind and the question
is whether its keel can prevent it from being blown over com-
pletely.

Analyze the stability of the sailboat using the following over-
simplified model.

Consider the hull of the sailboat as an airtight hollow cylin-
der. On top of this cylinder and perpendicular to it sits a mast
carrying a square sail, assumed to be always parallel to the
length of the hull. Attached to the bottom of the hull is a keel
in the shape of a square always parallel to the sail. A heavy
lead weight forms the bottom of the keel under water. Other
than the lead weight, consider mast, sail, hull, and keel to be
weightless. Somewhat unrealistically (it would make tacking
difficult), you can also assume that the sail extends all the way
from the bottom to the top of the mast.

(a) Establish a relationship between wind speed and the an-
gle 0 the mast will tilt away from its initial upright posi-
tion when a wind with speed v blows perpendicular (ini-
tially) to the sail. Other assumptions may be made so
long as they are explicitly stated and, as much as possi-
ble, justified.

In this simplified model, is this boat stable in all wind
speeds? Since you may not be able to find a general so-
lution for the angle 6 as a function of v, you are welcome
to obtain solutions valid only for small 8 or for large 6.
The expansion (1 + z)” = 1+ nz + ... forz < 1 may
be useful.

(b) The following data, loosely based on the Catalina Capri —
16, are given for a small sailboat. Area A of sail is 12 m?,
mass M of lead weight 190 kg, depth d of keel below wa-
ter level, technically known as draft, 0.75m, height h of
mast 6.6 m, specific gravity of lead, supposed to be the
part at the bottom of the keel that acts as a stabiliser, 11.3.

Also, air density is 1.2 kg/m?3.
With these data, at what wind speed will 6 be 30°? 60°?
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Part B
Problem 1

(@)

(b)

(©

In the figure below, the electric force F'g and the mag-
netic force F'g on the ion are displayed. The resultant net
force F' has a centripetal component (perpendicular to
the trajetory), which does not change v, and a tangential
component opposite v which slows down the ion.

Assuming that v remains approximately longitudinal, in
a first approximation the transverse current density is

J = oc(vB — E)

Since the potential difference V' between the plates is
equal to Ed as well as to RI, we can write the current
I as

I =JA = Ao (vB—-1IR/d)

Solving for I gives:

_ vBd
o d/cA + R

Since V' = RI, we can solve for RI in the next-to-last
equation and obtain

V = vBd — Id/oA]

Problem 2

@

(b)

The force on the panel, or the rate of momentum change,
is equal to the product of the number of molecules that
strike the panel per unit of time with the change of mo-
mentum of individual particles when they collide with the
panel. Since the molecules are absorbed, they come to
rest and the change is equal to the incident momentum
itself.

If n is the number of molecules per unit volume, the
number that strike the panel per unit of time, or flux,
is equal to the product of n with the surface A of the
panel and the component of the molecules’ velocity per-
pendicular to the panel. The momentum of an individual
incident molecule perpendicular to the panel is its mass
m times the component of of its velocity perpendicular
to the panel. Since nm = p, the mass density of the
molecules, this gives F = pAv?, with v the average
speed of the molecules with respect to the panel, when
the flux is perpendicular to it.

We assume that this average speed is that of the satel-
lite in its orbit, ie. we neglect the intrinsic motion of the
molecules, whose average speed with respect to the Earth
is an order of magnitude lower than the satellite’s speed
(= 7 km/s). Then, with r the orbital radius of the satellite,

F = pAwr
= pA(4n®/T?)r
= pA(GM/r*)r

- o877

The rate what which energy is lost because of this retard-
ing force is P = F - v = —Fwr. Again, from Kepler’s
third law, w = \/GM /r3, and we obtain

(T is the period of the orbit)
(Kepler’s third law)

P = — pA(GM/r3)3/?

To find the resulting rate of change in the radius, we
observe that the total energy of the satellite is £ =
—GMm/2r. If we calculate AE = Ey— E; correspond-
ing to Ar = r, — 71, we see that if we can assume that
Ar < ry, ro, then we can approximate ro ~ ry = r, SO
that AE = (GMm/2r?)Ar, from which immediately
follows
Ar = (2r?/GMm)PAt

so long as we can assume that the rate of energy loss is
small and constant on the time scale of interest.

Combining with the second boxed equation above yields:

Ar = —%\/GMrAt

m




Inserting numbers and At ~ 6 x 10°s (a week), gives

[~ k]

The answer is consistent with our assumption of reason-
ably slow orbit decay, but it also shows that the satellite
would not stay very long in orbit unless it gives itself a
small compensating boost quite often.

Problem 3

(a) Similar to problem 2, the initial force exerted by the wind

onthe sail is F' = pAv?, where p is air density, A the area
of the sail, and v the wind speed.

When the mast is tilted at angle 6 with respect to the ver-
tical, the component of the force perpendicular to the sail
is pAv? cos? . This force exerts a torque about the hull,
with moment arm %hcos 0. The total torque of the wind
force is then

1
Tw = ipAhv2 cos> 6

A counter-torque is provided by the lead mass at the bot-
tom of the keel. We should take into account the buoy-
ancy of the lead. If M is the mass of the lead, then its
net weight is (1 — pwater/Plead) M g. The moment arm is
dsin 6, so that the opposing torque from the keel is

K = (1 pwater) Mgdsin 6
Plead

Imposing the condition for equilibrium, =, = 7, and
solving for v, we obtain

1/2
2 (1 — ”Wﬁ) Mgdsin 0

Plead

pAh cos3 0

v =

where 6 is now the equilibrium angle.

Writing the answer in this form makes it easy to check
that dimensions are correct, since the denominator in the
bracket is obviously a mass, and it is well known that v
has the same dimensions as /gd.

Let us rewrite the previous expression after inserting
cos?0 =1—sin?6:

2

B
(1—sin?6)® = - sin? @
v

where
L 2 (1 2= Mgd

Plead

pAh

This is a cubic equation which is not that easily solved if
you don’t have a good calculator or a computer at hand.
Nevertheless, one can look at the small-angle solution us-
ing the binomial expansion: (1 —sin?#)3 ~ 1 — 3sin? 6.
Then, in the limit of small 8 angles,

1

sinf ~ ———
(3+ B2/v?)

One sees that 8 increases smoothly with v, as expected.
In the large-angle approximation, for 6 approaching 90°,
it is best to recast our result for v in terms of cos 6:

v 1 —cos?6

B2 (cos? )3
1 . .
~ W in the limit of large 6

Then we get immediately:

sinf ~ y/1— (B2/v4)l/3

This is seen to approach 1 smoothly; more important,
there exists a solution. Thus, the range 0 < v < oo maps
smoothly to the range 0 < 6 < 90°, so that equilibrium
can be maintained at any finite speed.

(b) Inserting the data yields for & = 30° and

v = 13.6m/s |for § = 60°
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Canadian Association of Physicists
2006 Prize Exam

This is a three-hour exam. National ranking and prizes will
be based on a student’s performance on sections A, B, and C
of the exam. Part A consists of twenty multiple-choice
questions; part B consists of five questions that require
graphic solutions. The problems in part C can also require
graphing.
Performance on questions in parts A and B will be used to
determine whose written work in part C will be marked for
prize consideration by the CAP Exam National Committee.
The questions in part C have a range of difficulty. Do be
careful to gather as many of the easier marks as possible
before venturing into more difficult territory. If an answer to
part (a) of a question is needed for part (b), and you are not
able to solve part (a), assume a likely solution and attempt
the rest of the question anyway. No student is expected to
complete this exam and parts of each problem may be very
challenging.
Non-programmable calculators may be used. Please be
careful to answer the multiple-choice questions on the
answer card/sheet provided; most importantly, write your
solutions to the three long problems on three separate
sheets as they will be marked by people in different parts of
Canada. Good luck!

Data
Speed of light ¢ = 3.00x10* m/s
Gravitational constant G = 6.67x10"" N~m2/kg2
Acceleration due to gravity g = 9.80 m/s’
Fundamental charge e =1.60x10"° C
Mass of electron m,=9.11x107" kg
Mass of proton my= 1.67x 10%" kg
Planck’s constant h = 6.63x107* J-s
Coulomb’s constant 1/(4me) = 8.99x10° N-m%/C?
Boltzmann constant k = 1.38x107 J/K

Part A: Multiple Choice
Question 1
A uniform meter stick is supported on a fulcrum at the 25-
cm mark. A 0.50-kg object is hung from the 0-cm end of the
meter stick, and the stick is balanced horizontally. The mass
of the meter stick is:

(a) 0.25kg; (b) 0.50 kg;
(c) 0.75 kg; (d) 0.75 kg;
Question 2

The radius of the Earth is 6.37-10°m. Approximately how
fast is a person on the Equator moving due to the Earth
rotation?

(a) 5 m/s

(b) 50 m/s

(c) 500 m/s

(d) 5000 m/s

Question 3
In a certain region of space, the electric field is zero. From
this we can conclude that the electric potential in this region
is:
(a) constant;
(c) positive;

(b) zero;
(d) negative;

Question 4

A bullet of mass m and speed v hits a pendulum bob of mass
M at time ¢;, and passes completely through the bob. The
bullet emerges at time #, with a speed of v/2. The pendulum
bob is suspended by a stiff rod of length / and negligible
mass. After the collision, the bob can barely swing through
a complete vertical circle. At time £, the bob reaches the

highest position. EORN
\ ~

What quantities are conserved NN
in this process? N
(a) Total kinetic energy a \
of the bob and the !
bullet during the time /
interval At=1t,—1; . Vv /2
(b) Total momentum of *—> sl ad
the bob and the bullet
during the time interval At = £, - ¢; .
(c) Total mechanical energy of the bob and the bullet
during the time interval #; — ¢;.
(d) Momentum of the bob after #,.

Question 5
The diagram shows a circuit with four identical light bulbs.

120V AC

® ®

©O—©

When we remove bulb A from the circuit, the light intensity
of bulb C:

(a) remains the same;

(b) increases;

(c) decreases;

(d) becomes zero.

Question 6
The amplitude of an electromagnetic wave in vacuum is
doubled with no other changes made to the wave. As a
result of this doubling of the amplitude, which of the
following statements is correct?

(a) The speed of propagation of the wave changes.

(b) The frequency of the wave changes.

(c) All of the above are true.

(d) None of the above is true.

Question 7
Two objects are initially at rest on a frictionless surface.
Object 1 has a greater mass than object 2. The same
constant force starts to act on each object. The force is
removed from each object after it accelerates over a
distance d. After the force is removed from both objects,
which statement is correct (p: momentum; K: kinetic
energy)?

(@) pi<pz; (©) Ki> Ky;

(b) p1 > p2; (d) Ki<Ko.



Question 8
A dart is loaded into a spring-loaded toy dart gun by
pushing the spring in by a distance d. For the next loading,
the spring is compressed a distance 2d. How much faster
does the second dart leave the gun compared to the first?

(a) four times as fast;

(b) two times as fast;

(c) the same;

(d) half as fast;

(e) one-fourth as fast.

Question 9
One of two parallel metallic plates is uniformly charged
with charge + ¢, and the other one is charged with charge -¢.
In this case, the electric field between them is E. When the
negatively charged plate is discharged then recharged with a
positive charge 4q, the electric field between the plates
becomes:

(a) O;

(b) 1.5E;

(c) 25E;

(d) 3E;

(e) SE.

Question 10
A uniform magnetic field B

is directed out of the page. A’ (&) (& & )
metallic wire has the shape

of a square frame and is OpPoOoE
placed in the field as shown. Ol ONONON ©
While the shape of the wire

is steadily transformed into a O ONONONC
circle in the same plane, the 06 6.0 0

current in the frame: B
(a) is directed clockwise;
(b) does not appear;
(c) 1is directed counterclockwise.

Question 11
The drawing shows velocity (v) versus time (#) graphs for
two cyclists moving along the same straight segment of a
highway from the same point. The second cyclist starts
moving at ¢t = 3.0 min.
At what time do the two cyclists meet?

(a) 4.0 min;

(b) 6.0 min;

(¢) 12 min.

Question 12

Two solid spheres manufactured of the same material freely
fall down in the air. One sphere has a diameter twice as
large as the other. The force due to air resistance is
proportional to the cross-sectional area of a moving object

3

and is a quadratic function of the speed of an object. Some
time after the beginning of motion in the presence of air
resistance, the velocity of each sphere becomes constant. It
is called the terminal velocity. The ratio of terminal
velocities of the spheres Vpig/Vsman 1:

~ 1
b) 2 c) —;
(b) (c) )

(@) 2; (d)

2

Question 13
Astronauts are weightless in orbit because:

(a) they are beyond the pull of gravity;

(b) they travel in the accelerated frame of reference
where fictitious centrifugal force is equal to
centripetal force, and the net force on an
astronaut is zero;

(c) they are in free fall together with their spacecraft;

(d) of another cause.

Question 14

Two solid objects of the same mass are supplied with heat at
the same rate AQ / At. The temperature of the first object
with latent heat L; and specific heat capacity c; changes
according to graph 1 on the diagram. The temperature of the
second object with latent heat L, and specific heat capacity
¢, changes according to graph 2 on the diagram.

Temperature

Time

Based on what is shown on the graph, the latent heats L, and
L,, and the specific heat capacities ¢; and ¢, in solid state
obey which of the following relationships:

@ L;>Lyc<cy

(b) Li<Lyci<ecy

(c) There is not enough information to determine these

relations;
(d) L;>Lycr>cy
(e)

L; <Ly c;>cs. A
Question 15

A light ray strikes a prism as
shown in the drawing. The
angles of the prism are 90°, 2
45°, and 45°. The critical
angle of the prism material is

Incident

49°.  What rays are the
possible continuations of the v
incident ray? 3

(a) Theray 1 only.

(b) Theray 2 only.

(c) Theray 3 only.

(d) Bothrays1 and 3.

(e) Bothrays 2 and 3.

>



Question 16
You stand on a platform at a train station and listen to a train
horn as the train approaches the station at a constant
velocity. While the train approaches, but before it arrives,
you hear:
(a) the intensity and the frequency of the sound both
increasing;
(b) the intensity and the frequency of the sound both
decreasing;
(c) the intensity increasing and the frequency
decreasing;
(d) the intensity decreasing and the frequency
increasing;
(e) the intensity increasing and the frequency
remaining the same;

Question 17

A linear conductor with current I; is placed along the axis of
a circular conductor, which carries current I,.

The magnetic force acting on each of the conductors is:

(a) zero;

(b) directly proportional to the product of currents I,
and I,, and inversely proportional to the radius of
the circular conductor;

(c) directly proportional to the product of currents I;
and I,, inversely proportional to the square of the
radius of the circular conductor;

(d) directly proportional to the product of current I,
current I,, and the area of a circular conductor;

Question 18
An aquarium is filled with water. The lateral wall of the
aquarium is 40 cm long and 30 cm high. Using 10 m/s* for
the acceleration due to gravity, and 1 g/cm’ for the density
of water, the force on the lateral wall of the aquarium is:

(a) 36N;

(b) 90N;

(c) 180N;

(d) 1500 N.

Question 19
A satellite is moved from one circular orbit around the earth,
to another of lesser radius. Which of the following is true?
(a) The kinetic energy increases and the potential
energy increases;
(b) The kinetic energy increases, and the potential
energy decreases;
(c) The kinetic energy decreases and the potential
energy decreases;
(d) The kinetic energy decreases and the potential
energy increases.

Question 20

A point particle carries a positive charge +g and is
maintained at an a distance /4 above a large conductive
uncharged plate. The electric force of interaction between
the charge and the plate is best described as:

(a) zero force;

(b) an attractive force proportional to g/h’;
(c) an attractive force proportional to ¢°/4’;
(d) an attractive force proportional to g’/ 4h’;
(e) arepulsive force proportional to ¢°/ h”.

Part B: Problems that require graphic solutions

Question 21

A heavy pendulum bob is swinging back and forth when the
string, supporting it, suddenly breaks. Ignoring the mass of
the string and air resistance, draw the path of the subsequent
motion of the bob if the string breaks when the bob is at its
highest point.

Question 22

A long vertical tube with a weightless movable piston inside
has its lower end under water. The tube is motionless
throughout the experiment. The cross-sectional area of the
piston is A. The initial position of the piston is just over the
surface of the water. Then it is slowly moved upwards.
Sketch a graph of the force necessary to lift the piston as a
function of the height of the piston.



Question 23

On the same graph, draw the following two functions: 1)
kinetic energy versus speed of a particle according to
classical mechanics and 2) the same function for Einstein’s
relativistic theory.

Question 24

An electron is moving at a constant velocity in a region of
space with a uniform electric field of 1.0-10° N/C and a
uniform magnetic field of 1.0-10°T. The electric field has
only an x-component while the magnetic field has only a y-
component.

Sketch a vector diagram for the velocity of the electron, the
magnetic field, and the electric field in the Cartesian system
of coordinates.

Question 25

A brick is on an incline whose angle of inclination can be
changed from 0 to 90 degrees.

Sketch a graph of the force of friction acting on the brick
versus the angle of inclination in the given range.

Part C: Problems
Problem 1

X Fext

60600 o>

Sand from a stationary hopper falls onto a moving conveyor
belt at a rate of 5.00 kg/s as shown above. The conveyor belt
is supported by frictionless rollers and moves at a constant
speed of 0.75 m/s under the action of a constant horizontal
external force F.y supplied by the motor that drives the belt.
Find:

1) the force of friction exerted by the belt on the sand;

2) the external force Fey;

3) the work done by Feyin 1 s;

4) the kinetic energy acquired by the falling sand each

second due to the change in its horizontal motion;
5) compare and analyse the answers to 3) and 4).

Problem 2

A source of electric power with electromotive force £ and

internal resistance 7, is connected to a resistor.

1) Find the power delivered to the resistor as a function of
the resistance of the resistor.

2) Find the power produced by the source as a function of
the resistance of the resistor.

3) Sketch graphs of these two functions.

4) Treating the efficiency of the source as the ratio of
power consumed to power produced by the source, find
the efficiency of the source of electric power as a
function of the resistance of the resistor and sketch the
graph of this function.

5) Find the resistance of the resistor that corresponds to
the maximum power delivered to the resistor, and
calculate the efficiency for this resistance.

Problem 3

A point source of light is moving uniformly along a straight
line, which intersects the optical axis of a converging lens
under a small angle a at a distance 2F from the lens with a
focal distance F. The speed of the source of light is v,.

L Draw the lens, the trajectory of the source of light,
and the trajectory of its image produced by the
lens.

il. Draw the vector diagram for the velocity of the

source of light, the velocity of the image, and the
relative velocity of the image with respect to the
source.

ii. Determine the minimum relative speed of the
image of the source of light with respect to the
source.
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of the exam. Performance on the questions in parts A and B
will be used to determine whose written work in part C will
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Data
Speed of light ¢ = 3.00x10° m/s
Gravitational constant G = 6.67x10"" N-m*/kg’
Acceleration due to gravity g = 9.80 m/s’
Fundamental charge e =1.60x10™"° C
Mass of electron m, = 9.11x10”" kg
Mass of proton m,= 1.67x 107 kg
Planck’s constant h = 6.63x107* J-s
Coulomb’s constant 1/(4neg) = 8.99x10° N-m?/C?
Boltzmann constant k = 1.38x10™ J/K

Part A: Multiple Choice
Question 1
A meter stick is supported on a fulcrum at the 25-cm mark.
A 0.50-kg object is hung from the 0-cm end of the meter
stick, and the stick is balanced horizontally. The mass of the
meter stick is:
(a) 0.25kg;

(b) 0.50 kg; *

(c) 0.75 kg;

(d) 1.0kg
Solution
Condition of equilibrium for torques with respect to the
fulcrum is: 0.50x0.25 =Mx0.25—M=0.50 kg

Question 2

The radius of the Earth is 6.37-10°m. Approximately, how
fast is a person on the Equator moving due to the Earth
rotation?

1. 5Sm/s

2. 50m/s

3. 500m/s *

4. 5000m/s
Solution

The relationship between the angular speed (@) and the
linear speed (v) gives: v = wR, where R is the radius of the
Earth. If T is a period of rotation, ® =2n / T, and T = 24 x
3600 s.

v=2nR/T=4.63x10" = 500 m/s

Question 3
In a certain region of space, the electric field is zero. From
this we can conclude that the electric potential in this region
is:
(a) constant; *
(b) zero;
(c) positive;
(d) negative.
Solution
In general, only (a) is the correct answer, because in the
absence of field its work on a charge is zero; work is
charge multiplied by the potential difference. Therefore,



the potential difference must be zero, and the potential
is everywhere the same.

Question 4

A bullet of mass m and speed v hits a pendulum bob of mass
M at time ¢, and passes completely through the bob. The
bullet emerges at time ¢, with a speed of v/2. The pendulum
bob is suspended by a stiff rod of length / and negligible
mass. After the collision, the bob can barely swing through
a complete vertical circle. At time #;, the bob reaches the

highest altitude. N

What quantities are conserved ‘\“,z"\\

in this process? u N

(a) Total kinetic energy k
of the bob and the

bullet during the time
interval At=1,—¢;.

- CHJ W
o —> o>
the bob and the bullet

(b) Total momentum of

during the time interval Az =¢,- ¢;. *
(c) Total mechanical energy of the bob and the bullet
during the time interval #; — ¢,.
(d) Momentum of the bob after ¢,.
Solution
(a) and (c) are wrong, because of the energy loss during the
motion of the bullet inside the bob;
(d) is wrong, because an object experiences the external
force of gravity that changes momentum.
(b) is the correct answer.

Question 5
The diagram shows a circuit with four identical light bulbs.

120V AC
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When we remove bulb A from the circuit, the light intensity
of bulb C:

(a) remains the same;

(b) increases;

(c) decreases;*

(d) becomes zero.
Solution
The equivalent resistance of the part of circuit with the bulb
B increases after the removal of the bulb A. This entails the
reduction in current through the bulb C.

Question 6
The amplitude of an electromagnetic wave in vacuum is
doubled with no other changes made to the wave. As a
result of this doubling of the amplitude, which of the
following statement is correct?

(a) The speed of propagation of the wave changes.

(b) The frequency of the wave changes.

(c) All of the above are true.

2
(d) None of the above is true.
(d) is correct because an amplitude, a speed of propagation,
and a frequency of the wave are independent variables.

Question 7

Two objects are initially at rest on a frictionless surface.
Object 1 has a greater mass than object 2. The same
constant force starts to act on each object. The force is
removed from each object after it accelerates over the
distance d. After the force is removed from both objects,
what statement is correct (p is a momentum; K is a kinetic
energy)?
(a) p1<p2;
Solution
(b) Object 2 has a greater acceleration because of its smaller
mass. Therefore, it takes less time to travel the distance d.
Even though the force applied to objects 1 and 2 is the same,
the change in momentum is less for object 2 because 4t is
smaller.

®pi>ps* (©K>Ky; (D) Ki<K,.

Question 8
A dart is loaded into a spring-loaded toy dart gun by
pushing the spring in by a distance d. For the next loading,
the spring is compressed a distance 2d. How much faster
does the second dart leave the gun compared to the first?

(a) four times as fast;

(b) two times as fast;*

(c) the same;

(d) half as fast;

(e) one-fourth as fast.
Solution
According to the law of conservation of energy, the
potential energy of a spring transforms into the kinetic
energy of a dart. The potential energy is proportional to the
square of the compression, and kinetic energy is
proportional to the square of the initial speed of the dart.
Therefore, the speed increases the same number of times as
the compression does.

Question 9
One of two parallel metallic plates is uniformly charged
with the charge + ¢, and the other one is charged with the
charge —q. In this case, the electric field between them is E.
When the negatively charged plate is recharged with a
positive charge 4¢, the electric field between the plates
becomes:

(a) 0;

(b) L5SE;*

(c) 2.5E;

(d) 3E;

(e) SE.
Solution
Initially, the field between two plates was E; = g / (dgy),
where 4 is the area of the plate, and ¢, is the permittivity of
free space. This was a result of addition of the fields of two
plates. After the replacement of the negatively charged
plate, the field can be calculated as:



g 49 _  3q
24¢, 2A4e, 24¢,
The magnitude of the field increases by the factor 1.5.

E, =E +E, =

= —1.5E,

Question 10
A uniform magnetic field B

is directed out of the page. A’ (& ) & )
metallic wire has the shape

of a square frame and is OPOOE
placed in the field as shown. & D ® ©® [
The shape of the wire is

steadily transformed into a (ON ONONONC
circle in the same plane.

The current in the frame: © 0O G)BG) ©

(a) is directed clockwise;*

(b) does not appear;

(c) 1is directed counterclockwise.
Solution
The area of a circle is greater than the area of a square with
the same perimeter. During the transformation of the shape
of the frame, the magnetic flux through the frame is
increasing. It results in the induction of electric current in
the loop. According to the Lenz’s law, the current produces
the magnetic field of the opposite direction to the external
field whose flux is increasing. Therefore, the direction of the
induced current is clockwise.

Question 11
The drawing shows velocity (v) versus time (f) graphs for
two cyclists moving along the same straight segment of a
highway from the same point. The second cyclist starts
moving at = 3.0 min.
At what time do the two cyclists meet?

(a) 4.0 min;

(b) 6.0 min;*

(¢) 12 min.

»
»

0 3.0

¢, min
Solution

From the slopes on the graph, we can obtain the ratio of
accelerations of the two cyclists:

a,/a; = 4. The distances traveled by the two cyclists must be
equal:

altz_az(t—3)2_az_( t jz'
2 2 a \t-3)°

o =2;=t=6min
t-3
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Question 12
Two solid spheres manufactured of the same material freely
fall down in the air. One sphere has a diameter twice as
large as the other does. The force due to air resistance is
proportional to the cross-sectional area of a moving object
and is a quadratic function of the speed of an object. In
some time after the beginning of motion in the presence of
air resistance, the velocity of each sphere becomes constant.
It is called the terminal velocity. The ratio of terminal
velocities of the spheres Viig/Vomai 18:

] ]
(b)~/2 ;¥ © —

(d
2
Solution

The uniform motion with the terminal velocity is possible
when the force of gravity of the object is equal to the force
of the air resistance:

2 3 2
Mg=kv2i; D7g=kv27m,; (1), where
4 6 4
M is the mass of a sphere; d is its diameter; D is the density
of the material of the sphere; v is the velocity; and £ is the
constant coefficient for both spheres. From the equation (1),

v is proportional to \/E .

(@) 2;

Question 13
Astronauts are weightless in orbit because:

(a) they are beyond the pull of gravity;

(b) they travel in the accelerated frame of reference
where fictitious centrifugal force is equal to
centripetal force, and the net force on an astronaut
1S zero;

(c) they are in free fall together with their spacecraft;*

(d) of another cause (specify).

Solution

The single force acting on the spacecraft and the astronauts
inside is the force of gravity. Therefore, astronauts are in the
free fall.

Question 14

Two solid objects of the same mass are supplied with heat at
the same rate AQ / At. The temperature of the first object
with latent heat L; and specific heat capacity ¢; changes
according to the graph 1 on the diagram. The temperature of
the second object with latent heat L, and specific heat
capacity ¢, changes according to the graph 2 on the diagram.

‘ 1 /2

»

Temperature

Time

Based on what is shown on the graph, the latent heats L; and
L,, and the specific heat capacities ¢; and ¢, in solid state
obey the following relationships:

(@ L;>Lyc<cy

() L;<Lycr<cx*

v



(c) There is no information to obtain the relationship
between latent heats;

(d) L;>Lyc;>cy

() Li<Lyc;>co.
Solution
(b) The horizontal segment of the graph corresponds to the
melting of the solids. Under the same condition, the two
identical masses have different time of phase transition. The
time of the second object is greater, therefore, its latent heat
is also greater.
(e) Comparing the slopes of the diagrams for the solid state
of the two objects, we see that the same heat causes less
change of temperature for the second object. Hence, the
second object has the greater specific heat capacitance.

Question 15
A light ray strikes a
prism as shown in the
drawing. The angles of
the prism are 90°, 45°,
and 45°. The critical 2
angle of the prism
material is 49°. What
rays are the possible
continuations of the
incident ray? 3

1. Theray 1 only.

2. The ray 2 only.

3. Theray 3 only.

4. Bothrays 1 and 3.

5. Bothrays 2 and 3.*
Solution
The angle of incidence of the initial ray on the inclined side
of the prism is less than the critical angle, therefore, the
Snell’s law gives the possibility for the ray to be refracted in
the direction of the ray 2. In addition, there is also a
possibility of reflection along ray 3.

Incident|ray

Question 16
You stand on a platform at a train station and listen to a train
horn as the train approaches the station at a constant
velocity. While the train approaches, but before it arrives,
you hear:
(a) the intensity and the frequency of the sound both
increasing;
(b) the intensity and the frequency of the sound both
decreasing;
(c) the intensity increasing and the frequency
decreasing;
(d) the intensity decreasing and the frequency
increasing;
(e) the intensity increasing and the frequency
remaining the same;*
() the intensity and the frequency remaining the same.
Solution
The intensity of sound is increasing because the train
approaches. However, the frequency does not change if the
speed of the train is the same. Due to the Doppler’s effect
this frequency is shifted.
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Question 17
A linear conductor with current I; is placed along the axis of
a circular conductor, which carries current I,.
The magnetic force acting on each of the conductors is:

(a) zero;*

(b) directly proportional to the product of currents I;
and I,, and inversely proportional to the radius of
the circular conductor;

(c) directly proportional to the product of currents I;
and I,, inversely proportional to the square of the
radius of the circular conductor;

(d) directly proportional to the product of current I;,
current I,, and the area of a circular conductor;

Solution

Each conductor is parallel to the direction of magnetic field
lines of another conductor. If the wire with current is
parallel to the magnetic field line, the sine of the angle
between this two directions is zero, and the magnetic force
on the wire is zero.

Question 18
An aquarium is filled with water. The lateral wall of the
aquarium is 40 cm long and 30 cm high. Using 10 m/s” for
the acceleration due to gravity, and 1 g/cm’ for the density
of water, the force on the lateral wall of the aquarium is:

(a) 36N;

(b) 90 N;

(c) 180 N;*

(d) 1500 N.
Solution
The pressure P of water on the base of the aquarium is given
by: P = DgH, where D is the density of water; H is the
height of the wall. Pressure is a linear function of the height.
Therefore, the average pressure is half of the maximum one.
The force on the lateral wall can be found from: ¥ = P, HL,
where L is the length of the wall.

F=[(1000x10x0.3) / 2] x 0.3 x 0.4 = 180 N.

Question 19
A satellite is moved from one circular orbit around the earth,
to another of lesser radius. Which of the following is true?
(a) The kinetic energy increases and the potential
energy increases;
(b) The kinetic energy increases, and the potential
energy decreases;™*
(c) The kinetic energy decreases and the potential
energy decreases;
(d) The kinetic energy decreases and the potential
energy increases.
Solution
In the circular motion around the Earth, the centripetal force
on the satellite is a gravitational force. Therefore,
v’= GM /R, where M is the mass of the Earth, R is the radius
of the Earth G is the universal gravitational constant.
Therefore, the kinetic energy increases with the decrease in
the radius of the orbit. The gravitational potential energy is
negative and decreases with the decrease in radius.




Question 20
A little particle carries a positive charge +¢g and is
maintained at an altitude &£ over a large conductive
uncharged plate. The electric force of interaction between
the charge and the plate is better described as:

(a) zero force;

(b) an attractive force proportional to g/A’;

(c) an attractive force proportional to ¢*/A’;

(d) an attractive force proportional to g°/ 4h%;*

(e) arepulsive force proportional to ¢°/ 4°.
Solution
The lines of field of the point charge are everywhere
perpendicular to the surface of the conductive plane. The
pattern of the electric field lines over the plane is absolutely
the same as for the system of two identical and oppositely
charged particles separated by the distance 24. Therefore,
we can apply the Coulomb’s law to calculate the force.

Part B: Questions that require graphical solutions
Question 21

A heavy pendulum bob is swinging back and forth when the
string, supporting it, suddenly breaks. Ignoring the mass of
the string and air resistance, draw the path of the subsequent
motion of the bob if the string breaks when the bob is at its
highest point.

Solution

The motion will |
be vertically down i
under the force of !
gravity. No other '
forces are applied ~.lL
to the bob.

Question 22
A long vertical tube with a weightless movable piston inside
has its lower end under the water. The tube is motionless
throughout the experiment. The cross-sectional area of the
piston is A. The initial position of the piston is just over the
surface of the water. Then it is slowly moved upwards.
Sketch a graph of the force applied to lift the piston during its
motion as a function of the height of water under the piston.
Solution

The force will increase F

linearly until the pressure
of water under the piston
becomes equal to the
atmospheric pressure P.
After this moment, the
force becomes constant.

PoA [

»
»

Height of water
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Question 23
On the same graph, draw the following two functions: 1)
kinetic energy versus speed of a particle according to
classical mechanics and 2) the same function in relativistic

theory.
Solution A
¢ =3x10°m/s
Ex
a
c Speed

(a) Classical Mechanics  (b) Relativistic Mechanics

Question 24

An electron is moving at a constant velocity in a region of
space with a uniform electric field of 1.0-10° N/C and a
uniform magnetic field of 1.0-10°T. The electric field has
only an x-component while the magnetic field has only a y-
component.

Sketch a vector diagram for the velocity of the electron,
magnetic field, and electric field in the Cartesian system of
coordinates.

Solution

Y
X E

Question 25

A brick is on an incline whose angle of inclination can be
changed from 0 to 90 degrees.

Sketch a graph of the force of friction acting on the brick
versus the angle of inclination in the given range.

Solution Ff“
mg ;";,':—'-'- =
“mgsin(a)
pmg:

»
»

tan™ (1) 2

There are two segments of the graph: 1) when the brick is
motionless, and static friction exists; and
2) when the brick moves and the force of kinetic friction
acts on it. The motion starts when a=tan™ (1)

1) For the motionless brick: Fy = mgsin(a)

2) For the moving brick: Fj =umgcos(a)




Part C: Problems
Problem 1

X Fext

o000 o

Sand from a stationary hopper falls onto a moving conveyor
belt at a rate of 5.00 kg/s as in Fig.1. The conveyor belt is
supported by frictionless rollers and moves at a constant
speed of 0.750 m/s under the action of a constant horizontal
external force F., supplied by the motor that drives the belt.
Find:

1) the force of friction exerted by the belt on the sand;

2) the external force F.,;

3) the work done by Fyin 1 s;

4) the kinetic energy acquired by the falling sand each

second due to the change in its horizontal motion;

5) compare and analyse the answers to 3) and 4).
Solution
Introducing the vertical and horizontal axes of coordinates,
we can find the rate of change of the x-component of
momentum for the sand:

1) Bex (500 kg)(0.750 m /s)

At 100 s :

This change occurs due to the only horizontal force on the

Ap

(2) The belt is in equilibrium. It experiences the external
force and the force of friction from the sand:

> F,=ma,;: +E,— f=0and Fext:
(3) W = FArcos@= 375N (0.750m)ooso°=

1 1
4 E(Am)v2 :ES.OO kg(0.750 m/s)2 :

(5) Friction between the sand and the belt converts half of
the input work into internal energy of both objects.

sand — the force of friction: f=

Problem 2

A source of electric power with electromotive force £ and

internal resistance r, is connected to a resistor.

1) Find the power delivered to the resistor as a function of
the resistance of the resistor.

2) Find the power produced by the source as a function of
the resistance of the resistor.

3) Sketch graphs of these functions.

4) Treating the efficiency of the source as a ratio of the
consumed power to the power produced by the source,

6
find the efficiency of the source of electric power as a
function of the resistance of the resistor and sketch the
graph of this function.

5) Find the resistance of the resistor that corresponds to
the maximum power delivered to the resistor, and
calculate the efficiency for this resistance.

Solution

1)The power, delivered to a resistor, is given by:
2

= R . This function has a maximum at R = r.
(R+7)
Prax = E*/(47).
2) The power, produced by the source is :
E’ E’
= = (R+r)=
(R+7) (R+7r)
steadily decreasing with increasing of the resistance R
(when R =0, Ps=E*/r).
4) The efficiency is given by: e =R/ (R + r)

S . This function is

A
A SR
o
Pg =
5 3
: -
a 05 r--

P |

| :

- |

0 r R 0 r R
Resistance of an external resistor
Problem 3

A point source of light is moving uniformly along a straight
line, which intersects the optical axis of a converging lens
under a small angle a at a distance 2F from the lens with a

focal distance F. The speed of the source of light is v,.

Draw the lens, the trajectory of the source of light, and
the trajectory of its image produced by the lens.
Draw the vector diagram for the velocity of the source
of light, the velocity of the image, and the relative
velocity of the image with respect to the source.
Determine the minimum relative speed of the image of
the source of light with respect to the source.
Solution
First, we must investigate the trajectory of the image of the
source of light. The path AB of the source during some time
interval is shown on the diagram (fig 3.1) as an object. Its
image A’B’ is a trajectory of the image of the point source
of light during the same time interval.

Fig. 3.1



Due to the properties of the point at the double-focal
distance from the lens, the image of the object is also at the
double-focal distance from the lens. Therefore, the
trajectory of the image of the source of light A’B’ crosses
the optical axis at the point P’ at the distance 2F from the
lens. The triangles POC and P’OC are equivalent right angle
triangles, and thus, the trajectory of the source and the
trajectory of its image cross the optical axis of the lens
under the same angle o. The diagram shows the different
distances AB and A’B’, covered by the source and its image
during the same time interval, which permits to state that the
speeds of the source and the image are different.

While the object moves at the velocity vy, its image moves
at the velocity u along the line that crosses the optical axis
at distance 2F from the vertex of lens and has the same
magnitude of inclination a to the axis (fig.3.2).

Fig.3.2

The vector diagram of the velocities (fig.3.3) shows that the
relative velocity V has its minimum magnitude when it is
perpendicular to the vector #. From this condition, we can
obtain the result: |V]pi, = vgsin2a.

Vo

u V

Fig.3.3

The obtained condition, however, does not
permit us to conclude about the instantaneous
position of the source of light at the moment that
matches the result for the relative velocities, as
it is clear from fig. 3.1. The only general
conclusion is that the position of the source
must guaranty the following relationship
between the instantaneous speed of the source
and the instantaneous speed of its image:
vo<u
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Data
Speed of light ¢ =3.00x10® m/s
Gravitational constant G = 6.67x10™"! N-m*/kg’
Acceleration due to gravity g =9.80 m/s”
Density of fresh water p = 1.00x10° kg/m’
The normal atmospheric pressure Py = 1.01x10°Pa
Fundamental charge e =1.60x10"° C
Mass of electron m, = 9.11x10°" kg
Mass of proton m,=1.67x 107 kg
Planck’s constant 4 = 6.63x107* J's
Coulomb’s constant 1/(47ey) = 8.99x10° N-m*/C?
Boltzmann constant & = 1.38x10* J/K

Part A: Multiple Choice
Question 1
A book is placed on a chair. Then a videocassette is placed
on the book. The floor exerts a normal force:

(a) on all three;

(b) only on the book;

(c) only on the chair;

(d) upwards on the chair and downwards on the book.

Question 2

The figure shows two point sources (A and B) of coherent
mechanical waves of the same wavelength. Source B emits
waves that are +n radians out of phase with the waves from
source A. Source A is 34 distant from P and source B is 54
distant from P (1 is the wavelength).

B

P

The phase difference between the waves arriving at P from
A and B is

(a@)0rad (b)m/2rad (c)2rnrad (d)3mrad (e)4nrad

Question 3
What is the potential difference V3 — V, in the circuit
segment below if the current /= 1.5 A?

20 Q

AOL—_I‘IL—’\N\/—JI“—_—OB

20V 12V
()+22V (b)-22V (c)-38V (d)+38V (e)+2.0V

Question 4

The graph on the right shows a
velocity versus time graph for a
ball.

Which explanation best fits the
motion of the ball as shown by the

graph? 0

(a) The ball falls, is caught, andis ~ ~ V[ \

thrown down with a greater
velocity.

(b) The ball rises, hits the ceiling, and falls down.

(c) The ball falls, hits the floor, and bounces up.

(d) The ball rises, is caught, and then is thrown down.

Question 5

A light bulb A is rated at 60 W and a light bulb B is rated at
100 W. Both are designed to operate at 110 V. Which
statement is correct?

(a)
(b)
(©
(d)
(e)

The 60 W bulb has a greater resistance and greater
current than the 100 W bulb.

The 60 W bulb has a greater resistance and smaller
current than the 100 W bulb.

The 60 W bulb has a smaller resistance and smaller
current than the 100 W bulb.

The 60 W bulb has a smaller resistance and greater
current than the 100 W bulb.

We need to know the resistivities of the filaments to
answer this question.

Question 6
When a light ray travels between any two points, the path it
takes is the one that

(a)
(b)
(©)
(d)
(e)

covers the greatest distance;

avoids travel in more than one medium;

covers the least distance;

takes the least time;

is the mean between the longest and the shortest
paths.

Question 7

A fountain sends water to a height of 100 metres. What
must be the pressurization (above atmospheric pressure) of
the water system driving the fountain? 1 ATM = 10° N/m?.

(a) 10.8 ATM;
(c) 8.80 ATM;

(b) 9.80 ATM;
(d) 1.00 ATM.

-+



Question 8

A bead of mass m, attached to a string, is pushed and starts
to rotate in the vertical plane. Only the gravitaional force
influences the rotation of the bead. The difference between
the tension of the string when the bead is at the lowest point
(Tp) and when the bead is at the upper point (7y) is:

(@) Ty—T,=2mg;
(b) Ty—T,=6mg;
(¢c) T,—Ty=2mg;
(d) T,—Ty=>5mg;
(e) T,— Ty=6mg.

Question 9

Two identical particles, each with a mass of 4.5 mg and
charge of 30 nC, are moving directly toward each other with
equal speeds of 4.0 m/s at the instant when the distance
separating the two particles is equal to 25 cm. How far apart
will they be from each other at the point of closest
approach?

(a) 7.8 cm;
(d) 15 cm;

() 9.8 cm;
(e) 20 cm.

(¢) 12 cm;

Question 10
A straight wire of length L carries a current / in the positive
z direction in a region where the magnetic field is uniform
and specified by B, =3B, B, = - 2B, and B, =B, where B is a
constant. What is the magnitude of the magnetic force on
the wire?

(a) 1.0ILB;
(d) 421LB;

(b) 3.2ILB;
(e) 5.0ILB

(¢) 3.6 ILB;

Question 11

A spaceship of mass m circles a planet of mass M in a
circular orbit of radius R. How much energy is required to
transfer the spaceship to a circular orbit of radius 3R?

(a) GmMI(2R);
(d) GmM/(6R);

(b) GmM/(3R);
(e) 3GmM/(4R)

(c) GmM/(4R);

Question 12

Three simple pendulums with strings of different lengths
and bobs of different masses are pulled out from their
position of equilibrium to angles of 8;, 8, = 26,, and 0; =
30,, respectively. All angles 0;, 6, and 6; are very small. The
bobs are then released and start oscillating freely. Which
answer better matches the results of measurements of the
frequencies of the three pendulums?

() /1=2/> and f; =3 f3;

(b) f5=3f1and f>=2f;

©/fi=f2 =/

(d) We need to know the mass of each bob to find the
relationship between the frequencies;

(e) We need to know the length of each pendulum to find
the relationship between the frequencies.
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Question 13
The electric potential inside a charged solid spherical
conductor in equilibrium:

(a) is always zero;

(b) decreases from its value at the surface to a value of zero
at the centre;

(c) is constant and is equal to its value at the surface;

(d) increases from its value at the surface to a higher value
at the centre.

Question 14
For which process below will the internal energy of a
system NOT change?

(a) An adiabatic expansion or compression of an ideal gas;
(b) An isothermal expansion or compression of an ideal gas;
(c) An isobaric expansion or compression of an ideal gas;

(d) The freezing of a quantity of a liquid at its melting point;
(e) The evaporation of a quantity of a liquid at its boiling

point.

Question 15

A diver shines an underwater searchlight at the surface of a
pond whose water has an index of refraction n =1.33. At
what angle of incidence relative to the surface will the light
be totally reflected?

(a) 41°
() 51°

(b) 47°
(e) 58°

(c) 49°

Question 16

According to the Bohr model of the atom, an electron can
undergo a transition from one orbit that is closer to the
nucleus to another which is farther from the nucleus, by
absorbing a photon whose energy E depends on its
frequency fas E = hf, where h is Planck’s constant. An
energy of 13.6 eV is needed to ionize a hydrogen atom by
ejccting an electron from the lowest energy level. What is
the longest wavelength of a photon that can eject the
electron from the lowest energy level of the atom?

(a) 40 nm;
(b) 60 nm;
(c) 70 nm;
(d) 80 nm;
(e) 90 nm.

Question 17

One reason why we know that magnetic fields are not the

same as electric fields is because the force they exert on a

charge +q, is:

(a) in opposite directions in electric and magnetic fields if
the charge is moving;

(b) parallel to the magnetic field and perpendicular to the
electric field if the charge is moving;

(c) parallel to the electric field and perpendicular to the
magnetic field if the charge is moving;

(d) zero in the electric field and nonzero in the magnetic
field if the charge is not moving;



Question 18

In an experiment to prove
the existence of the light
pressure, two  vertically
oriented disks are attached ,‘
as shown to the ends of a K s

horizontal beam in an /
evacuated tube. The D
horizontal beam is|

suspended at its central point \
by a vertical wire. The

surfaces of the disks are Mirror
simultaneously illuminated Blf‘fk

by a parallel beam of light of disk

high intensity.

Which explanation best fits the behaviour of the two-disk
system?

(a) The horizontal beam is displaced from its equilibrium
position due to the equal light pressure on both discs.
(b) The horizontal beam rotates around the vertical wire

with the mirror moving in the direction of light
propagation and the black disk moving in the opposite
direction.

(c) The horizontal beam rotates around the vertical wire
with the black disk moving in the direction of light
propagation and the mirror moving in the opposite
direction.

(d) The experiment cannot show the existence of light

pressure because light has no mass.

Question 19

You are shown a photo of a car driven on a
vertical inside wall of a huge cylinder with a
radius of 50 m. The coefficient of static
friction between the car tires and the
cylinder is u ;= 0.8. The minimum speed, at
which the car can be driven like that, is:

(a) 20 km/h;
(d) 120 km/h.

(b) 70 km/h; (c) 90 km/h;

Question 20
An emf may be induced in

(a) a piece of linear wire when it moves in a uniform
static magnetic field;

(b) a closed loop of wire moving with a fixed
orientation at a constant velocity in a non-uniform
static magnetic field;

(c) a closed loop of wire moving with a fixed
orientation and accelerating in a uniform static
magnetic field;

(d) the cases described in (a) and (b) only;

(e) the cases described in (b) and (c) only.

Part B: Questions that require graphical solutions

Question 21

Two identical dielectric balls supported by insulating
threads hang side by side, touching each other. The two
balls are initially electrically neutral.

Sketch the position of the balls on their threads after one of
the balls is positively charged and the other stays neutral.
Sketch the electric field lines near the balls.

Question 22

A 71-kg man stands on a spring scale in an elevator. Starting
from rest, the elevator ascends, attaining its maximum speed
of 1.2 m/s in 0.80 s. It travels with this constant speed for the
next 2.0 seconds. The elevator then undergoes a uniform
deceleration downwards (in the negative y direction) for 1.9 s
and comes to rest.

Draw a diagram for the reading of the scale versus time
during the motion of the elevator.

Question 23

A spool of thread on a horizontal surface may roll without
slipping if someone pulls it by the free end of the thread.
The spool may roll toward or away from the person who
pulls the free end of the thread

depending on the direction of the

applied force.

Sketch a side-view diagram of the

spool of thread on the horizontal

surface which shows the direction of

the force applied to the free end of

the thread in such a way that this force does not cause the
rolling of the spool in either direction. The force belongs to
the plane of the drawing.

Question 24

Consider the motion of a mass attached to a spring.

Sketch the following two graphs one below the other using
the same scale for the time axis (in units of period):

1) Displacement of the mass versus time;

2) Kinetic energy of the mass versus time.

Question 25
A system consists of two ideal spheres with equal diameters
that move toward each other as shown.

The spheres undergo a glancing collision.

Sketch a vector diagram for the linear momentum of each of
the spheres and for the centre of mass of the system before
and after the perfectly elastic collision of the spheres.




Part C: Problems

Problem 1

A student working in a laboratory has to remove a heavy
box with new equipment from its initial position on the
floor to the opposite wall of the room, which is d metres
away. She may choose: either to pick up the box, to carry
it in her hands across the room, and then to drop it on the
floor in the new place; or to attach a rope to one of the
corners of the box and pull the box along the floor to the
new place. The mass M of the box and its contents is
printed on the package. Acceleration due to gravity g, the
coefficients of static and kinetic friction u, and gy for the
box material and the floor, and other constants are
available to the student in a handbook. After performing
some calculations, the student notes that u; < u, <l and
chooses the second method.

1) What physical quantities should the student compare
to choose the proper method of moving the heavy
box?

2) What parameter related to a quantity above shows an
advantage for one of the two methods? Estimate this
parameter for the two methods.

3) Draw a free-body diagram (i.e. a vector diagram) for
the chosen method of pulling the box with the
attached rope along the horizontal floor.

4) Dragging the box may be easier or harder. Express
the condition that makes dragging easiest in terms of
physics. Identify the parameter responsible for this
condition using your free-body diagram.

5) Using the parameter found, give a numerical
condition for the easiest way of moving the box by
the student.

Problem 2

Two parallel rails with negligible resistance are 10.0 cm
apart and are connected by a 5.00-Q resistor. The circuit
also contains two metal rods having resistances of 10.0 Q
and 15.0 Q sliding along the rails as shown in the figure.
The rods are pulled away from the resistor at constant
speeds of 4.00 m/s and 2.00 m/s, respectively. A uniform
magnetic field of magnitude 0.0100 T is applied
perpendicular to the plane of the rails.

4.00m/s

10.0 Q 15.0 Q

1) Determine the direction and the value of the current in
the 5.00 Q resistor.

2) Find the forces applied to the 10.0 Q and the 15.0 Q
rods.

3) What is the force applied to the segment of the circuit
with the 5.00 Q resistor?

2.00 m/s

5
4) If the segment with the 5.00 Q rod could slide along
the rails and was released at a given time, how would
this segment move (qualitatively)?

Problem 3
A soap film with an index of refraction n
= 1.33 is contained within a rectangular
wire frame. The frame is held vertically so
that the film drains downwards and
approximates the shape of a wedge with
flat faces near the top. The thickness of
the film at the very top is essentially zero.
The film is viewed in reflected white light
with near-normal incidence, and the first
violet (A = 420 nm) interference band is
observed 3.00 cm from the top edge of the
film.
1) Locate the first red (A = 680 nm)
interference band. X
2) Determine the film thickness at the
positions of the first violet and the
first red bands.
3) What is the wedge angle of the film?
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Part A: Multiple Choice
Question 1
A book is placed on a chair. Then a videocassette is placed
on the book. The floor exerts a normal force

(a) on all three;

(b) only on the book;

(c) only on the chair;

(d) upwards on the chair and downwards on the book.

Solution
Answer (c¢) is correct because the floor is in contact only
with the chair (the normal force is a force of reaction).

Question 2

The figure shows two point sources (A and B) of coherent
mechanical waves of the same wavelength. Source B emits
waves that are +n radians out of phase with the waves from
source A. Source A is 3\ distant from P and source B is 5\
distant from P (A is the wavelength).

A B

P

The phase difference between the waves arriving at P from
Aand Bis
(a)0rad (b)m2rad (c)2nrad (d)3mrad (e)4nrad
Solution

If two points are separated by the distance equal to the
wavelength /4, the phase difference between oscillations of
the wave in these points is equal to 27 rad. Without the
initial phase difference between the waves from two
sources, the paths difference in the point P would be 2,
which is equivalent to the phase difference of 4n rad. As the
wave, emitted from the point B, is @ rad ahead relative to the
phase of the wave from the point A, the resultant phase
difference in the point P is equal to (4 — ) rad = 3w rad.

Answer (d).



Question 3
What is the potential difference V3 — V, in the circuit
segment below if the current /= 1.5 A?

20 Q

A*I’—.'\'HHWHB

20V 12V
(@)+22V (b)-22V (¢)-38V (d)+38V (e)+2.0V

Solution
Vp—V,=-12V+20Qx(-1.5A)+20V=-22V.
Answer (b) is correct.

Question 4 &
The graph on the right shows the vy
velocity versus time graph for a ball.
Which explanation best fits the
motion of the ball as shown by the
graph?

Vi

—

0
(a) The ball is falling, is caught,and |
is thrown down with greater “Vi
velocity. \-\
(b) The ball is rising, hits the ceiling, and falls down.
(c) The ball is falling, hits the floor, and bounces up.
(d) The ball is rising, is caught, and then is thrown down.

Solution

At the beginning, the motion must be decelerated. So,
answers (a) and (c) are wrong. As in (d) it is said that the
ball is caught, it means that the ball is stopped. Some time
interval must be shown for the state of the ball in the hands
of a person, who has caught it.

(b) is the correct answer.

Question 5

A light bulb A is rated at 60 W and a light bulb B is rated at
100 W. Both are designed to operate at 110 V. Which
statement is correct?

(a)
(b)
(©
(d)
(e)

The 60 W bulb has a greater resistance and greater
current than the 100 W bulb.

The 60 W bulb has a greater resistance and smaller
current than the 100 W bulb.

The 60 W bulb has a smaller resistance and smaller
current than the 100 W bulb.

The 60 W bulb has a smaller resistance and greater
current than the 100 W bulb.

We need to know the resistivities of the filaments to
answer this question.

Solution

All answers suppose the calculation of a ratio of resistances
and currents for two bulbs. For resistances we use the
formula for power P as: P = V*/R; for currents the other
formula is more convenient: P = IxV.

SO, R60 / Rwo =100/60= 5/3, and 160 / Il()() =60/100 = 3/5.

2
Therefore, the bulb A has greater resistance and smaller
current through it.
Answer (b) is correct.

Question 6
When a light ray travels between any two points, the path it
takes is the one that

(a)
(b)
(©
(d)
(e)

covers the greatest distance;

avoids travel in more than one medium;

covers the least distance;

takes the least time;

is the mean between the longest and the shortest
paths.

Answer (d) is correct according to the Fermat’s principle.

Question 7

A fountain sends water to a height of 10 meters. What must
be the pressurization (above atmospheric pressure) of the
water system driving the fountain? 1 ATM = 10° N/m?.

(a) 10.8 ATM,; (b) 9.80 ATM;
(c) 8.80 ATM; (d) 0.980 ATM.
Solution

P, + Py = pgh + Py, where Py is the atmospheric pressure; p
is the density of water; g is acceleration to gravity; h is
given to be 100 m. P, = pgh = 1.00x10° x 9.80x10 / 10° =
0.980 ATM.

(d) is the correct answer.

Question 8

A bead of mass m, attached to a string, is pushed and starts
to rotate in the vertical plane. Only the gravitational force
influences the rotation of the bead. The difference between
the tension of the string when the bead is at the lowest point
(T;) and when the bead is at the upper point (7)) is:

Q-

(@ Ty-T,=2mg, , S

(b) Ty—T,=6mg; ¢

() T,—Ty="2mg; Y Ty + mg

(d) T,—Ty=5mg; ' ' 1\

(e) T,—Ty=6mg. \ ¢ dﬂ §
Solution \\ T, 7

For the lower position of the bead:
T, —-mg=mv;/R (1)

For the upper position of the bead:
Ty+mg=mvy’/R (2)

The law of conservation of energy
gives the following:

mv;*/2 = mvy?/2 + 2mgR  (3)
Subtracting equation (2) from (1) and taking into account
(3), we can obtain that

TL— Ty =2mg + 4mg = 6mg

Answer (e)




Question 9

Two identical particles, each with a mass of 4.5 mg and
charge of 30 nC, are moving directly toward each other with
equal speeds of 4.0 m/s at the instant when the distance
separating the two particles is equal to 25 cm. How far apart
will they be from each other at the point of closest
approach?

(a) 7.8 cm; (b) 9.8 cm; (¢) 12 cm;

(d) 15 cm; (e) 20 cm.
Solution
According to the law of conservation of energy:

2 2 2
my

2"V kL =k D where k= 9.0x10°Nm?/C.

2 7, X

1

Solving the equation for x, we obtain answer (a)

Question 10

A straight wire of length L carries a current / in the positive
x direction in a region where the magnetic field is uniform
and specified by B, =3B, B, = - 2B, and B. =B, where B is a
constant. What is the magnitude of the magnetic force on
the wire?

(a) 1.0ILB,; (b) 2.2 1ILB; (c¢) 3.6 ILB,
(d) 4.21LB; (e) 5.0ILB
Solution

x-component of the magnetic field B, does not act on the
wire where current is directed in x-direction. A magnitude
of a vector sum of y- and z-components of the magnetic
field is equal to

B, =+/(B)> +(-2B)> =~/5B =228

The magnitude of the magnetic force on the wire is given by
F=B IL=22ILB

Answer (b)

Question 11

A spaceship of mass m circles a planet of mass M in an orbit
of radius R. How much energy is required to transfer the
spaceship to a circular orbit of radius 3R?

(a) GmM/(2R);
(d) GmM/(6R);

(b) GmM/(3R);
(e) 3GmM/(4R)

(c) GmMI(4R);

Solution
According to the law of conservation of energy:
2 2
my; Mi my M;
Loty =L g
2 R 2 3R

The centripetal force is the gravitational force:

2
my; .
L =G Mirf , therefore the total energy on each orbit is:
R

R
E, = —LgMm. E,=-Lghm
2 R 2 3R
Woo_gMm _(_oMn ) _ o Mn
6R 2R 3R
Answer (b)

Question 12

Three simple pendulums with strings of different lengths
and bobs of different masses are pulled out from the
position of equilibrium to angles of 6;, 8, = 26,, and 05 =
30,, respectively. All angles 0,, 6, and 6; are very small. The
bobs are then released and start oscillating freely. Which
answer better matches the results of measurements of the
frequencies of the three pendulums?

(@) /1 =2 f2; and f; = 3 f;;

(b)f5=3frand f>=2f;;

©fi=f2 =f5

(d) Need to know the mass of each bob to find the
relationship among the frequencies;

(e) Need to know the length of each pendulum to find the
relationship among the frequencies.

Solution

For a simple pendulum oscillating at small angles of
deflection, the frequency depends only on the length of the
pendulum and on the value of g.

Therefore, the correct answer is (e).

Question 13
The electric potential inside a charged solid spherical
conductor in equilibrium:

(a) is always zero;

(b) decreases from its value at the surface to a value of zero
at the centre;

(c) is constant and is equal to its value at the surface;

(d) increases from its value at the surface to a higher value
at the centre.

Solution

The potential difference between the surface of a conductor
and any point inside the conductor is calculated according
to: Ay = — J‘ Edr = 0o > because the electric field inside

the sphere is 0. Therefore, the potential remains constant
inside the charged conductive sphere.
Correct answer is (¢).

Question 14
For which process below will the internal energy of a
system NOT change?

(a) An adiabatic expansion or compression of an ideal gas;
(b) An isothermal expansion or compression of an ideal gas;
(c) An isobaric expansion or compression of an ideal gas;

(d) The freezing of a quantity of a liquid at its melting point;
(e) The evaporation of a quantity of a liquid at its boiling

point.

Solution

For an ideal gas, the internal energy is proportional to the
temperature and remains constant for the isothermal process
only, because in this process the temperature is constant.
Answers (d) and (e) are also applicable to processes with the
constant temperature. However, the change of state is



accompanied by the change in the internal energy. In
example (d) the internal energy decreases; in the example
(e) the internal energy increases.

The correct answer is (b).

Question 15
A diver shines an underwater searchlight at the surface of a
pond whose water has an index of refraction n =1.33. At
what angle of incidence relative to the surface will the light
be totally reflected?

(a) 41° (b)47° (c)49° (d)51° (e) 58°
Solution
The angle of incidence of the initial ray on the surface is
counted from the normal line to the surface. The critical
angle of incidence a, is given by: sin a = 1/n; and o = 49°.
The angle of the incident beam relative to the surface is
given by 90° — a = 41°.
The correct answer is (a).

Question 16

According to the Bohr model of the atom, an electron can
undergo a transition from one orbit that is closer to the
nucleus to another which is farther from the nucleus, by
absorbing a photon whose energy E depends on its
frequency f'as E = hf, where h is Planck’s constant. Energy
of 13.6 eV is needed to ionize a hydrogen atom by ejecting
an electron from the lowest energy level. What is the longest
wavelength of the photon that can eject the electron from
the lowest energy level of the atom?

(a)40nm; (b) 60 nm; (c) 70 nm; (d) 80 nm; ()90 nm.
Solution

To answer the problem, we need to convert electron volts in
joules and use the relationship:

E=hc/A — A=hc/E=90 nm

Answer (e).

Question 17

One reason why we know that magnetic fields are not the

same as electric fields is because the force exerted on a

charge +q, is:

(a) in opposite directions in electric and magnetic fields if
the charge is moving;

(b) parallel to the magnetic field and perpendicular to the
electric field if the charge is moving;

(c) parallel to the electric field and perpendicular to the
magnetic field if the charge is moving;

(d) zero in the electric field and nonzero in the magnetic
field if the charge is not moving;

The correct answer is (c).

Question 18

In an experiment to prove the existence of the light pressure,
two vertically oriented disks are attached as shown to the
ends of a horizontal beam in an evacuated tube. The
horizontal beam is suspended at its central point by a

4
vertical wire. The surfaces of the disks are simultaneously
illuminated by a parallel beam of light of high intensity.
Which explanation best fits the behaviour of the two-disk
system?
(a) The horizontal beam is

displaced from its

equilibrium position due

to the equal light pressure = ‘

on both disks. .< | i
Light

(b) The horizontal beam
Mirror

rotates around the vertical |
wire with the mirror
moving in the direction of
light propagation and the
black disk moving in the
opposite direction.

(c) The horizontal beam rotates around the vertical wire
with the black disk moving in the direction of light
propagation and the mirror moving in the opposite
direction.

(d) The experiment cannot show the existence of light
pressure because light has no mass.

Black

lisk

Solution

The correct answer is (b) , because the mirror experiences a
greater force from the light beam changing its momentum
by 2p, due to the reflection (the analogue of the perfectly
elastic collision), while the black disk experiences only one
half of this force absorbing the incident momentum totally
(the analogue of the perfectly inelastic collision).

Question 19

You are shown a photo of a car driven on a
vertical inside wall of a huge cylinder with a
radius of 50 m. The coefficient of static
friction between the car tires and the
cylinder is x ;= 0.8. The minimum speed, at
which the car can be driven like that, is:

(a) 20 km/h;
(d) 120 km/h.

(b) 70 km/h; (c) 90 km/h;

Solution
Force of friction fs is directed upwards and relates to the
normal force N as: fg= N u g. Minimum velocity v
corresponds to fs = mg.

Normal force has to provide centripetal force:

N = mar =mV’ /r

smv’ /r =mg

V=gr/ns=9.8-50/0.8 m% s

v =25m/s = 90km/h

The correct answer is (c).

Question 20

An emf may be induced in

(a) a piece of linear wire when it moves in a uniform static
magnetic field;



(b) a closed loop of wire moving with a fixed orientation at
a constant velocity in a non-uniform static magnetic
field;

(c) a closed loop of wire moving with a fixed orientation
and accelerating in a uniform static magnetic field;

(d) the cases described in (a) and (b) only;

(e) the cases described in (b) and (c) only.

The correct answer is (d)

Part B: Questions that require graphical solutions
Question 21

Two identical dielectric balls supported by insulating
threads hang side by side, touching each other. The two
balls are initially electrically neutral.

Sketch the position of the balls on their threads after one of
the balls is positively charged and the other stays neutral.
Sketch the electric field lines near the balls.

Solution
The material of both balls is an insulator. Therefore, charges
cannot travel inside the balls. However, the electric field of
the charged ball induces the polarization of molecules in the
neutral ball and the neutral ball may be treated as a dipole.
However, the electric field of the dipole is weaker than the
field between the charged ball and the negative “end” of the
neutral ball. Therefore, the field lines everywhere have the
horizontal component from the charged ball to the neutral
ball. The position of the balls and their threads does not
change relatively to the initial one, as the balls attract each
other.

Question 22

A 71-kg man stands on a spring scale in an elevator. Starting
from rest, the elevator ascends, attaining its maximum speed
of 1.2 m/s in 0.80 s. It travels with this constant speed for the
next 2.0 seconds. The elevator then undergoes a uniform
acceleration downwards (in the negative y direction) for 1.9 s
and comes to rest.

Draw a diagram for the reading of the scale versus time
during the motion of the elevator.

Solution

During the first 0.80 seconds, the elevator was moving
upwards with constant acceleration; the scale showed the
constant weight = 71 x (9.8 + 1.2/0.80) N = 8.0x10°N.

5
During the next 2.0 seconds, the man traveled in an inertial
frame of reference; and the scale showed the weight =71 x
9.8 N=7.0x 10°N.
During the last 1.9 seconds, the scale showed the weight =
71x(9.8-12/1.9)N=6.5x 10" N.
At the moment the acceleration of the elevator changes, the
spring of the scale starts to vibrate. We have no data about
the elastic properties of the spring and should assume that
vibrations damp very fast, so that a tiny time interval is
needed to change the value of the spring’s expansion or
compression. Therefore, the real process cannot be shown as
three perfect steps on the graph.
& Waight'l0', N

2.0
n
a0
50
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Question 23
A spool of thread on a horizontal surface may roll without
slipping if someone pulls it by the free end of the thread.
The spool may roll toward or away from the person who
pulls the free end of the thread
depending on the direction of the
applied force.

Sketch a side-view diagram of the
spool of thread on the horizontal
surface which shows the direction of
the force applied to the free end of
the thread in such a way that this force does not cause the
rolling of the spool in either direction. The force belongs tagFy
the plane of the drawing.

Solution

Rolling is instantaneous rotation
about the contact point P. The
gravitational and normal forces
produce no torque about this point.
In Figure 23.1, the force Fy, N
applied at the critical angle Oc,, P
exerts zero torque about the spool’s
contact point with the ground and
so will not make the spool roll.
Students are expected to draw
only one diagram like in Fig.
23.1.

From the right-angle triangle,
shown in the supplementary Figure
23.2, observe that

Oc, =90° —p = 90° — (90°- ) =y
Thus, cos ¢, =cosy=r/R.

The direction of F,, depends on the
radius of the layer of threads on the spool (r) and the
external radius of the spool (R).




Question 24

Consider the motion of a mass attached to a spring.

Sketch the following two graphs one below the other using
the same scale for the time axis (in units of period):

1) Displacement of the mass versus time;

2) Kinetic energy of the mass versus time.

6
The diagram after the collision may vary if students have
not enough time to solve the problem with two laws of
conservation. However, it must show (1) that y-components
of the two momenta are equal in magnitude and oppositely
directed; (2) that the sum of x-components is equal to the
initial total momentum of the system; and (3) that the less

massive particle experiences the greater change in direction
Solution of motion and has the greater angle of scattering back.

Before sketching the graphs, we should write the formulae

for (a) the displacement vs. time; (b) the elastic potential Before the collision: A fter the collision:
energy of the spring vs. time and the kinetic energy of the IPiz P
mass vs. time. Let us assume that the mass starts to move Py k2
from the position with maximum displacement from the i P
position of equilibrium (graph (a)). ;ﬂ_.
(a) x=A cos ot;
(b) U =% kx* = % mo*A’cos’(ot); ¥
K=E-U=%kA>- % kx’ = ume’A’sin’(ot). I Pa
Both diagrams (a) or (b) are correct. Students are expected X

L 4

to draw only the blue graphs for kinetic energy without
graphs for potential energy.

Part C: Problems

Problem 1

A student, working in a laboratory, has to remove a heavy
box with new equipment from its initial position on the
floor to the opposite wall of the room, which is d metres
away. She may choose: either to pick up the box, to carry
it in her hands across the room, and then to drop it on the
floor in the new place; or to attach a rope to one of the
corners of the box and pull the box along the floor to the
new place. The mass M of the box and its contents is
printed on the package. Acceleration due to gravity g, the
coefficients of static and kinetic friction x; and  for the
box material and the floor, and other constants are

(&} (h)

N E TN "

K, i

F L available to the student in a handbook. After performing
- elasiv potential evergy o the spng & i some calculations, the student notes that u < p; <1 and
- bebteti e eengy of e ries chooses the second method.
Question 25 1) What physical quantities may the student compare to
A system consists of two ideal spheres with equal diameters choose the proper method of moving the heavy box?
that move toward each other as shown. 2) What parameter related to a quantity above shows an
advantage for one of the two methods? Estimate and
v._ compare this parameter for the two methods.
v/ 2m 3) Draw a free-body diagram (i.e. a vector diagram) for
< the chosen method of pulling the box with the
attached rope along the horizontal floor.
The spheres undergo a glancing collision. 4) Dragging the box may be easier or harder. Express
Sketch a vector diagram for the linear momentum of each of the condition that makes dragging easiest in terms of
the spheres and for the centre of mass of the system before physics. Identify the parameter responsible for this
and after the perfectly elastic collision of the spheres. condition using your free-body diagram.
5) Using the parameter found, give a numerical
Solution condition for the easiest way of moving the box by
There are only internal forces between two spheres, and the student.
therefore the linear momentum of the system is conserved.
Solution

This means that at any instant of time the linear momentum
of the center of mass must be same. The collision is not
head-on; therefore, the spheres scatter after the collision.
The diagram for the momenta before the collision must
show the relationship between two initial momenta (p, =
2p;); the magnitude and the direction of the total momentum
of the system. The system of coordinate is essential.

1) The student could compare the maximum force,
required to apply to the box, and the total work to be done
on the box. We can assume that the mass of the load was
rather great and therefore the student compared the
maximum force.



400 m/s

2) The maximum force to remove the box shows the
advantage of the second method. The maximum force to
apply to pick up the box in a vertical direction is its
gravitational force, or Fy = Mg. Dragging the box at a
constant speed with the help of a rope, inclined to the
horizontal with the angle 6, the student applies the force
Finer= e Mg /(cosO + . sin 6) (1), where g, < 1. Varying
6 from 0 to 90°, the student may apply the force from
e Mg < Mg to Mg, which corresponds the vertical lifting.
Therefore, any angle 6 < 90° gives an advantage in the
applied force compared to the method of lifting the box
vertically upward.

3) The free-body diagram includes the applied force F,
the gravitational force F,, the normal force n, and the

force of kinetic / F
Y {

friction Fy.
F, 1

x nt

4) In terms of Physics, “easier” means with the minimum
applied force F. From the free-body diagram:

n+ Fsin § = Mg

F cosO = w; n =y (Mg - Fsin 0)

Solving this system, we obtain the formula (1):

F =, Mg /(cosf + y; sin 6). To find F;,, we may find
the maximum for the expression cosé + y; sin 6. Thus, the
parameter responsible for “easier” or “harder” removing
the box is the angle 6.

5) The first derivative of the value cosd + g sin 6 with
respect to the angle 6 is

- sin @ + u; cos € = 0, which gives the condition for the
minimum force F as follows: tan 8 = u; < 1. We can
conclude that depending on the coefficient of friction the
angle 6 < 45°.

y
Fi=wn

Problem 2

Two parallel rails with negligible resistance are 10.0 cm
apart and are connected by a 5.00-Q resistor. The circuit
also contains two metal rods having resistances of 10.0 Q
and 15.0 Q sliding along the rails as shown in the figure.
The rods are pulled away from the resistor at constant
speeds of 4.00 m/s and 2.00 m/s, respectively. A uniform
magnetic field of magnitude 0.0100 T is applied
perpendicular to the plane of the rails.

2.00 m/s

5.00 €

10.0 €2

1) Determine the direction and the value of the current
in the 5.00-Q resistor.

2) Find forces, applied to the 10.0-Q and the 15.0-Q
rods.

15.0 0

3) What is the force, applied to the segment of the
circuit with the 5.00-Q resistor?

4) If the segment with the 5.00-Q rod could slide along
the rails and was released at a given time, how would
this segment move (qualitatively)?

Solution

Name the currents as shown in the diagram:

d=10.0cm;B=00100T; _I, _I,
- -

1) Left loop: T T
- || x x 111 X ||=—>
,=400m/s||x x x | x ||[v3=2.00m/s
Ri= =
M s.00@F |
X X X X X X X
R,=10.0Q R3=150Q

+Bdv, — LR, — LR, =0

Right loop: +Bdv;— LRy + IR, =0

Atthe junction: I, =1L+ L

Then, Bdv,—LR,— LR,— IR, =0
Bdvy; IR
L= 3 a0
R3 R3
BdwR, LR;R
So, Bdv, — L (R, + R, )————2-—++2=0
R3 R3

( Ry—wR, )
I= Bdk T J =145 pA (upwards)
R,R,+R;R;+R,R;
2) 1, =B LR 550,45 By = 1dB = 3.28x107N;
2
Magnetic force of the same magnitude opposes the
external force and is directed to the right.

[ =B LR g s Py = 1B = 1.82x107N

3

3) F, = [,dB =1.45x107N; F, is directed to the left
(right-hand rule). After the bar with the 5.00-Q resistor is
released, it starts to accelerate to the left until the instant
of time when its speed reaches 4 m/s. Since this moment,
the current /; changes its direction to the opposite one and
the bar starts to decelerate, then stops and starts moving to
the right. Therefore, the bar oscillates, but the position of
equilibrium is not stationary. The equilibrium position
moves to the left, and oscillation of the bar is not
harmonic.

Problem 3

A soap film with an index of refraction n =
1.33 is contained within a rectangular wire
frame. The frame is held vertically so that
the film  drains downwards and
approximates the shape of a wedge with flat
faces near the top.

The thickness of the film at the very top is
essentially zero. The film is viewed in
reflected white light with near-normal
incidence, and the first green (4 = 525 nm)




interference band is observed 4.00 cm from

the top edge of the film.

1) Locate the first violet (A = 420 nm) interference band.

2) Determine the film thickness at the positions of the

first violet and the first green bands.
3) What is the wedge angle of the film?

Solution
1) Bright bands are observed

when 2nt= (m +%) 1.
The first bright band (m = 0)

A
corresponds to nt= e Leta

subscript 1 identify the green band,

?
%

and the subscript 2 identify the
violet band.

Since - = % (see the figure), we

X b
have
t A 420
X, =X, f =x /1—? =4.00cm << =3.20cm
2) For the violet band:
A
t,="*2= 420nm _ 78.9nm
4n  4(1.33)
For the green band:
A
=== S25nm _ 98.7nm
4n  4(1.33)
3)
t .
0~tan6 =11 =287 _ ) 47,10 rad

x,  4.00cm

0
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Canadian Association of Physicists
2008 Prize Exam

This is a three-hour exam. National ranking and prizes will
be based on a student’s performance on sections A, B, and C
of the exam. Performance on the questions in part A will be
used to determine whose written work in parts B and C will
be marked for prize consideration by the CAP Exam
National Committee. Part A consists of twenty multiple-
choice questions; part B consists of three questions that
require graphic solution. The problems in part C can also
require graphing. The questions in part C have a range of
difficulty. Do be careful to gather as many of the easier
marks as possible before venturing into more difficult
territory. If an answer to part (a) of a question is needed for
part (b), and you are not able to solve part (a), assume a
likely solution and attempt the rest of the question anyway.
No student is expected to complete this exam and parts of
each problem may be very challenging.
Non-programmable calculators may be used. Please be
careful to answer the multiple-choice questions on the
answer card/sheet provided; most importantly, write your
solutions to the three long problems on three separate
sheets as they will be marked by people in different parts of
Canada. Good luck.

Data
Speed of light ¢ =3.00x10* m/s
Gravitational constant G = 6.67x10"" N-m*/kg’
Acceleration due to gravity g = 9.80 m/s’
Density of fresh water p = 1.00x10’ kg/m’
Specific heat capacity for water ¢ = 4.19x10°J/(kg-K)
The normal atmospheric pressure Py = 1.01x10°Pa
Fundamental charge e =1.60x10"° C
Mass of electron m, = 9.11x10>" kg
Mass of proton m,= 1.67x 10%" kg
Planck’s constant 4 = 6.63x107* J's
Coulomb’s constant 1/(4ney) = 8.99x10° N-m%/C?
Boltzmann constant k= 1.38x10™ J/K

Part A: Multiple Choice

Question 1

The Figure on the right shows

the electric field lines for two

point objects separated by a s

small distance. The charges ¢,

and ¢, can be identified as @

(a) g, is positive; g is negative;

q1/q: = -3;

(b) ¢, is negative; g, is positive;

q1/q: = -3;

(c) g, is positive; g, is negative; g,/q, = -1/3;

(d) ¢, is negative; g, is positive; g,/q, = -1/3;

(e) ¢, is zero with charges redistributed over the surface of
the object I due to electrostatic induction; ¢, is positive.

Question 2

As a simple pendulum swings back and forth, the forces
acting on the suspended object may produce positive work,
negative work or produce no work. Which of the forces if
any from the listed three below does no work on the
pendulum?

(a) Tension.

(b) Air resistance.

(c) Gravitational force.

(d) All the forces above do no work on the pendulum.

(e) All the forces above do work on the pendulum.

Question 3

A baseball bat is
made of wood of
uniform density. The @ ——— ]
bat is cut at the

location of its centre of mass, as shown. Which of the
following is true?

(a) The piece on the right has the smaller mass;

(b) The piece on the left has the smaller mass;

(c) Both pieces have the same mass;

(d) Impossible to determine without knowledge of the wood
density.

Question 4

A section of a hollow pipe and a solid cylinder have the
same radius, mass and length. They both rotate about their
long central axes with the same angular speed. Which of
the following is true?

(a) The pipe has a higher rotational kinetic energy.

(b) The solid cylinder has a higher rotational kinetic energy.
(c) They have the same rotational kinetic energy.

(d) Impossible to determine without numerical data for radii,
masses and lengths of the pipe and cylinder.

Question 5

In a comet-Sun system, the position of the comet closest to
the Sun is called perihelion, and the position of the comet
farthest from the Sun is called aphelion. The two quantities
that both have their highest values when the comet is in
perihelion are:

(a) the acceleration and the potential energy of the comet;
(b) the speed and the potential energy of the comet-Sun
system;

(c) the speed and the acceleration of the comet;

(d) the acceleration and the total energy of the comet-Sun
system.



Question 6

When an object is at point A on the graph of a simple
harmonic motion below, what are respectively, its velocity
and acceleration? x

(a) both positive;

(b) both negative;

(c) positive and zero; 4 f\
(d) positive and negative; —

(e) negative and positive. ®

Question 7

Does the kinetic energy of an electron have an upper limit?
(a) Yes, mecz.

(b) Yes, % mgc’.

(c¢) Yes, with another value.

(d) No.

Question 8

When you receive a chest x-ray at the hospital, the x-rays
pass through a set of parallel ribs in your chest. Do your ribs
act as a diffraction grating for the X-rays?

(a) Yes. They produce diffracted beams that can be
observed separately.

(b) Not to a measurable extent. The ribs are too far apart.

(c) Essentially not. The ribs are too close together.

(d) Essentially not. The ribs are too few in number.

(e) Absolutely not. X-rays cannot diffract.

Question 9

A certain battery has some internal resistance. Can the
potential difference across the terminals of the battery be
equal to its emf?

(a) No.

(b) Yes, if the battery is absorbing energy by electrical
transmission.

(c) Yes, if more than one wire is connected to each terminal.
(d)Yes, if the current in the battery is zero.

Question 10

A long solenoid with closely spaced turns carries electric
current. Each turn of wire exerts:

(a) an attractive force on the next adjacent turn;

(b) arepulsive force on the next adjacent turn;

(c) zero force on the next adjacent turn; or

(d) either an attractive or a repulsive force on the next
adjacent turn, depending on the direction of current in
solenoid?

Question 11

An apple is held completely submerged just below the
surface of a container of water. The apple is then moved to a
deeper point in the water. Compared with the force needed
to hold the apple just below the surface, what is the force
needed to hold it at a deeper point?

(a) larger;

(b) essentially the same;

(c) smaller;

(d) impossible to determine.

Question 12

A small source radiates an electromagnetic wave with a
single frequency into vacuum, equally in all directions.
Indicate the pair of quantities that are decreasing as the
wave moves away from the source:

(a) the frequency of the wave and an amplitude of electric
field,;

(b) the amplitude of the electric field and the intensity of the
wave;

(c) the frequency and the intensity of the wave;

(d) the speed of propagation and the wavelength;

Question 13

Two identical balls with completely smooth surfaces are
moving uniformly in free space without rotation. At some
moment, they undergo a perfectly elastic glancing collision.
After the collision, the angle between the two vectors of
velocities is

(a) 30°

(b) 45°

(c) 90°

(d) Impossible to answer without knowledge of the angle
between the two velocities before the collision.

Question 14

Car batteries are often rated in ampere-hours. Does this
information designate the amount of

(a) potential that the battery can supply;

(b) power;

(c) charge;

(d) energy?

Question 15

A laser beam travels from glass into air and strikes normally
the smooth interface between the two media. In the air

(a) the light travels with a lower speed normally to the
interface;

(b) the light travels with a higher speed normally to the
interface;

(c) the light travels with unchanged speed but bends away
from the normal,

(d) the light travels with a higher speed and bends away
from the normal,

(e) the light travels with a lower speed and bends away from
the normal.



Question 16

If only one external force acts on an object,

(a) it always changes the kinetic energy of the object;
(b) it always changes the speed of the object;

(c) it always changes the momentum of the object.

Question 17

Part B: Questions that require graphical solutions

A square conductive frame AR ’ T Question 1

is moving in the vertical YX Y ' A car accelerates uniformly along a curved horizontal
plane at a constant velocity x X )_& w5 road, moving from left toward right, as it is seen from a
v through a region of helicopter. Draw

uniform magnetic field B X X x % x (D) the vectors representing the forces exerted by the road
directed perpendicular to the on the car at points A and B;

plane of the frame as shown o <% % (I) the vector of velocity at point C.

in the figure. Does charge DR X

separation occur in the >

frame? ®

(a) Yes, with the top positive. ««“yﬂﬂmﬁ“w

(b) Yes, with the top negative. a ~ N

(¢) No. y %’%%%

(d) Yes, with the left side negative. *’\%}

(e) Yes, with the left side positive.

Question 18

A person spear-fishing from a boat sees a stationary fish a
few meters away in a direction about 30° below the
horizontal. The index of refraction of the water is 1.34.
Assume the dense spear does not change direction when it
enters the water. To spear the fish, the person should

(a) aim above where he sees the fish;

(b) aim precisely at the fish; or

(c) aim below the fish?

Question 19

A spacecraft built in the shape of a sphere moves past an
observer on the Earth with a speed of 0.5c. Approximately
what shape does the observer measure for the spacecraft as
it goes by?

(a) A sphere.

(b) A cigar shape, elongated along the direction of motion.
(c) A round “pillow” shape, flattened along the direction of
motion.

(d) A conical shape, pointing in the direction of motion.

Question 20

One litre of water in a light thin-walled vessel is heated up
under atmospheric pressure by an electric heater with
unknown power rating. Initially the temperature of the water
is 20°C. After the temperature becomes 60°C, it stops
increasing, while the heater is still on. As the heater is
unable to boil water, it is turned off. During the first 20
seconds the water becomes 2 degrees cooler.

Estimate the power output of the heater.

(a) 8.40 W.

(b) 420 W.

(c) 1260 W.

(d) 8400 W.

Question 2

Single-slit diffraction is observed with an interference
pattern on a screen behind a slit for a red light source. The
red light source is then replaced by a violet light source of
same intensity, without any changes to distances and the slit
width. Use the “Intensity/Position” system of coordinates as
on the Figure below, to sketch the interference pattern on
the screen for the two sources of light. If you think that the
patterns are identical, show just one pattern. If you think
that the two sources produce different patterns on the
screen, make it clear which pattern corresponds to a given
colour

Slit

Intensityy

Position on the screen




Question 3

A skydiver jumps out of a plane at an altitude of 2000 m
and begins her descent. At 1500 m, the skydiver reaches her
terminal speed of 55 m/s. When the skydiver descends to a
height of 500 m from the ground, she deploys her parachute
which rapidly slows her down to 5 m/s to ensure a safe
landing. Qualitatively, sketch the (vertical) speed of the
skydiver as a function of height above ground starting just
after she jumps out of the plane and finishing just before she
lands.

Part C: Problems

Problem 1

A stepladder of o
negligible weight is (
constructed as shown in
Figure 1C. A painter of g -;:!\\
mass 70.0 kg stands on - :
the ladder 3.00 m from /4 -
the bottom. Assuming /""

the floor is frictionless, ‘,/‘ \
find | f———) %
3.00 m \
(a) the tension in the ‘,’/ \
horizontal bar / «00m
connecting the two !
halves of the ladder,
(b) the normal forces at J \
A and B, and \"’;"(‘ m— B -
(c) the components of o s e
the reaction force at Fig.1C
the single hinge C
that the left half of the ladder exerts on the right half.

Problem 2
Two horizontal metal plates, each 100 mm square, are

aligned 10.0 mm apart, with one above the other. They are
given equal-magnitude charges of opposite sign so that a
uniform downward electric field of 2 000 N/C exists in the
region between them. A particle of mass 2.00 x 107'° kg and
with a positive charge of 1.00 x 10°° C leaves the centre of
the bottom negative plate with an initial speed of 1.00 x 10°
m/s at an angle of 37.0° above the horizontal.

(a) Find the trajectory of the particle.

(b) Which plate does it strike?

(c) Where does it strike, relative to its starting point?

Problem 3
In the arrangement shown in Figure 3C, an object is hung
from a string (with linear mass density ¢ =0.00200 kg/m)

that passes over a light pulley. The string is connected to a
vibrator (of constant frequency f), and the length of the
string between point P and the pulley is L =2.00 m. When

Vibrator i‘ b § ":

u

Figure 3C e

the mass m of the object is either 16.0 kg or 25.0 kg,
standing waves are observed; however, no standing waves
are observed with any mass between these values. The
speed of a transverse wave in a string experiencing the

T/u.

tension 7, is given by: v =

(a) What is the frequency of the vibrator?

(b) What is the total number of nodes observed along the
compound string at this frequency, excluding the nodes
at the vibrator and the pulley?

(c) What is the largest object mass for which standing waves

could be observed?
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Canadian Association of Physicists
2008 Prize Exam

This is a three-hour exam. National ranking and prizes will
be based on a student’s performance on sections A, B, and C
of the exam. Performance on the questions in part A will be
used to determine whose written work in parts B and C will
be marked for prize consideration by the CAP Exam
National Committee. Part A consists of twenty multiple-
choice questions; part B consists of three questions that
require graphic solution. The problems in part C can also
require graphing. The questions in part C have a range of
difficulty. Do be careful to gather as many of the easier
marks as possible before venturing into more difficult
territory. If an answer to part (a) of a question is needed for
part (b), and you are not able to solve part (a), assume a
likely solution and attempt the rest of the question anyway.
No student is expected to complete this exam and parts of
each problem may be very challenging.
Non-programmable calculators may be used. Please be
careful to answer the multiple-choice questions on the
answer card/sheet provided; most importantly, write your
solutions to the three long problems on three separate
sheets as they will be marked by people in different parts of
Canada. Good luck.

Data
Speed of light ¢ = 3.00x10®* m/s
Gravitational constant G = 6.67x10"" N-m*/kg’
Acceleration due to gravity g = 9.80 m/s’
Density of fresh water p = 1.00x10’ kg/m’
Specific heat capacity for water ¢ = 4.19x10°J/(kg-K)
The normal atmospheric pressure Py = 1.01x10°Pa
Fundamental charge e =1.60x10"" C
Mass of electron m, = 9.11x107" kg
Mass of proton m,= 1.67x 10%" kg
Planck’s constant 4 = 6.63x107* J-s
Coulomb’s constant 1/(4ne) = 8.99x10° N-m?/C?
Boltzmann constant k = 1.38x10> J/K

Part A: Multiple Choice

Question 1

The Figure on the right shows

the electric field lines for two

point objects separated by a 7>

small distance. The charges g;

and ¢ can be identified as @

(a) g, is positive; g, is negative;

q1/q: = -3;

(b) g, is negative; g is positive;

q1/q: = -3;

(c) g, is positive; g> is negative; q;/q, = -1/3;

(d) g, is negative; g is positive; q,/q, = -1/3;

(e) g, is zero with charges redistributed over the surface of
the object / due to electrostatic induction; g; is positive.
Solution

Answer (d) is correct.

Question 2

As a simple pendulum swings back and forth, the forces
acting on the suspended object may produce positive work,
negative work or produce no work. Which of the forces if
any from the listed three below does no work on the
pendulum?

(a) Tension.

(b) Air resistance.

(c) Gravitational force.

(d) All the forces above do no work on the pendulum.

(e) All the forces above do work on the pendulum.
Solution

Answer (a).

Question 3

A baseball bat is
made of wood of
uniform density. The ~ @ : ;ﬁ)
bat is cut at the

location of its centre of mass, as shown. Which of the
following is true?

(a) The piece on the right has the smaller mass;

(b) The piece on the left has the smaller mass;

(c) Both pieces have the same mass;

(d) Impossible to determine without knowledge of the wood
density.

Solution

Answer (b) is correct

Question 4

A section of a hollow pipe and a solid cylinder have the
same radius, mass and length. They both rotate about their
long central axes with the same angular speed. Which of
the following is true?

(a) The pipe has a higher rotational kinetic energy.

(b) The solid cylinder has a higher rotational kinetic energy.
(c) They have the same rotational kinetic energy.

(d) Impossible to determine without numerical data for radii,
masses and lengths of the pipe and cylinder.

Solution

(a) is the correct answer

Question 5

In a comet-Sun system, the position of the comet closest to
the Sun is called perihelion, and the position of the comet
farthest from the Sun is called aphelion. The two quantities
that both have their highest values when the comet is in
perihelion are:

(a) the acceleration and the potential energy of the comet;
(b) the speed and the potential energy of the comet-Sun
system,

(c) the speed and the acceleration of the comet;

(d) the acceleration and the total energy of the comet-Sun
system.



Solution
Answer (c) is correct

Question 6
When an object is at point A on the graph of a simple
harmonic motion below, what are respectively, its velocity
and acceleration? x
(a) both positive;
(b) both negative;

. 7T e
(c) positive and zero; ™\ f? N\ /
(d) positive and negative; \ v

N

\

\

(e) negative and positi \Vf \ /
negati an 111 . \

€) negative positive A® \_/

Answer (a) is correct

I

Question 11

An apple is held completely submerged just below the
surface of a container of water. The apple is then moved to a
deeper point in the water. Compared with the force needed
to hold the apple just below the surface, what is the force
needed to hold it at a deeper point?

(a) larger;

(b) essentially the same;

(c) smaller;

(d) impossible to determine.

Solution

The correct answer is (b)

Question 7

Does the kinetic energy of an electron have an upper limit?
(a) Yes, mec’.

(b) Yes, ¥ mec’.

(¢) Yes, with another value.

(d) No.

Solution

(d) is the correct answer

Question 8

When you receive a chest x-ray at the hospital, the x-rays
pass through a set of parallel ribs in your chest. Do your ribs
act as a diffraction grating for the X-rays?

(a) Yes. They produce diffracted beams that can be
observed separately.

(b) Not to a measurable extent. The ribs are too far apart.
(c) Essentially not. The ribs are too close together.

(d) Essentially not. The ribs are too few in number.

(e) Absolutely not. X-rays cannot diffract.

Solution

Answer (b) is correct

Question 9

A certain battery has some internal resistance. Can the
potential difference across the terminals of the battery be
equal to its emf?

(a) No.

(b) Yes, if the battery is absorbing energy by electrical
transmission.

(¢) Yes, if more than one wire is connected to each terminal.
(d)Yes, if the current in the battery is zero.

Solution

Answer (d) is correct

Question 10

A long solenoid with closely spaced turns carries electric
current. Each turn of wire exerts:

(a) an attractive force on the next adjacent turn;

(b) a repulsive force on the next adjacent turn;

(c) zero force on the next adjacent turn; or

(d) either an attractive or a repulsive force on the next
adjacent turn, depending on the direction of current in
solenoid?

Solution

The correct answer is (a)

Question 12

A small source radiates an electromagnetic wave with a
single frequency into vacuum, equally in all directions.
Indicate the pair of quantities that are decreasing as the
wave moves away from the source:

(a) the frequency of the wave and an amplitude of electric
field;

(b) the amplitude of the electric field and the intensity of the
wave;

(c) the frequency and the intensity of the wave;

(d) the speed of propagation and the wavelength;
Solution

The correct answer is (b)

Question 13

Two identical balls with completely smooth surfaces are
moving uniformly in free space without rotation. At some
moment, they undergo a perfectly elastic glancing collision.
After the collision, the angle between the two vectors of
velocities is

(a) 30°

(b) 45°

(c) 90°

(d) Impossible to answer without knowledge of the angle
between the two velocities before the collision.

Solution

The correct answer is (c¢)

Question 14

Car batteries are often rated in ampere-hours. Does this
information designate the amount of

(a) potential that the battery can supply;

(b) power;

(c) charge;

(d) energy?

Solution

Answer (c) is correct

Question 15

A laser beam travels from glass into air and strikes normally
the smooth interface between the two media. In the air

(a) the light travels with a lower speed normally to the
interface;

(b) the light travels with a higher speed normally to the
interface;



(c) the light travels with unchanged speed but bends away
from the normal;

(d) the light travels with a higher speed and bends away
from the normal;

(e) the light travels with a lower speed and bends away from
the normal.

Solution

The correct answer is (b)

Question 16

If only one external force acts on an object,

(a) it always changes the kinetic energy of the object;
(b) it always changes the speed of the object;

(c) it always changes the momentum of the object.
Solution

The correct answer is (c)

Question 17

A square conductive frame is 4
moving in the vertical YX
plane at a constant velocity X
v through a region of
uniform magnetic field B
directed perpendicular to the
plane of the frame as shown
in the figure. Does charge
separation occur in the

frame?

(a) Yes, with the top positive.
(b) Yes, with the top negative.
(c) No.

(d) Yes, with the left side negative.
(e) Yes, with the left side positive.
The correct answer is (a)

Question 18

A person spear-fishing from a boat sees a stationary fish a
few meters away in a direction about 30° below the
horizontal. The index of refraction of the water is 1.34.
Assume the dense spear does not change direction when it
enters the water. To spear the fish, the person should

(a) aim above where he sees the fish;

(b) aim precisely at the fish; or

(c) aim below the fish?

Solution

The correct answer is (c)

Question 19

A spacecraft built in the shape of a sphere moves past an
observer on the Earth with a speed of 0.5c. Approximately
what shape does the observer measure for the spacecraft as
it goes by?

(a) A sphere.

(b) A cigar shape, elongated along the direction of motion.
(c) A round pillow” shape, flattened along the direction of
motion.

(d) A conical shape, pointing in the direction of motion.
Solution

The correct answer is (c)
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Question 20
One litre of water in a light thin-walled vessel is heated up
under atmospheric pressure by an electric heater with
unknown power rating. Initially the temperature of the water
is 20°C. After the temperature becomes 60°C, it stops
increasing, while the heater is still on. As the heater is
unable to boil water, it is turned off. During the first 20
seconds the water becomes 2 degrees cooler.
Estimate the power output of the heater.
(a) 8.40 W.
(b) 420 W.
(c) 1260 W.
(d) 8400 W.
Solution
When the temperature of water reached its maximum, the
system came to the state of dynamic equilibrium: the power
loss became equal to the power, emitted by the heater. To
simplify the problem, we can consider the temperature
change of AT = 2° small enough to not influence the power
loss rate at the beginning of the cooling process during T =
20s. Thus, the heater power
P emAT — 4200(J / kg K)-lkg-2K

T 20s

where c is the specific heat capacity of water; m is the mass
of 1 litre of water. AT=2°C=2K.
Correct answer is (b)

=420W

Part B: Questions that require graphical solutions

Question 1

A car accelerates uniformly along a curved horizontal road,
moving from left toward right, as it is seen from a
helicopter. Draw

(D) the vectors representing the forces exerted by the road on
the car at points A and B;

(II) the vector of velocity at point C.

Solution

Fig.1B 64%

F,and F, are the components of a force F4 of static friction
between the tires of the car and the road at point A; vector
of velocity vc is tangential to the curve.



Question 2

Single-slit diffraction is observed with an interference
pattern on a screen behind a slit for a red light source. The
red light source is then replaced by a violet light source of
same intensity, without any changes to distances and the slit
width. Use the “Intensity/Position” system of coordinates as
on the Figure below, to sketch the interference pattern on
the screen for the two sources of light. If you think that the
patterns are identical, show just one pattern. If you think
that the two sources produce different patterns on the
screen, make it clear which pattern corresponds to a given
colour

Slit

Intensityy

Position on the screen

Solution

For both patterns, the central maximum of intensity on the
screen must be opposite the slit and approximately twice as
wide as the next couple of maxima. However, the patterns
are different. Solution is based on the condition for
observing the dark fringes in the interference pattern for
sinle-slit diffraction: w sing =n A. The width w remains
unchanged, while 4,.s > Ay

Positions of the red fringes must be farther from the origin
of the system of coordinates than positions of the violet
fringes for same order ».

As the intensities of the sources are equal, the amplitude of
the red maximum is less than the amplitude of the violet
maximum for the same order 7, including the main
maximum.

Vertical Speed (m/s)

Slit

Intensity

Position on the screen

Violet

/\/Med

Question 3

A skydiver jumps out of a plane at an altitude of 2000 m
and begins her descent. At 1500 m, the skydiver reaches her
terminal speed of 55 m/s. When the skydiver descends to a
height of 500 m from the ground, she deploys her parachute
which rapidly slows her down to 5 m/s to ensure a safe
landing. Qualitatively, sketch the (vertical) speed of the
skydiver as a function of height above ground starting just
after she jumps out of the plane and finishing just before she
lands.

Solution

o 1 1 1

a2m 15m 1m0 o0
Altitude (m)



Part C: Problems

Problem 1
A stepladder of o

negligible weight is
constructed as shown in L
Figure 1C. A painter of ‘*
mass 70.0 kg stands on " § \_,:‘““ -
the ladder 3.00 m from \
the bottom. Assuming
the floor is frictionless, / \
find [ f——%

3.00 m
"‘

v ~

(a) the tension in the
horizontal bar
connecting the two
halves of the ladder,

(b) the normal forces at il \
A and B, and \” o , B &

(c) the components of < Suum
the reaction force at Fig.1C
the single hinge C
that the left half of the ladder exerts on the right half.

2.00 m

Solution
From geometry,
observe that

cosf = l
4
and
0 ="755°
For the left half of

the ladder, we have

NE=T-R,=0 (1)

EFy =R, +1,-686 N=0 (2)

D Tiop = 686 N (1.00c0s75.5°)+ T (2.00sin 75.5°)

-1, (4.00c0s75.5°) = 0 3)
For the right half of the ladder we have
E FEE=R,-T=0
SE, =15 -R, =0 4)
N Tiop = 15 (4.00c0875.5°) - T(2.00sin75.5°) = 0 (5)
Solving equations 1 through 5 simultaneously yields:
(a) T=133N
(b) ny=429N and ng=257N
(c) Rx=133N and Ry=257N

The force exerted by the left half of the ladder on the right
half is to the right and downward.

Problem 2

Two horizontal metal plates, each 100 mm square, are
aligned 10.0 mm apart, with one above the other. They are
given equal-magnitude charges of opposite sign so that a
uniform downward electric field of 2 000 N/C exists in the
region between them. A particle of mass 2.00 x 10'° kg and
with a positive charge of 1.00 x 10°° C leaves the centre of
the bottom negative plate with an initial speed of 1.00 x 10°
m/s at an angle of 37.0° above the horizontal.

(a) Find the trajectory of the particle.

(b) Which plate does it strike?

(c) Where does it strike, relative to its starting point?

Solution
The particle feels a constant force:

F=gE = (1=x10° C)2000 N/C)(-j)=2x10" N(-})

and moves with acceleration:

2_ (2x107 kg-m/s> )(—5)= (1107 /s )S5)

2x107' kg

Its x-component of velocity is constant at
(1.00x10° m/s Jos37° = 7.99x10* m/s. Thus it

moves in a parabola opening downward. The maximum
height it attains above the bottom plate is described by

—v i +2a (yﬁ y)
0=(6.02x104 m/s ) - (@x10° m/s* Yy, -0)

yr=181x10" m.

Since this is less than 10 mm, the particle does not strike the
top plate, but moves in a symmetric parabola and strikes the
bottom plate after a time given by

L 2
Yp=Y 0 t+5at

0=0+(6.02x10* mys)+

1 13 2)2
E(-1><10 m/s? }
since >0, t=120x10" s

The particle’s range

iSx;=x #0 t=0+(7.9x10" m/s {1.20x10 s)=9.61x107* m

The particle strikes the negative plate after moving in a
parabola with a height of 0.181 mm and a width of 0.961
mm.

Problem 3



In the arrangement shown in Figure 3C, an object is hung
from a string (with linear mass density (& =0.00200 kg/m)

that passes over a light pulley. The string is connected to a
vibrator (of constant frequency f), and the length of the
string between point P and the pulley is L =2.00 m. When

Vibrator

[@ﬁ/) (

u

-« 5 > |
\

Figure 3C e

the mass m of the object is either 16.0 kg or 25.0 kg,
standing waves are observed; however, no standing waves
are observed with any mass between these values. The
speed of a transverse wave in a string experiencing the

tension T, is givenby: v =T/ u .

(a) What is the frequency of the vibrator?

(b) What is the total number of nodes observed along the
compound string at this frequency, excluding the nodes
at the vibrator and the pulley?

(c) What is the largest object mass for which standing waves

could be observed?

Solution

(a) and (b)
Let n be the number of nodes in the standing wave resulting
from the 25.0-kg mass. Then n+1 is the number of nodes
for the standing wave resulting from the 16.0-kg mass. For

2L
standing waves, A = —, and the frequency is f = % .
n

T, T,
Thus, f = % — and also f= nz_zl —nel
\ u u

Thus,

nel [T, |@50kg)g 5
n \T.. \(@60kg)g 4

Therefore,4n+4=5n, orn=4

Then,
4 (25.0 kg )(9.80 m/s?)
= =| 350 H
f 2(2.00 m)\/ 0.002 00 kg/m
(c) The largest mass will correspond to a standing

wave of 1 loop (n = 1);

so 350Hz= 1

2(2.00 m)
yielding m = 400 kg.

m(9.80 m/sz)
0.002 00 kg/m
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This is a three-hour exam. National ranking and prizes will
be based on a student’s performance on sections A, B, and C
of the exam. Performance on the questions in part A will be
used to determine whose written work in parts B and C will
be marked for prize consideration by the CAP Exam
National Committee. The marking scheme is: 40% for part
A, 10% for part B, and 50% for part C. Part A consists of
twenty multiple-choice questions; part B consists of five
questions that require graphic solution. The problems in part
C can also require graphing. The questions in part C have a
range of difficulty. Do be careful to gather as many of the
easier marks as possible before venturing into more difficult
territory. If an answer to part (a) of a question is needed for
part (b), and you are not able to solve part (a), assume a
likely solution and attempt the rest of the question anyway.
No student is expected to complete this exam and parts of
each problem may be very challenging.

Non-programmable calculators may be used. Please be
careful to answer the multiple-choice questions on the
answer card/sheet provided; most importantly, write your
solutions to the three long problems on three separate
sheets as they will be marked by people in different parts of
Canada. Good luck.

Data

Speed of light ¢ = 3.00x10° m/s

Gravitational constant G = 6.67x10™** N-m%/kg?
Acceleration due to gravity g = 9.80 m/s?

Density of fresh water p = 1.00x10° kg/m®

Specific heat capacity for water ¢ = 4.19x10%J/(kg-K)
The normal atmospheric pressure P, = 1.01x10°Pa
Fundamental charge e =1.60x10™*° C

Mass of electron m, = 9.11x10°*! kg

Mass of proton m,= 1.67x 10" kg

Part A: Multiple Choice

Question 1

A ball falls to the earth from a height # and bounces to a
height 27 Momentum is conserved in the ball-earth system:
@) no matter what height h’ the ball reaches.

(b) only if h" <h.

(c) only if " =h.

(d) only if " > h.

(e) only if h" > h.

Question 2
A tap water
pipe is bent
as shown in
the diagram.
Sections 1
and 2 of the
pipe are
horizontal
but section2 —»
is placed
higher at a height of H. The diameter of the pipe of section 1 is
1.5 times larger than the diameter of section 2. Indicate which
of the following is the most complete answer for the
relationship between the hydrostatic pressures measured by
the gauges in sections 1 and 2:
(@) P, < P, because water flows slower in section 1.
(b) P, > P, because water flows slower in section 1.
(c) P> P, because section 1 is lower than section 2.
(d) P,> P, because water flows slower in section 1, and
section 1 is lower than section 2.
(e) For some value of H, P, = P, because the lower speed
of the flowing water in section 1 is compensated by the
hydrostatic pressure due to the difference H in the
height of the two sections.

Question 3

We know that a person emits about 500 W of radiation. We

also know that a person sitting still uses about 100W of

chemical energy. Where is the rest of the energy mainly

coming from?

(@) Heat conducted from the air into our body.

(b) Convection of the heat.

(c) Radiation from objects around us.

(d) The energy, emitted by the body does not have to have
a source.

(e) Burning fat that we have accumulated previously.

Question 4

c L

S

|

In the two circuits shown above, the batteries are identical
and maintain constant voltage. The light bulbs A, B, C and D,
are identical and have resistance R. Assume that the bulbs are
brighter when there is more current flowing through them.
Which of the following relationships correctly describe the
brightness of the bulbs?

@ A=B>C=D

() C=D>A=B

(cc A=B=C=D

d A=C>B=D




Question 5

The figure shows an
accelerometer: a
device for measuring
the horizontal
acceleration of cars
and airplanes. The
device consists of a
ball that is free to roll
on a parabolic track.
A scale along the bottom is used to measure the ball’s
horizontal position x.

What is the acceleration of the car in m/s?> when the
displacement of the ball in the accelerometer equals 0.20 m?

T T ‘ T 1T T T | T 17T | L

—5m 0Om Sm

@ 3.9
(b) 3.6
(c) 26.5
(d) 24.5
(e) 9.1

Question 6
Objects A and B that are |n|t|aIIy separated from each other
and well isolated from = ST

their surroundings are A B
then brought into L0k L0k
thermal contact. Initially O;’ C & 1600(%
Ta=0C and Tg = 100C.

The specific heat of A is

less than the specific heat of B After some tlme the system
comes to an equilibrium state. The final temperatures are:

(a) Tao=Tg > 50°C
(0) Ta>Tg >50°C
(C) Tao=Te< 50°C
(d)  Te>Ta>50°C
€  Ta=Ts= 50°C

Question 7

An object is moving at a constant speed v, towards a source
that is at rest and that is emitting sound waves of frequency
fo- The frequency of the echo that returns to the source after
being reflected from the object is given by:

(3.) f‘echo f 0

V=YV,

(b) ]recho = fo

v+,
v+,

(C) .fecho ﬁ)

v+vO

(d) -fecho f 0
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Question 8
An astronaut lifts off from planet Zuton in a spaceship. The
free-fall acceleration on Zuton is four times less than on the
Earth. At the moment of liftoff the acceleration of the
spaceship is 2.45 m/s? (up). The weight of the astronaut at
that instant is more than her weight on the surface of the
earth by the factor of:

@) 4 (b) 2
(c) 1 (d) 0.5
(e) 0.25

Question 9

A 0.50-kg mass attached to the end of a string swings in a
vertical circle with a radius of 2.0 m. When the string is
horizontal, the speed of the mass is 8.0 m/s. What is the
magnitude of the force of the string on the mass at this

position?

@) 16N
(b) 17N
(©) 21N
(d) 11N
(e) 25N
Question 10

What is the velocity of an electron that passes without being
deviated through perpendicular electric and magnetic fields
ifE=4.0kV/mand B=8.0mT?

(@ 32mis

(b) 500 km/s

(c) 2x10° m/s

(d) 500 m/s

() 2kmis

Question 11

A body that is oscillating harmonically in the vertical
direction is suspended from two identical springs connected
in series. The frequency of oscillation is f;. After the springs
are disconnected and attached to the body in parallel, the
frequency of the vertical oscillation of the body is equal to:
(@ fi

(b) 21

(c) fil4

(d) 41

(e) /12

Question 12
A piece of aluminum wire shown on the
drawing is connected to a circuit with a
source of constant current. Choose the
correct conclusion on the values of the
current (), the amount of heat (P) emitted
per second by a unit of length, and the
electric field strength (E) inside the
segments of the wire:
(@ h=5L=I3P=P;=P3E;=E,=Es.
(b) L=L=Y%1,Pi=P3= 1/16P2,

El = E2 = E3.
(C) [1:13:]/2[2;P1:P3: 1/16P2;E1:E3:]/2E2.
(d) Lh=L =13 P1=P3=Ya Py E1 = E; = Ej.
(e) [1:12:13;P1:P3:]/4P2;E1:E3:1/4E2.

1.0 mm

2.0 mm



Question 13

A spacecraft of mass m orbits a planet of mass M in a
circular orbit of radius R. What is the minimum energy
required to send this spacecraft to a distant point in space
where the gravitational force of the planet on the spacecraft
is negligible?

(@) GmMI(4R)
(b) GmMIR
() GmMI(2R)

Question 16

A star undergoes a supernova explosion. Just after the
explosion, the material left behind forms a uniform sphere
of radius 8.0x10° m with a rotation period of 15 hours. This
remaining material eventually collapses into a neutron star
of radius 4.0 km with a period of rotation 7 of:

(d) GmMI(3R) (@ 14s
(&) 2GmMI(5R) (b) 3.8h
(c) 0.021s
(d) 0.014s
(e) 0.0075h
Question 14
Two identical thermally 1 2 Question 17
isolated containers are

separated by a valve.

Initially, there is an ideal gas in container 1, and there is a
vacuum in container 2. Some time after the valve is opened,
the gas in the two containers comes to an equilibrium state.
Which of the following statements about the gas during this
process is true?

(&) The molar mass of the gas decreases.

(b) The work produced by the gas is zero.

(c) The temperature of the gas drops.

(d) The work produced by the gas is positive and is equal to
the absolute value of the change of the internal energy of the
gas.

Question 15

During the winter vacation, children use snow and water to
build frictionless slides of different shapes in order to
conduct various experiments. The side view of one of them
is shown in the figure:
the linear segment of the
slide is smoothly
transferred to a circle
with a circumference of
radius R. A puck starts
sliding down from rest at an initial height of 2R. The
acceleration of the puck at the lowest point of its trajectory
is:

@ g
(b) 2¢
(c) 3¢
(d) 4g
(e) 0

An impulse laser may be treated as a

source of photons that are emitted during

the time interval of the pulse which is

followed by a time interval when no

photons are produced. Pulses are

periodically repeated. A laser beam of
diameter d = 10 microns is directed
upward and is perpendicular to the thin
foil surface which has an index of reflection p = 0.50 (see
the sketch of the experiment). The index of reflection of the
surface is the ratio of the reflected energy to the impact
energy. A pulse with duration of 0.13 ms has a total energy
of 10 J. What is the mass of the piece of foil that can be
supported in the air solely by the light pressure of the laser
beam?

Laser

(a) <39g

(b) <3.1x10" g
(c) <39mg

(d) <3.7¢g

(e) <0.38¢g

Question 18

Two sinusoidal waves traveling at the same speed in
opposite directions interfere to produce a standing wave
with the wave function y = (1.50 m) sin(0.400x) cos(200z),
where x is in meters and ¢z is in seconds. The speed of
propagation of each of the interfering waves is

(@) 159 m/s
(b) 200 m/s
(c) 300 m/s
(d) 47.7m/s
(e) 500 m/s




Question 19

A bar magnet is dropped from above and
falls through a loop of wire as shown. A
student measures the current in the loop
between a time when the north pole of the il
magnet is above the plane of the loop and 3
another time when the south pole of the

magnet is below the plane of the loop.

Which statement is correct about the result LJ

of the student’s measurement?

(@) The current in the loop flows in one direction
increasing steadily to its maximum value when the
centre of the bar crosses the centre of the loop plane,
after which the current begins to steadily decrease.

(b) The current in the loop undergoes harmonic oscillations
because the magnetic flux through the loop is changing.

(c) The current in the loop flows first in one direction, then,
after the centre of the bar crosses the centre of the loop
plane, the current begins to flow in the opposite
direction.

(d) No current flows in the loop because both ends of the
magnet move through the loop.

Question 20

Unpolarized light goes through three successive Polaroid
filters, each with its transmission axis at 45° relative to the
preceding filter. What percentage of the light gets through?
@ 0%

(b) 12.5%

(c) 25%

(d) 50%

() 33%

Part B: Questions that require graphical solutions

Question 1

The drag force due to air resistance on a falling object
depends on the instantaneous velocity of the object as:

D = -1/4 4v*. Sketch a diagram of height vs. distance for the
trajectory of two projectile objects launched from the same
point at ground level with the same angle to the horizontal:
a) the projectile for which the air resistance is negligible,
and b) the projectile that is experiencing a drag force in the
air.
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Question 2
A diagram below shows the potential energy of an object in
an isolated mechanical system with total energy £ and with
conservative forces only. In the space below the given
diagram, sketch a diagram for the x-component of the net
force on the object as a function of x. Your diagram must

2'show the correct trend of the function, zeros and vertex

points.
U(x)

X

Question 3

A very thin stick is placed on the optical axis of a thin
convex lens as shown in the diagram. Draw the image of the
object. Show all rays used for the image construction.




Question 4

Monochromatic light is produced by a laser and propagates
through vacuum from left to right until it strikes normally
the surface of a glass brick, as shown. The direction of the
wave propagation coincides with the x-axis.

On the system of coordinates “amplitude vs. position”,
sketch the wave before it enters the glass brick, inside the
glass brick, and after it exits the brick.

Amplitude
—>

e

Question 5

An object, shown in the figure below, is made out of
conducting material and has a hole completely hidden inside
its body. A point charge +Q is kept motionless in the hole
by some external force. Sketch the electric field lines inside
the hole, inside the conductor, and outside the conductor as
close to reality as it is necessary to be consistent with the
laws of electromagnetism.

Part C: Open-Ended Problems

Problem 1

An ambulance needs to be delivered to a remote town
devastated by a major earthquake. All roads leading into the
town are blocked due to the earthquake and the ambulance
can only be rushed to the area by airlift. The ambulance
will be pushed out of a military cargo jet at 3000 m altitude
and rescue staff need to find out what kind of parachute is
needed for this mission. The drag force is given by the
approximate formula: F = Y4 pAv°, where p is the density of

=

v

6
air and p = 1.2 kg/m?, 4 is the area of the cross-section of
the parachute perpendicular to the motion and v is the
velocity.

What should the diameter of the parachute be so that the
ambulance can land safely?

Notice that you have to make
assumptions on what is
approximately a safe landing
velocity and what is a weight of a
typical ambulance.

Make sure you justify all your
assumptions.

Problem 2

A very thin beam of protons is injected at non-relativistic
velocities in a circular particle accelerator of radius R. The
mass m and the charge e of the proton are known. The initial
current in the accelerator is 7 and the total number of
particles is n. The magnetic flux through the beam circuit
changes at a rate of p Wb/s, while the radius of the beam
track remains unaltered. What is the value of the current
after one turn of the particles?

Problem 3

Very cold fresh water fills a vessel with a depth of 3.00 m
and a diameter of 1.00 m. A vertically maintained ice
cylinder with diameter ¢ =30.0 cm and length / = 30.0 cm is
carefully moved downwards and submerged in the water
perpendicular to its surface and in the centre of the vessel.
When % of the cylinder is submerged, it is released. The
density of the ice is p; = 917 kg/m?; the density of the water
is pw = 1.00x10° kg/m®. For the following questions, you
can neglect the melting of the ice.

1) Describe the behaviour of the cylinder after it is
released.

Calculate the position of the centre of mass of the
cylinder in equilibrium, taking the level of the water
surface as zero and the vertical axis aimed upwards.
Write and solve the equation of motion for the cylinder
valid during the first few seconds after it is released.
The equation must have a solution in the form y)
where y is the displacement; and ¢ is time.

Explain the physical significance of all parameters of
the function y(z) and give the numerical values for the
parameters.

2)

3)

4)

END OF EXAM
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Part A. Multiple Choice.

1. A ball falls to the earth from a height # and bounces to a height 2. Momentum is conserved in
the ball-earth system

a. no matter what height h' the ball reaches. *
b. only if h’' <h.
c. only if h' = h.
d. only if h' > h.
e. only if h' > h.
Solution

An attentive look at the name of the system permits to state that there is no external force in the direction
of motion of the ball with respect to the ball-earth system. Therefore, the momentum is conserved as in
answer (a).

2. A tap water pipe is bent as shown in the
diagram. Sections 1 and 2 of the pipe are
horizontal but section 2 is placed higher at
a height of H. The diameter of the pipe in
section 1 is 1.5 times larger than the
diameter in section 2. Indicate which of the
following is the most complete answer for
the relationship between the hydrostatic
pressure measured by the gauges in
sections 1 and 2:

(a) P, < P, because water flows slower in
section 1;

(b) P, > P, because water flows slower in section 1;

(c) P, > P, because section 1 is lower than section 2;

(d) P, > P, because water flows slower in section 1, and section 1 is lower than section 2; *

(e) For some value of H, P; = P, because the lower speed of the flowing water in section 1 is
compensated by the hydrostatic pressure due to the difference H in the height of the two sections.

Solution
Bernoulli equation and hydrostatic pressure make the answer (d) correct.

3. We know that a person emits about 500 W of radiation. We also know that a person sitting still uses
about 100W of chemical energy. Where is the rest of the energy mainly coming from?

(a) Heat conducted from the air into our body.

(b) Convection of the heat.

(c) Radiation from objects around us. *

(d) The energy, emitted by the body does not have to have a source.

(e) Burning fat, which we accumulate previously.

Solution
Answer (a) is wrong because the temperature of the air is lower. Answer (b) might be correct, but
compared to radiation, the convection is less effective. Answer (e) actually refers to chemical energy.
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4. In two shown circuits, the two batteries are
identical and maintain constant voltage. The
bulbs with brightness A, B, C and D, are
identical and have resistance R. Assume that the
bulbs are brighter when there is more current
through them. Which of the following
relationships correctly describes the brightness
of the bulb?

(a A=B>C=D
(b) C=D>A=B*
(¢ A=B=C=D
(d A=C>B=D

Solution
Current through the bulbs A and B is same and is equal to & /(2R). The currents through the bulbs C and
D are equal to each other and can be obtained as: ¢ /(R/2) = 2 & /R, which is four times greater than the
current in the first circuit The estimation does not consider the internal resistance of the battery.

5. The figure on the right shows an accelerometer: a : 2
device for measuring the horizontal acceleration of \ p
cars and airplanes. The device consists of a ball that ‘\ - K,-*
is free to roll on a parabolic track. A scale along the H
bottom is used to measure the ball’s horizontal ; /
position x. What is the acceleration of the car [in \
m/s*] when the displacement of the ball in the T
accelerometer equals 0.20 m? g = 9.8 m/s”.
(a)39* (b)3.6 (c)265 (d)245 (e)9.1

— .5 i by
Solution - m b m m

The ball is a particle on a slope, and that the slope increases as the absolute value of x-displacement
increases. Assume that there is no friction and that the ball is being accelerated to the right so that it
remains at rest on the slope.
Although the ball is on a slope, it is accelerating to the right. Thus we’ll use a coordinate system with
horizontal and vertical axes.

Pictorial representation Physical representation

Ll
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Newton’s second law is
2F =nsinf =ma, XF,=ncos@—w=ma,=0N

Combining the two equations, we get

W
ma_ = sind = mgtand = a_= gtand
cosd

The curve is described by y = Ax*, where 4 = 1 m™". Its slope is tand which is the derivative of the curve.

dy
Hence, E =tanfd=24x=a, =g(2Ax) =9.8x 0.4= 3.9 m/s>. Answer (a) is correct

6. Objects A and B that are initially separated from each

other and well isolated from their surroundings are then |- A B
brought into thermal contact. Initially To= 0C and T = l0kg | 1.0kg
100C. The specific heat of A is less than the specific heat LA (K

of B. After some time, the system comes to an

equilibrium state. The final temperatures are:

(a) Ta=Tg>50°C; *

(b) Ta>Tg >50°C;

(c) Ta=Tg <50°C;

(d) Tg > TA>50°C;

(e) Ta=Tg = SOOC.

Solution

Object A has a smaller specific heat and thus less thermal inertia. The temperature of A will change
more than the temperature of B.

7. An object is moving at constant speed vy towards a source that is at rest and that is emitting
sound waves of frequency fy. The frequency of the echo that returns to the source after being
reflected from the object is given by:

1%
(a) f;zc’ho:f()
V—VO
(b) f;zcho=f0v_vo
V+VO
v+
(C) f;zcho:f;) o
V—VO
vV+v
(d) ﬁcho:fo v :

Solution
The frequency is Doppler-shifted to higher values for a detector moving toward the source. The
frequency is also shifted to higher values for a source moving towards the detector. The formula is
obtained in two steps. First, the object acts like a moving detector and “observes” a frequency that is
given by
fi=fol+v, /v) (1)
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Second, as this moving object reflects (or acts as a “source” of ultrasound waves), the frequency of echo
as observed by the original source S, is Source S, @ S0 @

f‘echo = fOl(l - VO /V)71 (2) -'I;-\..I-u-

Combination of equations (1) and (2) gives

ﬁ)' _ﬁ)(1+v0/v)=v+v

~ _ 0
.f(;cho I—VO/V 1_VO/V V—Vof(‘) "T % .I'.-; lnT

{ZI'I'-_]m:Ih T

~ - . _ Reflection .-~ - Object

8. An astronaut lifts off from planet Zuton in a spaceship. The free-fall acceleration on Zuton gz is four
times less than on the Earth (g). At some moment of liftoff the acceleration of the spaceship is 2.45 m/s>
(up). The weight of the astronaut at this instant of time W is more than his weight on the surface of the
earth W by the factor of

a. 4
b. 2
C. 1
d. 05*
e. 0.25

Solution
The weight on Zuton (W7) is a downward normal force that the astronaut exerts on his seat. According
to the 3" Newton’s law, the same force is applied to the astronaut from the seat. The equation of motion
of the astronaut for the given instant of time is:

a, g 245 1 1) 1
ma, =W, —-mg, =>W, =mla,_ + =mg| L +2L | =W| =4 |=W| —+— |=—W=0.5W
up z g7 z ( up gz) g( P g ) (9.8 4j (4 4j )

9. A 0.50-kg mass attached to the end of a string swings in a vertical circle with a radius of 2.0 m. When
the string is horizontal, the speed of the mass is 8.0 m/s. What is the magnitude of the force of the string
on the mass at this position?

a. I6 N *
b. 17N
C. 21 N
d. 11N
e. 25N

Solution X

The free-body diagram is sketched in the figure. In the position shown ;
the force of tension is the centripetal force. As there is no horizontal
component of velocity at this instant of time, the relationship between
the centripetal force F¢ and the speed of the object is given by

2 2 m
mv’ _ 0.50-(8.0) 16N 8
R 2.0 \

F. =
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10. What is the velocity of an electron that passes undeviated through perpendicular electric and
magnetic fields if E=4.0 kV/m and B = 8.0 mT?

a. 32 m/s

b. 500 km/s *
c. 2x10° m/s
d. 500 m/s

e. 2 km/s

Solution
If the path of the electron in the crossed electric and magnetic fields is linear, as given, the motion of the
electron can be only uniform, i.e. to take place without acceleration and hence,with zero net force.

3
eE =evB; v=E/B; v=£= (4'0X103) =5.0x105ﬂ=500@
B i8.0><10 ) s s

11. A body is oscillating harmonically in a vertical direction being suspended from two identical springs
connected in series. The frequency of oscillation is fi. After the springs are disconnected and attached to
the body in parallel, the frequency of the vertical oscillation of the body is equal to

a. fi.

b. 2f. *
C. fi /4

d. 4 1.

e. f1/2.

Solution
When the springs are connected in series, their elongations are equal and the total elongation is two
times greater than each of them. In equilibrium mg = kA; = kA, = ke 2A The frequency is calculated as

k
D f, = RN . When the springs are connected in parallel, mg = kA; + kA, = kegr A=2kA

m

. =2
227zm 27z /

12. A piece of aluminum wire shown on the drawing, is connected to a
circuit with a source of constant current. The current flowing into

segment 1 is /; = 10 A. Choose the correct conclusion on the values of
current, amount of heat P emitted per second by a unit of length and 2.0 mm
electric field strength E inside the segments of the wire

L =L=5LP\=P,=P3; E\ = E,=Ej. ) 0 i
11 :13: 1/2[2; P1 =P3 = 1/16P2; El =E2:E3.

L=L="%D0;P =Ps=1/16 Py E| = Es= % E,. @ _»
L=L=5L P =Ps;=YPy,E,=E,=E;s. ' 2.0 mm

o pooe

]1:]2:]3;P1:P3:%P2;E1:E3:%E2. *

Solution
Segments 1 and 3 are identical from any point of view.
Current is everywhere same (law of conservation of electric charge).
The power, emitted by the unit of length is inversely proportional to the cross-sectionsl area of the wire;
therefore, P, must be four times as great as P, or Ps.
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Electric field lines must be confined within the wire. The number of lines penetrating the unit of surface
area perpendicular to the lines is proportional to the value of E. The density of the electric field lines
inside the segment 2 is four times greater than the densit of the lines in segments 1 or 3. So, E, = 4E).

13. A spacecraft (mass = m) orbits a planet (mass = M) in a circular orbit (radius = R). What is the
minimum energy required to send this spacecraft to a distant point in space where the
gravitational force on the spacecraft by the planet is negligible?

a. GmM/(4R)
b. GmM/R

c. GmM/(2R)*
d. GmM/(3R)
e. 2GmMI/(5R)

Solution
A spacecraft on a circular orbit of radius R has potential energy of -GmM/R and kinetic energy of
GmM]/2R. So, the total mechanical energy of the spacecraft is equal to the sum of the potential and
kinetic energies, i.e. -GmM/2R. The minimum work required to move the spacecraft from this orbit to
the infinitely far place in the space is equal to the change in the energy of the object from the initial
value to zero, which gives answer (c).

14. Two identical thermally isolated containers are separated by a
valve. Initially, there is an ideal gas in container 1, and there is a

vacuum in container 2. Some time after the valve is opened, the 1 i 2
gas in the two containers comes to an equilibrium state. Which of
the following statements about the gas in this process is true:

(a) The molar mass of the gas decreases;

(b) The work produced by the gas is zero; *

(c) The temperature of the gas drops;

(d) The work produced by the gas is positive and is equal to the absolute value of the change of the
internal energy of the gas.

Solution
The molar mass cannot change if the gas is same. In this problem, the expansion into vacuum is
adiabatic. The expansion into vacuum produces no work (no external pressure to produce the work
against to). Therefore, answer (b) is correct. (c) cannot take place, because the internal energy of the gas
does not change.

15. During the winter vacation children use snow and water to produce frictionless hillsides of different
shapes for freestyle exercises. The side view of one of them is shown in the figure: a linear segment of

the path is smoothly transferred into a piece of circumference with radius R. A puck starts sliding down
from rest at initial height of 2R. The acceleration of the puck in the lowest point of its trajectory is

@ g

(b)) 2g
() 3g
(d)  4gx
(e) 0.

Solution
Law of conservation of energy gives: mg2R = Y% mv*; — v =4Rg .
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Centripetal force in the lowest point of the trajectory is the net force; hence, the acceleration of the puck
is equal to vY/R = 4g.

16. A star undergoes a supernova explosion. Just after the explosion, the material left behind forms a
uniform sphere of radius 8.0x10° m with a rotation period of 15 hours. This remaining material
eventually collapses into a neutron star of radius 4.0 km with a period of rotation 7 of:
(a) 14s
(b) 3.8h
(c) 0.021s
(d) 0.014s *
(e) 0.0075h
Solution
The solution is based on the equation /;w; = Lw,. Regardless the shape of the rigid object, its moment
of inertia / is proportional to the product mR?. In this problem, the mass of the object is constant,

4.0%x10°m

2
1 (158)=3.75%10 7 =0.014 s,
8.0x10°m

2
R . oo
therefore, w, = a)l(RlJ . The period of rotation is 7' = (

2

17. An impulse laser may be treated as a source of photons that are emitted during the

time interval of the pulse which is followed by a time interval when no photons are L7
produced. Pulses are periodically repeated. The laser beam of diameter d = 10 microns

is directed upward and is perpendicular to a surface of a thin foil with an index of m
reflection p = 0.50 (see the sketch of the experiment). The index of reflection of the

surface is the ratio of the reflected energy to the impact energy. A pulse with duration Laser

of 0.13 ms has a total energy of 10 J. What must be the mass of the piece of foil that
may be supported in the air solely by the light pressure of the laser beam?
(a) <39g.
(b) <3.1x10"g.
(¢) <39mg. *
(d) <3.7g.
(e) <0.38 g.
Solution
The given value of the diameter of the beam is not used in the solution. Upon the definition of force, it is
the rate of change of linear momentum. The linear momentum changes by its initial value pj,;qs (total
absorption) or by the product of p;,i1i.; and [1 + p] (reflection with coefficient p).

For a photon, the linear momentum p = £ (E is the energy of the photon, c is the speed of light). When
¢

the laser beam supports the piece of foil, the weight of the foil is equal to the normal force of light
pressure. Summary:

mnglzpinitial(1+p)=£1+p. m=l£1+p= IOXI'S =392X1075kg
At At c At gc At 9.8x3x10*x0.13x107°
=39 mg

18. Two sinusoidal waves traveling at the same speed in opposite directions interfere to produce a
standing wave with the wave function y = (1.50 m) sin(0.400x) cos(200¢), where x is in meters and ¢ is in
seconds. The speed of propagation of each of the interfering waves is

(a) 159 m/s

(b) 200 m/s
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(c) 300 m/s
(d) 47.7 m/s
() 500 m/s *
Solution
y=(1.50 m) sin(0.400x) cos(200¢) = 24sin(kx) cos(wt).
Therefore, k£ = 0.400 rad/m; w =200 rad/s. The speed of the traveling waves in the medium is
o 200 m

p)
Y W R L
VEH = T = T 0400 p

19. A bar magnet is dropped from above and falls through the loop of a wire as
shown. A student measures the current in the loop between some instant when the
north pole of the magnet is above the plane of the loop and the other instant when
the south pole of the magnet is below the plane of the loop.

Which statement is correct about the result of the student’s measurement? s
a. The current in the loop flows in one direction increasing steadily to its :
maximum value when the center of the bar crosses the centre of the loop
plane, after which the current begins to steadily decrease. EU
b. The current in the loop is harmonically oscillating because the magnetic flux
through the loop is changing.
c. The current in the loop flows first in one direction, then, after the center of

the bar crosses the centre of the loop plane, the current begins to flow in the

opposite direction. *
e. No current flows in the loop because both ends of the magnet move through

the loop.

Solution

The magnetic field lines are exit from the north pole of the bar magnet and enter the south pole of the
magnet. Inside the bar magnet, the magnetic field lines are directed from the south pole to the north
pole. When the number of the filed lines inside the wire loop is increasing (the magnetic flux is
increasing), the induction produces a current of the direction that creates a magnetic field of the opposite
direction. As the initial direction of the magnetic field lines is downwards, the current of induction
produces the magnetic field directed upwards, so the current must flow counterclockwise. After the
center of the magnet passes the plane of the loop, the number of lines, penetrating the loop, begins to
decrease. According to the Lenz’s law, the current of induction switches to the opposite direction to
create a magnetic field parallel to the decreasing external magnetic field.

20. Unpolarized light is passed through three successive Polaroid filters, each with its transmission axis
at 45° relative to the preceding filter. What percentage of the light gets through?

a. 0%

b. 125% *
c. 25%

d. 50%

e. 33%

Solution
After the first filter, the intensity is /; = 2 ly; after the second filter the passed intensity becomes
L =Y Iy cos*(45°) = V4 Io; after the third filter, the intensity is /s = I, cos*(45°) =1/8 I = 0.125 I,
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1. The drag force due to air resistance on a falling object depends on the instantaneous velocity of the
object as D = -1/4 Av*. Sketch a diagram of height vs. distance for the trajectory of two projectile
objects launched from the same point at ground level with the same angle to the horizontal: a) — the
projectile for which the air resistance is negligible, and b) - the projectile that is experiencing a drag

force in the air.
Solution

The drag will affect the x- and the y-component of the velocity of the projectile everywhere through its
path. So, the lower height and the shorter horizontal distance are expected to be observed for an object
that experiences the drag force due to the air resistance. The shape of the trajectory must change

correspondingly.

— =
yA ’— 5\
/’ ~

Y
----Nodrag S
Air
resistance cannot
be ignored

(V]

v

X

2. The Figure below shows a diagram of the potential energy of an object in an isolated mechanicai
system with the total energy E and conservative forces only. On the space below the given diagram,
sketch a diagram for the x-component of the net force on the object as a function of x. Your diagram

must show the correct trend of the function, zeros and vertex points.
Solution
{a) Slope 15 negative
and decreasing.

i | ; /
J,-f .'Sli_‘llm =}
E HA
¥, X r X X .
ib)

Force 1s positive
and decreasing.
Fix) f:"' Force = 0

. 3
: | L1

A0 - Maximum force

)\f i
; 2 r II| -._-.-
1 4 i b
t-:l T 1 U
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To draw a diagram, it is helpful to refer to some simple example of motion of a point mass in the field
with maximum or minimum of the potential energy function. The simplest example is the motion of a
point mass along a hill with a profile of the same shape as the shape of the given function of the
potential energy. In this case, the potential energy of the object is the energy in the gravitational field of
the earth, and the surface of the path is supposed to be frictionless. For this approach:

1) If the object is carefully placed in either of three points with zero slope of the potential energy
function, it will remain at rest for the infinite time; so, it is reasonable to conclude that the net
force is zero at the equilibrium positions; we expect either a maximum or a minimum value of
the x-component of the force to appear between two zeros.

2) If the object is gently placed on the sections of the hill with positive slope, it will start moving in
the negative x-direction; so, these sections must have negative values of force.

3) If the object is placed on the steep section of the hill, the acceleration would be greater in its
absolute value; so, the steeper sections of the function of the potential energy must correspond to
the greater magnitude of the force.

3. A very thin stick is placed on the optical axis of a thin convex lens as shown in the diagram. Draw
the image of the object.

—
flf

Solution
As a possible method of solving the problem, one can draw the vertical objects at the ends of the stick
and then, construct the two images of these auxiliary objects to find the intersections of the images with

the optical axis of the lens.

4. The monochromatic light is produced by a laser and propagates through vacuum from left to
right until it strikes normally the surface of the glass brick, as shown. The direction of the wave
propagation coincides with x-axis.

On the system of coordinates “amplitude vs. position”, sketch the wave before it enters the glass
brick, inside the glass brick and after it exits the brick.

(]

o

2

A

o
—> S
— <
—> »
— i
— X

Solution
The students are expected to draw a sinusoidal function with the wavelength shorter inside the brick,
because of decrease in the speed of propagation in the medium with index of refraction >1. To the left
and to the right from the brick, the wavelength must be same. However, the full mark must be given to
those who will also show the decrease in the amplitude inside the brick and the smaller amplitude to the
right from the brick due to the absorption in the glass.
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5. An object, shown in the figure, is made out of a
conductive material and has a hole completely hidden
inside its body. A point charge +Q is kept motionless in
the hole by some external force. Sketch the electric field
lines inside the hole, inside the conductor and outside the
conductor as close to reality as it is necessary to be
consistent with the laws of electromagnetism.

Solution
Electric induction causes accumulation of negative charges on the inner surface of the hole with the total
negative charge of -Q. The electric field lines go from the
point charge into the surface of the hole and enter the surface
of the hole normally. There must be no electric field lines
inside the body of the conductor.
Due to the redistribution of electric charge in the conductor,
the outer surface of the object becomes positively charged
with the total charge of +Q. The electric field lines exit the
outer surface of the object under the right angle everywhere
and are directed into infinity.

Part C.

Problem 1.

An ambulance needs to be delivered to a remote town devastated by
a major earthquake. All roads leading into the town are blocked due
to the earthquake and the ambulance can only be rushed to the area
by airlift. The ambulance will be pushed out of a military cargo jet at
3000 m altitude and rescue staff needs to find out what kind of
parachute is needed for this mission.

The drag force is given by the approximate formula:

F =Y pAv* , where p is the density of air and p = 1.2 kg/m’.

What should be the diameter of the parachute be so that the
ambulance can land softly/safely?

A is the area of the cross-section of the parachute perpendicular to
the motion and v is the velocity. Notice that you have to figure out — -
what is approximately the safe landing velocity and what is a weight W
of a typical ambulance.

Solution
The estimated mass of the ambulance is 3000 kg; and the estimated landing velocity is 5 m/s.
Acceptable assumptions:
v will be anything from 1 to 10 m/s
mass of the ambulance - from 1000 to 10 000 kg
Drag force must be equal to force of gravity at given velocity to ensure constant velocity:
mg="Y pAV?

A =4mg/ pv* = 4-3000kg - 10m/s*/ (1.3 kg/m’-25m?/s%) = 3700m*
Which results in a diameter value of 68 m
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Still give the points when they end with the area of the parachute and don’t show the radius or diameter.

Problem 2.

A very thin beam of protons is injected at non-relativistic velocities in a circular particle accelerator of
radius R. The mass m and the charge e of the proton are well known. The initial current in the accelerator
is I and the total number of particles is n. The magnetic flux through the beam circuit changes at a rate of
p Wb/s, while the radius of the beam track remains unaltered.

What is the value of the current after one turn of the particles?
Solution

To simplify the problem let us assume that the bunch of protons is injected and then circulate in the

accelerator chamber as a sole particle with charge ne. Upon the definition a current is a rate at which

electric charge flows through the cross section of conductor. If the motion of protons was uniform the
relationship between the value of current /;; and speed vy in the chamber could be expressed as:

en env,
IU ==
T 27R
Factor % does not depend on time. That is why just the same formula can be used for the
Vs
instantaneous current /(?) and speed v(z) of protons:
en env(t)
I(t)=—= 1
@ T 27R M

To calculate current after one turn it is necessary to determine the speed of protons after one turn. It can
be done using the law of conservation of energy and the law of electromagnetic induction. The
magnitude of electromotive force of induction is equal to ¢, its work produced to accelerate a proton is

e . This work results in increasing of the kinetic energy of a proton. After one turn a speed of a proton
can be calculated from the law of conservation of energy as:

2
v= i+ 27 @)
m

where vy is initial speed of a proton, and can be obtained from Eq.(1) with given initial current /:
27RI
Vo = 3)
en
Combining Egs.(1), (2), and (3) we can calculate current /; after one turn as:

2 3
[lzen v1=en \/( 27RI )2+2e(p=I L+ 112e2(p2
27R 27R en m 27" R ml

Problem 3.
Very cold fresh water fills a vessel with a depth of 3.00 m and a diameter of 1.00 m. A vertically
maintained ice cylinder with diameter d =30.0 cm and length / = 30.0 cm is carefully moved downwards
and submerged in the water perpendicular to its surface and in the centre of the surface of the vessel.
When % of the length of the cylinder is submerged, it is released. The density of the ice is p; = 917 kg/m;
the density of the water is py = 1.00x10° kg/m’.

1) Describe the behavior of the cylinder after it is released.
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2) Ignoring the melting of the cylinder during the first few seconds after it has been released,
calculate the position of the center of mass of the cylinder in equilibrium, taking the level of the
water surface as zero and the vertical axis aimed upwards.

3) Write and solve the equation of motion for the cylinder valid during the first few seconds after it
is released. The equation must have a solution in the form y(?) where y is the displacement; and ¢
is time.

4) Explain the physical significance of all parameters of the function y(z) and give the numerical
values for the parameters.

Solution
The diameter of the cylinder plays no role in the phenomenon.
The buoyant force on the cylinder is given by Archimedes’ principle.
1) Because the density of the
ice is less than the density of (2] (b)
the water, the center of mass ¥ ———
of the cylinder must be under e -
the surface in equilibrium. N T
Just after the cylinder is
released, it starts to move g - . - =T+

downwards and will pass its
equilibrium position due to
inertia. When the center of

Equilibrium

i

i

mass of the cylinder appears
below its position of T ___,
equilibrium, the buoyant L N
force being directed against T

the displacement of the center of mass starts to push the cylinder up. This results in oscillatory motion of
the cylinder.
2) The equilibrium position of the center of mass gives for the displacement 4y of the center of mass the

following relationship: pi = py (I/2 + 4y) — Ay = l(pi - ;] = 0.3(1901070 - 0.5jm =0.125m=12.5cm
The position of the center of mass of the cylinder in equilibrium is y = -12.5 cm. It is 5 cm lower than
the position of the cylinder at the instant it was released.

3) A is cross-sectional area of the cylinder. Variables y and /4 are shown in the figure.

In static equilibrium, and we can write 2 = (p;/pw) [ (1)

and A=(15+12.5) cm=27.5cm

The volume of the displaced liquid is A(% — y). Applying Newton’s second law in the y-direction,
YFy=-pilgd+py (h-y)gd

Substitution of result (1) gives ) Fy=-pyygd=am (2)

The result in (2) is F = -ky, where k = p,, g4 . This is Hooke’s law, and equation (2) is the equation of a
simple harmonic motion.

w

b

A A
The angular frequency for the resulting simple harmonic motion is @ = L3 = \/ PuEL \/ puEA_ |8
m

m p,l4 n
and the period is T:27[=27r\/721.10s
w g

y(t) =(12.5— 7.5)cos(\/%thm =5¢055.97t cm = 5.00x107 cos(5.97¢) m
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Canadian Association of Physicists
2010 Prize Exam

This is a three-hour exam. National ranking and prizes will
be based on a student’s performance on sections A and B of
the exam. Performance on the questions in parts A will be
used to determine whose written work in part B will be
marked for prize consideration by the CAP Exam National
Committee. Part A consists of twenty-two multiple-choice
questions. The questions in part C span a range of
difficulties, and may require graphing. Do be careful to
gather as many of the easier marks as possible before
venturing into more difficult territory. If an answer to part
(a) of a question is needed for part (b), and you are not able
to solve part (a), assume a likely solution and attempt the
rest of the question anyway. No student is expected to
complete this exam and parts of each problem may be very
challenging.
Non-programmable calculators may be used. Please be
careful to answer the multiple-choice questions on the
answer card/sheet provided; most importantly, write your
solutions to the three long problems on three separate
sheets as they will be marked by people in different parts of
Canada. Good luck.

Data
Speed of light ¢ = 3.00x10®* m/s
Gravitational constant G = 6.67x10"" N-m*/kg’
Acceleration due to gravity g = 9.80 m/s’
Density of fresh water p = 1.00x10° kg/m’
The normal atmospheric pressure Py = 1.01x10°Pa
The specific heat of water ¢ = 4,186x10°J/(kg-K)
Fundamental charge e =1.60x10"° C
Mass of electron m, =9.11x10>' kg
Mass of proton m,= 1.67x 107’ kg
Planck’s constant 4 = 6.63x10™* J's
Coulomb’s constant 1/(4nep) = 8.99x10° N-m*/C?
Boltzmann constant k = 1.38x10" J/K

Part A: Multiple Choice
Question 1
A ball is dropped from a height 4. It hits the ground and
bounces back up with a momentum loss of 10% due to the
impact. The maximum height it will reach is

a) 0.90 £; b)0.81/h;  ©)0.949k;  d)0.3 k.

Question 2

A mass m; rests on a frictionless
surface. It is attached to mass m,
by a light string which passes
over a massless, frictionless
pulley, as shown in the figure.
The system is released from rest.
The initial acceleration a of m, is
given by

b)g=—1="g;
(m, +m,)

d) C,:Lg.
(m, +my)

a)a=g;

c) a:(mz—ml)g;

Question 3

The system in question 2 is attached to a spring of spring
constant k£ which in turn is attached

right. The spring 1is neither w m,

stretched nor compressed. The

system is released from rest. The

mass m, falls and then oscillates

about a mean displacement x from

to a vertical wall, as shown to the
its original position before release given by

a) x="28 ; b) x="18 ;
k k
¢) yo mtm)E 4 co k.
k m,g

Question 4 100 Q
Four 100 ohm resistors and a 1 V
battery are connected as shown in
the circuit diagram. The potential

difference between points P1 and

P1

100 O

P2 is given by P2 40001
a)0.250V; b)0.333V; ¢).500V; d)0.667 V.
Question 5

A heavy plate is held horizontal resting on two frictionless
pistons, each of which is placed in the opening of an
asymmetric U tube filled with an incompressible fluid, as
shown in the figure. Once the restraints on the plate are
released, then

a) piston Al will rise and A2
will fall;

b) piston A2 will rise and Al
will fall;

¢) the plate will remain level
and not move;

d) the plate will remain level
and both pistons will sink a
similar small distance.

|

Question 6

Two identical glasses, one completely filled with water, and
the other filled with vodka, are viewed directly from above.
The refractive index of vodka is slightly greater than the
refractive index of water. Which glass appears to have a
greater depth of fluid?

a) the water glass;

b) the vodka glass;

c) neither glass because the apparent depth is the same as
the real depth in both glasses;

d) neither glass, because the effect of the clear fluid is to
reduce the apparent depth by the same factor in both
glasses.

Question 7
The drawing shows a crown glass slab of refractive index
1.5 with a rectangular cross section. As illustrated, a laser



beam strikes the upper surface at an angle of 60°. After
reflecting  from A

the upper. surface, R

the beam reflects I
from the side and |
bottom surfaces.
If the glass is
surrounded by
air, determine at
which point part
of the beam first exits the glass.

| Crown glass

e

a) A; b) B; c)C; d) none of the above.
Question 8

A block of mass m is sandwiched between a rough vertical
wall and a horizontally

oriented spring with spring

N
constant k. If the spring is %
compressed a distance x %
beyond its uncompressed Al N
length, then the minimum N

coefficient of static friction for
which the block does not fall is

rd

o8 gy o mg
kx mg mg + kx mg + kx
Question 9

A light wave has a high enough frequency to ionize an
atom. If the amplitude of the light wave is tripled, the
chance of an atom being ionized by the light wave increases
by a factor of

a) 1 b)/3; ) 3; d)9.

Question 10

A 100-kg student eats a 200-calorie doughnut. To ‘burn off
the sugar high’, he decides to climb the steps of a tall
building. How high would he have to climb to expend an
equivalent amount of work? (1 food calorie = 10° calories ~
4200 J).

a) 273 m; b) 428 m; ¢) 857 m; d) 8400 m.

Question 11

In an insulated vessel, 250 g of ice at 0°C is added to 600 g
of water at 18°C. The latent heat of fusion is ~ 3.33x10°
J/kg. The amount of ice remaining when the system reaches
thermal equilibrium is

a)0g;

Question 12

A liquid will rise in a narrow tube (capillary action) if the
adhesive forces between the molecules of the liquid and the
molecules of the tube are greater than the cohesive forces
between the molecules of the liquid. The height of a column
of liquid of density p drawn up a tube of radius r is given by

b) 114 g; c) 136 g; d)45.2 g.

h :2—7/0059
pgr

where 6 is the contact angle
between the surface of the liquid
and the tube, g is the acceleration
due to gravity, and y is a constant
that depends on a number of
parameters. The dimensions of y
are given by

b) MLT?; ) M'LT?

a) ML
d) MT?; e) none of the above.
Question 13

If the Earth’s polar land-based glaciers melted, water would
be redistributed on the planet, and the depression in the
earth’s crust made by the weight of the ice would rebound,
as the land rises when the weight of the glaciers is removed
(an effect known as Post-Glacial Rebound or Glacial
Isostatic Adjustment). Following post-glacial rebound, the
length of day would

a) increase;

b) decrease;

¢) remain the same as the present length of day;

d) at first increase but then shortly return to the present
length of day;

e) at first decrease but then shortly return to the present
length of day.

Question 14
Eight identical negative
charges -g are arranged

symmetrically on a circle of
radius r, each equidistant
from the next. Assume the
point charges have zero
potential at infinity. If the
constant of proportionality
in Coulomb’s law is &, then
the magnitude of the electric
field and the electrostatic
potential at the centre of the circle are given by

a)E:@,V:ikq; b) o Sk, =8k
r r 2mr)* 2mr)
c)E_@,V—o, d) E=0,V =0;
r
&) E=0, - %K1
r
Question 15
Three of the negative
charges in the previous

questions are replaced with
positive charges with the
same magnitude, and are
arranged as in the figure.
The magnitude of the
electric ~ field and the
electrostatic potential at the centre of the circle are given by




a) E:ﬁ(nzﬁ);’/:()f

2

r

b) E:@(H«E}V:iqk;
r r

c) E:@(Hzﬁ)m:iqk;
r r

d) E=o0, o240k
r
e) None of the above.

Question 16

An electric dipole consists of
two small particles. Each has
mass m but opposite electric

charget qg.  They  are / X

separated by a light, non- ./ E
conducting rod of length /. m, -q
The dipole is placed in a

uniform electric field £ such that it forms an angle 0 to the
field, then is released. Its initial angular acceleration about
its centre of mass is given by

a) 2gE cos@ : b) 2gEsin @ : 0) qElcos@ :
ml ml m

d) gElsin @ : e) gEsin@
m ml®

Question 17

At time ¢ = 0 a block of mass m moves with momentum p
along a rough horizontal surface. If it comes to a complete
stop in time ¢, then the coefficient of kinetic friction g is
given by

a) _P b) P& ; c) P&, d)_PL;
mgt mt m mg
¢) None of the above.

Question 18
A fish swimming in water with constant velocity v,
experiences a viscous drag force that is proportional to the

oc p? ). If the fish doubles
its velocity, then the thrust force F that it must generate to

maintain this new velocity is related to the fish’s original
thrust force F, via

square of its velocity (i.e. F| drag

a) F=2F,; b) F=v2F; c¢) F=4F,;

¢) None of the above.
#1
O-
#2
O-

d F=F’;

Question 19

A solid object has a hole
in it. Which of these
illustrations more
correctly shows how the
size of the object and
the hole change as the
temperature increases?

a) illustration #1;
b) illustration #2;

¢) The answer depends on the material of which the object
is made;

d) The answer depends on how much the temperature
increases;

e) Both c)and d) are correct.

Question 20

Two gear wheels of the same thickness, but with one twice
the diameter of the other, are mounted on parallel light axles
far enough apart not to mesh the teeth of the wheels. The
larger wheel is spun with angular velocity £2and the wheels
are then moved together so they mesh. What is the
subsequent angular velocity of the larger wheel?

¢) 22, d) 492

a)g;
2 5

b) 2
5

Question 21
For the meshed rotating gears of the previous question, what
fraction of the original energy is lost?

a) 1/4; b) 1/8; 0) 1/5; dy 2/5.

Question 22

The drawing shows
a copper wire (of
negligible
resistance) bent into
a circular shape
with a radius of r.
The radial section
BC is fixed in
place, while the
copper bar AC
sweeps around at an
angular speed of . x X X x x

The bar makes

electrical contact with the wire at all times. The wire and the
bar have negligible resistance. A uniform magnetic field
exists everywhere, is perpendicular to the plane of the circle,
and has a magnitude of B. Which of the following shows the
magnitude of the current as a function of 6?

B (into paper)
/

a) b)
i

1 I

0 7 yrad 7 i
¢) d)

h h
1 1
0 n w0 o T 7.0



Part B: Problems

Problem 1

A double inclined plane is in the form of a wedge of weight
10 g, held on the ground with its base horizontal and rough
faces inclined at 30° and 45° respectively to the horizontal.
A 5 g particle on the face inclined at 30° is connected by a
mass less, flexible, inextensible string over a smooth mass
less pulley at the ridge of the wedge to a 7 g particle on the
other face. If the coefficient of friction between each of the
particles and the wedge

is 1/5, find the

accelerations of the

particles and the

magnitude  of  the

vertical force between . o
the wedge and the 30 4
ground.

Problem 2

Oceanographers have deployed an array of instruments off
the west coast of Vancouver Island, connected together by
cables carrying power and communication. The power is
supplied through a single DC line. The return path is
through the sea water. The grounds at each end of the line
are large metal spheres.

Consider two copper spheres, radii a, buried in an infinite
medium of resistivity p. Current flows out of one sphere and
is collected by the second sphere. The current flow in
vicinity of each sphere can be considered radially uniform
as the distance between the spheres is large compared with
a.

a) By considering the series resistance of many thin
spherical shells around a sphere show graphically (or by
direct integration) that much of the resistance between
the spheres is due to material within a radius 2a of each
sphere and thereby estimate the total resistance between
the spheres.

b) If the current flow between the spheres is 1 A, calculate
the charge in coulombs on each one.

Problem 3

Sir Ernest Rutherford, a very famous New Zealander who
worked at McGill University in Montreal and the Cavendish
Laboratory in Cambridge, won the Nobel Prize for his
studies of the disintegration of nuclei. He established an
important relationship for a nuclear reaction, in which a
parent atom disintegrates into a daughter atom, which is
called the Rutherford — Soddy law of radioactive
disintegration. This law states that if N is the number of
radioactive nuclei present at some instant, the number of
nuclei AN that decay in a time At is given by:

AN = —ANAt

where A is called the decay constant. We can integrate this
expression to get the relationship

N(t) = NoeJJ
where N, represents the number of radioactive nuclei at time
t=0.

a)Show that the time taken for N(t) = Ny/2 (known as the
half-life), is given by Ty, = (In 2)/ A.

Potassium-argon (K-Ar) dating is used in earth science to
determine the age of a rock sample. The potassium isotope

401 . L .
19K is radioactive and decays over time to the argon

isotope Tg Ar. When a rock is molten the argon gas is

released into the atmosphere but as the rock cools and
crystallizes, the daughter argon atoms are trapped within the
rock matrix. Time since crystallization is calculated by

measuring the ratio of the amount of ‘1‘3 Ar accumulated to
the amount of Tg K remaining.

The two possible nuclear reaction for TgK to change to

40
g At are:

4 4 .
ng +?1 e—)lgAr + aneutrino

4017 40 0 .
1o K—|gAr+,, e + a neutrino

b) Describe the physical process that is occurring in these
reactions.
¢) Which of the two is the more likely to occur?

d) Most of the potassium TgK (89.1%) decays to ;g Ca.

What is the equation for this reaction?

The approximate ratio of the amount of ‘1‘(8) Ar to that of

?gK is directly related to the time elapsed since the rock

was cool enough to trap the argon by the following
equation:

% Ar,

LA
_ e o |1 0.109
log,2) ™| K

P

Where T, is the half-life of ?g K, K;is the amount of ?g K

remaining in the sample, and Ary is the amount of 41‘2 Ar

found in the sample.

e) If a rock sample has remained undisturbed for 50
million years and the half-life of ?gK is 1.248 x10°

years, what ratio of Ar/K should be measured in the
sample?
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Long Answer:

1. Let T be the tension in the string. and R and S bet the reactions between the masses
and their respective planes.

R

5x107°g

Then

R=5x10"gcos30°
S:

7x107 g cos 45°

o e R \
g =98 m/s” and the frictional forces are 5 and B

Let f* be the acceleration of the 7 gram mass down its plane and of the 5 gram mass up its
plane. The equations of motion of the masses are:

. 1 ” i
7 %107 gsin45° —g?xm ‘gcosd5s’ —T=T7x10"f

T-5x10"gsin30" —1x107gcos30° = 5x107 f

or
-3
x10°8__1 5x10%g-T=7x107f
2 54/

;_5x10°g J3x10%g

3.27x107° f

- )

Adding these together gives



%[:zsﬁ— 25-53)=f1

f=0.049g =0.481m/ s>

Thus the acceleration of the blocks is to the right (ie. the 7 gm mass moves downwards)
at 0.481 m/s’. From this we can calculate T, which is T = 0.0032V.

The forces exerted by the 5 gm mass on the wedge are 5= 107 gcos30° perpendicular to

the plane, and 110~ gcos30° up the plane. The component vertically downwards of
these forces is
15-43
4

510" gcos’ 30° —1x107 g cos30° sin30° =( )x107 g

Similarly. the component vertically downwards of the forces exerted by the 7 gram mass
on the wedge are

7 . 21 o
7 %107 gcos® 45° = 107 g cos45° sin45° = 107 g

The downward component of the force exerted by the string on the pulley is
Tcos60° +Tcos45 =4.36x10" g,

Adding up all the downward forces. we find

B g I5L
10x10‘3g+4.35x10‘3g+%xm 141 4“"5

Or the equivalent of weight of 21.88 gram (slightly less than the mass of the three blocks
if they were not moving).

%107 g =21.88x107 g = 0.214N




2. Consider a sphere surrounded by a spherical shell as shown in the figure. The thickness
of the shell is or. The current I flows perpendicular to the shell.

The resistance dR of the shell is

length parallel to the current flow
OR = Fo

area perpendicular to the current flow

The resistance from a to 2a is

Rza:pT m*__p[i__l}_ p

Am? Axla 2al| Sm

2a
a

R

T odr 0
= o = — 2 Y R
: p;[ Am?®  Am

For two spheres.

® P
RTafafzsz‘a :E

Graphically. this can be done in a number of ways. For instance. here is a typical way this
can be approached:



area

p/dna’

a T5a 2a length

One could represent the integral as a trapezium and get for the area under the curve (ie.
the approximation for the resistance between a and 2a)

1] 1 1 5P

2 o i =
2l a” (2a) 8a 4rx

which is a little larger than the integral value. For the value between a and infinity.
students can obtain a table of partial sums by estimating the area under the curve for
different successive intervals of a, and demonstrate that the solution converges to a finite

value. Please note that the exact sum of the inverse square series was solved by Euler and
1s quite beyond the brilliant highschool student (we think!). The subtleties of this result
are one of the great advertisements for integral calculus.

b) At the surface of the sphere. the current is

I =4m*J,
where J, 1s the radial component of the current density. Thus
1
J_ = 5
Ama

From Ohm’s law. the radial component of the electric field is then

ol
E r T 2
Ama”
If Q is the charge on the sphere. then the electric field is given by
|
g b B

T AmEd



By comparison. then

Q= pleg,

How big is Q? If I'is 1 A. p is of the order of 1 Ohm. and & is roughly 107! F/m. so Q is
of order 107 c.



T _’;‘-Tl.-"' ND

3. a) This comes down to showing that <¥o€ T 5

—A1y;; e

2
AT, =In2

In2
}_;I.-'rl — ﬂ
b) In the first reaction. the potassmun nucleus captures an electron from the inner shell
(since the electron has a finite probability of being inside the nucleus), and mutates into
Argon. In the second reaction. a positron is emitted by the potassium radioactive nucleus

(by standard beta+ decay). and the potassnum mutates into Argon.

e

¢) The reaction most likely to occur is that which requires the least change in total
energy (or equivalently. total mass). Therefore. let us look at the energy balances. The
total energy of the reaction is determined by the total mass of the particles before the
decay minus that of the particles after the decay:

Electron capture:

_ 2
Qec B ('I”pm‘assfum—l_ }”ee’ecfmn Ik ‘I”:ugon - V)C

Fositron emission:

i B 2
Qpe o (?”pom_rsfum_ ”"gfecrmn o 'I”argnn o V)C

2
Subtracting the two we find that Qgc = Qpe +2n !iecron€ . Therefore electron

capture is less energetically demanding and is more likely to occur.
40 40 0 . ’
d) {K—,,Ca +_, e + an antineufrino

which is a standard p decay



e) Rearranging this equation to solve for £r :
Ar
7

tin2 Ar,

——=In(1
T X +_1{}9Kf)
fln2
Ar
0.109(e™* —)=—*L
K

f

Plugging in the given values for the half-life and the time since the formation of the rock

gIVes 7 _ 0.003069 -
.ﬁlrj
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Canadian Association of Physicists
2011 Prize Exam

This is a three-hour exam. National ranking and prizes
will be based on students performance on sections A
and B of the exam. Performance on the questions in
parts A will be used to determine whose written work
in part B will be marked for prize consideration by the
CAP Exam National Committee. Part A consists of
twenty-three multiple-choice questions. The questions
in part B span a range of difficulties, and may require
graphing. Be careful to gather as many of the easier
marks as possible before venturing into more difficult
territory. If an answer to part (a) of a question is
needed for part (b), and you are not able to solve part
(a), assume a likely solution and attempt the rest of
the question anyway.

Non-programmable calculators may be used. Please
be careful to answer the multiple-choice questions on
the answer card/sheet provided; most importantly,
write your solutions to the three long problems on
three separate sheets as they will be marked by peo-
ple in different parts of Canada. Good luck.

Notice: Full marks will be given to a student who
provides any full correct solution to the long problems.
Partial marks will be given for partial solutions. There
are no penalties for incorrect answers. The questions
are not of equal difficulty. Remember we are challeng-
ing the best physics students in Canada; it is possible
that even the best papers may not achieve an overall
score of 80%. This is meant to be tough!

Data

Speed of light ¢ = 3.00 x 108m/s

Gravitational constant G = 6.67 x 1071 Nm? /kg?
Acceleration due to gravity g = 9.80m/s?

Density of fresh water p = 1.00 x 103 kg/m3

The normal atmospheric pressure Py = 1.01 x 10° Pa
The specific heat of water ¢ = 4.186 x 103 J/kgK
Fundamental charge e = 1.60 x 107 C

Mass of electron m, = 9.11 x 1073 kg

Mass of proton m, = 1.67 x 10727 kg

Planck’s constant h = 6.63 x 1073 Js

Coulomb’s constant 1/(47mep) = 8.99 x 10° Nm?/C?
Boltzmann’s constant k = 1.38 x 10723 J/K

A.U. Astronomical Unit = 1.49598 x 10'' m The ap-
proximate distance from the Sun to the Earth.
Radius of the Earth = 6.371 x 10°m

Linear expansion coefficient of iron

are =11 x 107°K~!

Linear expansion coeflicient of zinc

azn =3.0x 1072 K1

1 US mile = 1609 meters

1 US gallon = 3.785 liters

Part A: Multiple Choice

Question 1

Incandescent light bulbs are notorious for being rela-
tively inefficient in producing visible light. The tung-
sten wire inside such a bulb is at a temperature of

approximately 3000 K and the emission spectrum is
very similar to that of a blackbody. The efficiency is
so low because

a) Most of the electrons are absorbed in the tungsten
wire.

b) Most of the power is lost due to the resistance of
the bulb.

¢) The electric power actually is efficiently transformed
into radiation but at 3000 K, most of it is infrared.

d) A blackbody absorbs more light than it emits, hence
it appears black.

Question 2

A solar panel installed on a spaceship has a maximum
energy output of 5 kW near the Earth. What is the
maximum energy output of the solar panel when the
spaceship is near Mars? (The distance from the Earth
to the Sun is 1 A.U. and from Mars to the Sun is
1.5 A.U)

(a) 3.3 kW;
(d) 0.55 kW;

(b) 2.2 kW;
(e) 0.20 kW.

(c) 1.0 kW;

Question 3

A scientist measured a 1uA current in an area of a hu-
man brain. Unlike current in metals which is carried
by free electrons, the current in the brain is mainly car-
ried by potassium ions. Each potassium ion has one
unit of charge e. This current corresponds to the flow
of how many potassium ions per second?

(a) 6 x10%  (b) 6x 105  (c) 6 x 10%
(d) 6 x 102, (e) 6 x 10'8.

Question 4

The gas supply to your physics professor’s house sud-
denly stops due to a gas line failure. It is winter and
the temperature outside is —5°C and constant. As-
suming all the doors and windows remain closed, which
of these graphs best describes how the temperature in
the house changes with time after the gas supply stops?

o O
© g
30 £30
£ H
: :
£ 20 220
£ &
10 10
0 0
-10: -10
(a) 10 30 30 (b) io 20 30
Time (hours) Time (hours)
o o

10 20

Time (hours)

-10 T T
(C) [t 10 20

Time (hours)



Question 5
The ray of light travelling in air hits the parallel glass
plate as shown. Which are the possible continuations
of the light ray?
a) 4 only.

b) both 2 and 4.
¢) both 3 and 6.
d) both 1 and 5.

3

o

Question 6
Approximately, what fraction of the energy emitted by
the Sun reaches to the Earth?

(a) 1077 (b) 10710 (c) 10713;  (d) 10716,
Question 7

The resistance of the tungsten in a light bulb increases
with temperature. Which of the following graphs
shows the current as a function of voltage for the light

bulb?
[ [

(e) v

Question 8

A fast rocket travels directly upwards at 0.5¢ (half the
speed of light). There is an explosion directly below
the rocket. If astronauts manage to measure how fast
the light produced by the explosion is moving relative
to their spacecraft, they will find the light to be mov-
ing:

a) Upwards at speed 0.5c¢.

b) Upwards at speed c.

¢) Upwards at speed 1.5¢.

d) Downwards at speed 0.5c¢.
e) Downwards at speed c.

Question 9
Two identical clocks are set to the same time as one
passes the other at very high (relativistic) velocity

as shown in the top figure. Which of the other fig-
ures represents a possible observation of the clocks at
some later time in the reference frame of the stationary
clock?

-~ .
:
2:00
-~ 5 -~ .
v 1:59 v 2:00
a) 2:02 b) 2:02
-+ . -+ .
v 2:01 v 2:02
C) 2:02 d) 2:02
B .03
v 2:03
e) 2:02

Question 10

For the statements:

1) Mass can be directly converted into kinetic energy.
2) Kinetic energy can be directly converted into mass.

a) Only first is true.
b) Only second is true.
¢) Both are true.

d) Neither is true.

Question 11

A stable Helium-4 nucleus has two protons and two
neutrons. If the mass of Helium-4 nucleus, proton and
neutron are denoted by mie, mp and my, respectively,
we can conclude that:

a) Mie = 2Myp + 2my.
b) mie > 2mp + 2my,.
¢) Mmue < 2mp + 2my,.
d) Any of the above may be true.

Question 12

A clean metal surface is placed in a vacuum. The sur-
face is irradiated with monochromatic light of variable
intensity I(number of photons per unit area) and fre-
quency f. We measure the maximum kinetic energy K
of electrons emitted from the metal due to the photo-
electric effect. How does K behave when I increases?

a) K increases.

b) K is constant.

¢) K decreases.

d) Impossible to determine.

Question 13

A point mass is moving in the xy plane. Its accelera-
tion is a constant vector perpendicular to the x axis,
then:

a) only v, is constant.

b) only v, is constant.

¢) only the acceleration is constant.

d) the acceleration and v, are constant.
e) the position and a, are constant.



Question 14

A huge case, attached to a cable, is descending at a
constant velocity. The tension in the cable is (neglect-
ing the air resistance):

a) greater than the weight of the case.

b) smaller than the weight of the case.

¢) equal to the weight of the case.

d) we cannot tell since we dont know the weight of the
case.

Question 15

Objects A and B, isolated from the environment, are
initially separated from each other and are then placed
in thermal contact. Their initial temperatures are
Tx = 0°C and T = 100°C. The heat capacity of B
is twice the one of A. After a certain time, the system
reaches equilibrium. The final temperatures are:

a) T4 =T = 50°C.
b) Th =Tp > 50°C. A B

) Ta =Tp < 50°C. 1.0Kg| 2.0Kg
d) Ty > Tp > 50°C. 0°C 100°C
e) Ty > 50°C > Tp.

o

Question 16

When a car is starting, its driving wheels experience:

a) The force of kinetic friction directed backward.
b) The force of static friction directed backward.
¢) The force of kinetic friction directed forward.
d) The force of static friction directed forward.

Question 17

An aquarium partly filled with water accelerates down
an incline which is at an angle # with respect to the
horizon. The surface of water in the aquarium:

a) is horizontal.

b) is parallel to the plane of the incline.

¢) forms an angle o with the horizon, where 0° < a < 0
d) forms an angle o with horizon, where 6 < o < 90°.

Question 18

Objects around us have different colours. This is be-
cause

a) They are at different temperatures.

b) They are non-thermal radiation sources.

c) Different materials or paints reflect light at different
speeds.

d) Different materials or paints reflect different wave-
lengths.

Question 19

This graph shows the average temperature inside a
room. At time #; the heater is turned on. We want
to compare the power input to the room (P,) and
the power output from the room (Pyy). For which
region(s) on the graph is Py, # Pout?

a) Only region I

Temp
b) Only region II. I I -
¢) Only region III. ! .
d) Only regions 1T & KJE—
1L, | |
e) Regions I, 1T & TII. 31 to Time

Question 20

A spherical asteroid with a radius of 1 km is illumi-
nated by sunlight. In order to calculate the solar power
absorbed by the asteroid, what area should be used?

a) 1km?.

b) 3.14 km?.

c) 12.6 km?.

d) Answer cannot be determined from the available
data.

Question 21
If you toss a ball up, at the highest point

a) The velocity changes direction.

b) The acceleration changes direction.

¢) The acceleration is zero.

d) Both velocity and acceleration are zero.
e) More than one of the above is correct.

Question 22

Many cars are now equipped with anti-lock brakes
(ABS), which prevents locking of the wheels during
emergency braking. What is the main advantage?

a) This saves the tires. Otherwise too much rubber is
left on the road.

b) Provides more control over the car but stopping dis-
tance increases slightly.

¢) This leads to a shorter stopping distance because
tires exert rolling friction which is larger than kinetic
friction.

d) This leads to a shorter stopping distance because
tires exert rolling friction which is larger than static
friction.

e) This leads to a shorter stopping distance because
tires exert static friction which is larger than kinetic
friction.

Question 23

Rank in order, from brightest to dimmest, the identical
bulbs A to D.
A
o T
oy
C
JA>C>B>D.
d)A>C=D>B.

e)C=D>B=A. A B

a) A=B=C=D.
b) A=B>C=D.

o




Part B: Problems

Problem 1

Last year, a customer tried to compare two cars. A
manufacturer of the USA car claims fuel efficiency of
30 mpg (miles per gallon). The manufacturer of the
European car states the fuel efficiency of 7.81/100km
(liters per hundred kilometers).

(a) Which car is more efficient and by how much?

This year, still undecided, this customer noticed that
both manufacturers improved their fuel efficiency num-
bers by 20%.

(b)  Which car is more efficient now, and by how
much?

Fig. 1 shows the velocity as a function of time graph
for a trip you took with your car.

Speedas a function of time

140
120
100
80
60
40
20

Speed [km/h]

0 0.5 1 15 2 2.5
Time [h]

Figure 1

(¢) Determine the total distance travelled during this
two hour trip.

(d) Fig. 2 displays the air drag force as a function
of velocity. What is the total work done by the drag
force on the car during this two hour trip?

Force as a function of speed

600
550
500
450
400
350
300
250
200
150 —
100

50

0

Force in Newtons

0O 10 20 30 40 50 60 70 80 90 100 110 120 130
Speedin km/h

Figure 2

(e) Each liter of gasoline has 35 MJ of energy. The
efficiency of the motor as a function of the car’s speed
is shown on Fig. 3. How much gasoline is used to over-
come the air drag during this two hour trip?

Engine efficiency as a function of
speed
0.18

0.16

0.14

0.12
0.1
0.08
0.06
0.04
0.02
0

Efficiency

50 60 70 80 90 100 110 120 130 140

Speed [km/h]

Figure 3

(f) In which part of the trip the fuel was used most
efficiently (least gasoline used per kilometer travelled)?

Problem 2

Photo A shows a pendulum for a grandfather clock. It
consists of very thin sets of iron and zinc rods and the
pendulum bob. At room temperature there is one iron
rod of length Loge = 68.00 cm , two iron rods of length
Lire and two zinc rods of length Lz, connected as in
diagram B. Both sets of rods are of negligible weight
compared to the pendulum bob. The thickness of the
connecting pieces is negligible compared to the length
of the rods. The bob is attached to the iron rod. The
pendulum length, then is L = Lope + (Lire — Lzn),
L =70.00 cm.

(a) Does the position of the rods in diagram B cor-
respond to a warmer day or a colder day compared to
their position in diagram C?7

(b) Find Lip, and Ly, if the pendulum period does
not change when the temperature changes.

Axis




Problem 3

Two radio antennas are 100 m apart on a north-south
line. They broadcast identical radio waves at a fre-
quency of 3.0 MHz. Your job is to monitor the signal
strength with a handheld receiver. To get to your first
measuring point, you walk 800 m east from the mid-
point between the antennas, then 600 m north.

(a) What is the phase difference between the waves
at this point?

(b) Is the interference at this point maximally con-
structive, perfectly destructive, or somewhere in be-
tween? Explain.

(¢) If you now begin to walk further north, does the
signal strength increase, decrease, or stay the same?
Sketch the amplitude of the signal as a function of the
distance.



CAP High School Prize Exam

Question 1-(c
Question 2-(b
Question 3-(d

Question 4-(c

Question 6-(b
Question 7-(a

)
)
)
)
Question 5-(d)
)
)
Question 8-(b)

)

(
(
(
(
(
(
(
Question 9-(c
Question 10-(c)

Question 11-(c)
Question 12-(b)

March 2011

Solutions

Part A: Multiple Choice

Question 13-(d
Question 14-(c
Question 15-(b
Question 16-(d
(

Question 17-(c

Question 19-(b
Question 20-(b
Question 21-(a

)

)

)

)

)
Question 18-(d)
)

)

)
Question 22-(e)
)

(
(e
(

Question 23-(e



Part B: Problems

Problem 1

(a) To compare the efficiencies, we need to convert them to the same unit:

USA car efficiency = 30mpg = 5 mpg?j(gf.éo/équn/mile) = 7.84 L/100km

European car efficiency = 7.80 L/100km

The European car is the most efficient.

(b)

0.2 x 7.8 L/100km = 1.56 L/100km = European car new efficiency = 6.24 L/100km

0.2 x 30mpg = 6 mpg = USA car new efficiency = 36 mpg

USA car new efficiency = 36 mpg = 5 mpg?j(sf.é/O/QgZ:n/mile) = 6.53 L/100km

Therefore the European car is still the most efficient, by 6‘52# x100% = 4.65%. Note that a 20% improvement
in efficiency measured in L/100km is more important than a 20% improvement in efficiency measured in mpg.
(c) The distance traveled in each part of the trip is given by the velocity during this part, multiplied by the

travel time, so the total distance traveled is:
AX = 0.5h x 60km/h + 0.5h x 120km/h + 0.5h x 80km/h + 0.5h x 100km/h = 180km
(d) The work done by the the drag force is the sum of the work in each part of the motion:

4
240N x 60km/h x 0.5h+ 540N x 120km/h x 0.5h+ 320N x 80km/h x 0.5h 4+ 420N x 100km/h x 0.5h = 73.4 M J

(e) The total gasoline used is given by the sum of the amounts used in each part of the motion:

1= 24 F; Vi At _
- i=1 35 M J/LxEfficiency; ~—

0.5h x (240N0>T(§3$5k,m/h + 54ON>E)'11250km,/h + 320N6<§(ikm/h + 420N6<‘11(£)))(;km/h)/(35 MJ/L) —16.7L

(f) The amount of gasoline used per kilometer travelled (denoted by lx.,) for each part of the motion is then

given by:

FVAt F 1 J/m F 1 10—3%
m

lkm = 35MJ/Lx Bfficiency VAt — Efficiency < 35 MJ/L — Efciency < 35

For the different speeds of the car the [, can be calculated:

V = 60km/h = ljy = 9.14 L/100km
V = 120km/h = lm = 10.3 L/100km
V = 80km/h = ljy = 8.31 L/100km
V = 100km/h = lgm = 8.89 L/100km

Therefore gasoline is used most efficiently when the car is traveling at 80km/h .



Problem 2
(a) The position of the rods in diagram B is on a colder day compared to their position in diagram C.

(b) The period of the oscillations of the pendulum is given by:

'r:27r\/Z
g

Thus, to keep the period constant, the total length of pendulum needs to be constant as the temperature varies.

If the temperature increases by AT, the new length of the pendulum is:

L = Lope(]. + apeAT) + Llpe(l + OlFeAT) — LZn(]- + aZbAT)
= L'=L + AT x (LOFeaFe + LlFeaFe - LZnaZn)
If we want the length to be constant, L' = L and:
Lopeare + Lipeape — Lznaz, = 0= foretlire — azn — 973

Zn QFe

Lope + Lire — Lizn = 70cm, Lope = 68cm

= Lipe =42.5cm , Lyz, = 40.5cm




Problem 3

(a) The phase difference between the waves at the point of interest is given by:

A¢ _ 27T>\AT

Ar = /(600m +50m)* + (800m)* — 1/(600m — 50m)* + (800 m)* = 60m

N & — 3.0x10%m/s _ 100m

f = 3.0x10°Hz
— 60m __
= A¢ =255 = 1.2m

Alternatively, since the distance between the two sources is small compared to the distance to the receiver, one

can use the approximation shown in the figure, and Ar can be computed as follows:

Ar = dsin(f) = 100m x 500 m =60m
/(600 m)24(800 m)2

600m

6

\ y
800m

100m
e

(b) Maximally constructive interference happens when the phase difference is A¢p = 27n, and perfectly
destructive interference happens when A¢ = 27 (n + %), where n € Z. Therefore, at the point of interest it is
neither perfectly constructive or destructive: something in between.

(c¢) Walking north from the first point, the value Ar increases, so the phase difference increases. Starting from
a value of 1.27, as we walk toward north the signal will increase (the minimum being at 7 phase difference).

On the north-south line where z = 800 m, the phase difference is given by:

Ap =2wAr/\ = M = 2msin(f) ; for d =100m and A =100m

Since sin(f) = ——=—.—— varies between (—1,1), there are one peak at the center and two minima at
A/ y2+(800m)2

sin(f) = +£0.5.

Finally, the intensity will eventually decrease as we walk away from the sources.

We therefore obtain the following graph:
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Canadian Association of Physicists
2012 Prize Exam

This is a three-hour exam. National ranking and prizes
will be based on students’ performance on sections A
and B of the exam. Performance on the questions in
part A will be used to determine whose written work
in part B will be marked for prize consideration by the
CAP Exam National Committee. Part A consists of
twenty-five multiple-choice questions. The questions
in part B span a range of difficulties, and may require
graphing. Be careful to gather as many of the easier
marks as possible before venturing into more difficult
territory. If an answer to part (a) of a question is
needed for part (b), and you are not able to solve part
(a), assume a likely solution and attempt the rest of
the question anyway.

Non-programmable calculators may be used. Please
be careful to answer the multiple-choice questions on
the answer card/sheet provided; most importantly,
write your solutions to the three long problems on
three separate sheets as they will be marked by peo-
ple in different parts of Canada. Good luck.

Notice: Full marks will be given to a student who
provides any full correct solution to the long problems.
Partial marks will be given for partial solutions. There
are no penalties for incorrect answers. The questions
are not of equal difficulty. Remember we are challeng-
ing the best physics students in Canada; it is possible
that even the best papers may not achieve an overall
score of 80%. This is meant to be tough!

Data

Speed of light ¢ = 3.00 x 10%m/s

Gravitational constant G = 6.67 x 1071 Nm? /kg?
Acceleration due to gravity g = 9.80 m/s?

Normal atmospheric pressure Py = 1.01 x 10° Pa
Density of fresh water p = 1.00 x 103 kg/m3
Specific heat of water C,, = 4186 J/kgK

Specific heat of ice C; = 2050 J /kgK

Latent heat of water L,, = 2260kJ/kg

Latent heat of ice L; = 334kJ/kg

Density of ice p; = 916 kg/m?

Fundamental charge e = 1.60 x 107 C

Mass of electron m, = 9.11 x 1073 kg

Mass of proton m,, = 1.67 x 10727 kg

Planck’s constant h = 6.63 x 10734 Js

Coulomb’s constant 1/(47mep) = 8.99 x 10° Nm?/C?
Boltzmann’s constant k& = 1.38 x 10723 J/K

A.U. Astronomical Unit 1.49598 x 10! m: The ap-
proximate distance from the Sun to the Earth.
Radius of the Earth R, = 6.371 x 10%m

Radius of the Sun R, = 6.96 x 108 m

Part A: Multiple Choice
Each multiple choice question is worth 1 point.

Question 1
Two planets X and Y travel counterclockwise in circu-
lar orbits around a star as shown in the figure below:

Fig. 1

Fig. 2

The radii of their orbits are in the ratio 3 : 1. At some
time, they are aligned as in Fig. 1, making a straight
line with the star. After five Earth years, the angular
displacement of planet X is 90.0°, as in Fig. 2. What
is the angular displacement of planet Y at this time?

Question 2
You are holding a bottle of sparkling water inside a car
moving forward. When the driver applies the brakes:

a) Bubbles in the middle of the liquid will start to
move forward with respect to the bottle.

b) Bubbles will start to move backward with respect
the bottle.

¢) Bubbles will stay at the same horizontal location in
the water.

d) Depending on the speed of the car, bubbles might
move forward or backward.

Question 3

An Earth satellite revolves in a circular orbit at a
height i from the surface of the Earth. If R is the
Earth’s radius and g is the acceleration due to grav-
ity at the surface of the Earth, then the speed of the
satellite is given by:

a) Vgt

b) \/g(R + h)

©) \/gR+h
(R+h)2

o,

)

Question 4

Assume that sodium produces monochromatic light
with a wavelength of 5.89 x 10~ "m. At what approx-
imate rate would a 10 watt sodium-vapour light be
emitting photons? Assume that the efficiency of the
light bulb is about 30%.

a) 8.9 x 10'® photons/sec.
b) 3.0 x 10*® photons/sec.
c) 9.9 x 101 photons/sec.
d) 2.0 x 10%° photons/sec.



Question 5

Three batteries are placed in series. Each battery has
an internal resistance r. If one of the batteries is placed
the wrong way around as shown in the picture, what
will be the total resistance of the three cells now?

a)r/3

b) r/2 -
i T
e) 3r I+

Question 6

At the designed intensity, the two beams circulating in
the Large Hadron Collider (LHC) at CERN consist of
5616 bunches (2808 in each direction) of approximately
1.15 x 10 protons per bunch. A small commercial hy-
drogen cylinder contains 40 L of gas at a pressure of
10 MPa and a temperature of 25°C. Assuming an in-
jection efficiency of 70%, how many times could the
LHC be filled at the designed intensity using a single,
perfectly hermetic cylinder?

a) 1.1 x 101
b) 1.5 x 101!
c) 2.1 x 101!
d) 1.1 x 1014
e) 1.5 x 1014

Question 7

The Earth is constantly receiving energy from the Sun.
To stay at approximately the same temperature, the
Earth loses energy by:

a) Conduction

b) Radiation

¢) Convection

d) Evaporation

e) The Earth does not lose energy, this is why we have
global warming.

Question 8

A car starts to move at time ¢ = 0. If the engine of
the car is able to provide constant power, which of the
following statements is correct about the speed of car
at the beginning of the motion?

a) The speed is constant.

b) The speed increases proportionally to time passed
(v t).

¢) The speed increases as the square root of time
(v o< V).

d) The speed increases as time squared (v oc t2).

Question 9

A detector far away from the source of a wave is de-
tecting pulses of that wave every 0.2 second. If the de-
tector starts to move towards the source at a speed of

6.0 km/h, then it would detect a total of 18200 pulses
per hour. What is the speed of the wave?

a) 100 m/s
b) 150 m/s
¢) 200 m/s
d) 300 m/s

Question 10

There are three different liquids, with densities p1, p2
and ps3, in a U-shaped container as shown in the pic-
ture. The lengths shown are H; = 15 cm and Hy = 10
cm. Which of the following equations gives the cor-
rect relation between the densities of the fluids in the
container?

a) 3p3 = 2p1 + p2

b) p3 = 2p1 + 3p2
c) 2p3 = 3p1 + p2
d) p3 = 3p1 + 2p2 I
R
P3 T Ha P1
lHl k
P2

Question 11

The intensity of light from a source decreases with the
distance x from the source, as Z% In the following pic-
ture, the intensity of light from the source S at point
A on a curtain is 8.1U where U is some unit. We then
add a big mirror parallel to the curtain at point B.
The distances AS and SB are equal, and the points
A, S and B are in line perpendicular to the curtain
and the mirror. What is the intensity of light reaching
point A now?

.
[ ]
e
>




Question 12

Which of the following is the correct free-body diagram
for a cylinder floating in water?

Fbr‘m';arﬁ
m.g
a) :
F‘U uoyant
m
o) a) 9

Question 13

Vancouver’s latitude is about 49°, and Earth’s axial tilt
is about 23°. The power delivered by the Sun reach-
ing a horizontal surface in Vancouver at noon differs
in winter and summer. What is the approximate ratio
of this quantity measured in winter, compared to that
measured in summer?

a)l:2
b)1:3
c)1:4
d)1:5

Question 14

Consider a metal rod firmly attached to a wall. When
you strike the rod with a hammer, which kind of wave
will you excite?

a) A longitudinal wave.

b) A transverse wave.

¢) Either kind, or both, depending on where and how
you hit the rod.

d) No wave will be excited, the metal is too strong.

Question 15

Assume that you videotaped the fall of a ball due to
gravity in vacuum, and are now playing the video in re-
verse at the same speed. Which of the following state-
ments is correct about the acceleration of the ball seen
in these conditions, compared to that of the actual
falling ball?

a) The accelerations are the same in both cases.
b) They have the same value but opposite directions.
¢) They have different values but the same direction.
d) Both the values and directions differ.

Question 16

A rod (AB) is attached to a fixed point (C) using a
light rope (AC). The other end of the rod (B) is sit-
ting on ice with negligible friction and the system is in
stationary position. Which of the following can be the
equilibrium configuration of this system?

a) b)

Question 17

Which of the following is the closest to the total mass
of the atmosphere around the Earth?

Question 18

At shallow depth, h, the pressure in the ocean is sim-
ply given by P = Py + pgh, in which p is the density of
water and Py is the air pressure. As we go deeper, the
high pressure causes the water to compress and become
denser. Which of the following sketches illustrates the
correct dependence of the pressure on the depth h?
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Question 19
An aluminium plate and a glass plate are left in a room
for a long time. Putting one ice cube on each plate,

you notice that the ice melts faster on the aluminium
plate. Why?

d) :

a) The ice is in thermal equilibrium with the glass
plate, but not with the aluminium plate.

b) Aluminium conducts heat to the ice more rapidly
than glass.

¢) The aluminium plate holds more heat.

d) The aluminium plate is warmer.

Question 20

You are on the side of the highway, listening to the
siren of a fast-approaching ambulance. When the am-
bulance is not moving the frequency of its siren is 1000
Hz. Which of the following graphs best describes the
frequency that you hear as the ambulance approaches
and then passes you?
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Question 21
Which of the following radiation types has the longest
wavelength?

a) Radio waves

b) Visible light

¢) X rays

d) Infrared light

e) They all have at the same wavelength

Question 22
A cup filled with water has a hole in the side, through
which the liquid is flowing out. If the cup is dropped
from a height, what will happen to the water flowing
from the cup?

a) It will keep coming out, flowing at the same rate as
before:

_|

7

b) It will keep coming out, but it will flow a bit slower
than before.

¢) It will keep coming out, but start to flow upwards
relative to the cup:

|

d) It will keep coming out, flowing horizontally with
respect to the falling cup:

e) It will stop flowing.

Question 23

Two cubes, with respective masses M; and
M, and side lengths Ly and Lo, are lying
on a smooth table as shown. What is the
pressure exerted by the cubes on the table?
a) I\/[12g + I\/[z g

Ly M,

L, M

=3

)M{Z+M

) ]\/Ilg + M29

d) None of the above.

o

1




Question 24

Consider an object that floats in water but sinks in
oil. When the object floats in water, half of it is sub-
merged. If we slowly pour oil on top of the water so it
completely covers the object, the object:

a) moves up
b) stays in the same place
¢) moves down

Question 25
The pressure in a stream of water flowing out of a
faucet is:

a) largest at the bottom
b) largest near the faucet
¢) the same everywhere in the stream

N

Part B: Problems

Problem 1 (10 points)

Mass spectrometry is a way of measuring the mass-
to-charge ratio of charged particles as well as distin-
guishing different components of a beam of particles.
As an example of such an experiment, consider ions of
two isotopes of Potassium, K3 and K{3, with positive
charge +e entering as a beam of particles into a region
with magnetic field B in the z direction, as shown in
the picture. The beam is injected at point O. Due to
the magnetic field, all the ions travel in a circle with ra-
dius given by r = %, in which v is the velocity of ions,
m is the mass of ions and ¢ is the charge. After these
two types of ions travel through the magnetic field,
they reach a sensitive film and record bright spots on
it as show in the picture.

Consider the distance from point O to the bright spot
produced by K3$j ion to be L1, and the distance to the
spot recorded by K{§ ion to be L. We use L for the
average of L1 and Lo.

l}y

©p

Sensitive Film

e m,q

(a) Assuming that the energy of both isotopes is the
same, compute the ratio L22L1

(b) Since these ions have different masses, one can dis-
tinguish them by observing the two bright spots on the
film. However, some experimental uncertainties can
complicate the situation. For example, tuning the en-
ergy of the beam to a specific value is impossible. If the
energy of particles in the beam varies from 7.9 x 10717J
to 8.1 x 10717], is it possible to distinguish these two
types of ions?

(¢) Furthermore, adjusting the ions to enter exactly in
the y direction, as shown in the picture, is also impos-
sible. Assuming that the beam enters at a small angle
« from the y direction, compute L as a function of «.

(d) Now assume that the particles in the incident beam
can have any angle o between 0 and 3° from the y di-
rection, due to the uncertainty in the angle. Is it pos-
sible to distinguish the two types of ions in this case?

Problem 2 (10 points)

Andrzej’s electric bike is equipped with a motor built
into the front wheel hub. The stator of the electric
motor (stationary part with the coils) is fixed solidly
to the axle and the magnets are attached to the wheel.
He made the following measurements on the bike:

1. If he runs it on a horizontal road at 20 km/h and
then switches the motor off, it takes the bike 50 m to
stop.

2. At full power, it can accelerate up a 5° slope from
5 to 20 km/h in 6 seconds.

3. The total mass of the bike plus the rider, is 106 kg.
4. The diameter of the wheels is 66 cm.

5. The diameter of the front wheel axle is 11 mm.

6. The bike uses a 48 V battery with a capacity of 8 Ah
(ampere-hour).

7. The motor is 85% efficient.

Find out:

(a) What is the current flowing through the motor
when the bike is driven at 20 km/h on a horizontal
road without pedaling?

(b) How far can it go on one battery charge at
20 km/h?

(¢) What is the net torque acting on the front axle?
(d) What is the current flowing through the motor
when the bike is accelerating up a 5° slope from
0 to 20 km/h in 20 seconds?

(e) What is the full mechanical power of this motor?
(f) What is the maximum slope one can bike up at
constant speed using the motor only (not pedaling)?
(g) What is the current flowing through the motor at
maximum power?

(h) What was the most important simplifying as-
sumption that you had to make in order to solve this
problem?



Problem 3
This problem has two independent parts.

Problem 3A (5 points)

A Russian nuclear icebreaker named 50 Let Pobedy has
a length of 160 m, a width of 30 m and two nuclear re-
actors, each delivering about 30 MW of power. It can
clear a path 35 m wide in 2 m thick ice (at —10°C) at a
speed of 5 knots (2.5 m/s). Somebody suggested that
instead of breaking the ice, one should melt it with a
gigantic heater mounted at the front of the ship.

(a) For this to work, what power should this heater
have, in order to achieve the same performance as the
icebreaker?

(b) Explain in one sentence whether such a heater
would work or not on this icebreaker.

Problem 3B (5 points)

You are given a graph of temperature as a function
of time of a container with a mixture of ice and wa-
ter slowly heated at constant rate. When all the ice
melts, there is 850 mL of water in the container. In the
following questions, neglect the evaporation of water.

(a) At which rate is the container heated?

(b) How much ice was initially present?

Temperature (in deg C) as a funetion of time
7.00

525 /

3.50

175

-

-1.75

0 375 750 1125 1500

+ Time in seconds
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Part B: Problems

Problem 1
(a)

Using the formula given for the radius of the beam inside the magnetic field:

mg‘/g vV 2Em2

Ly = 2ry =2 —9 1

2 =27 B B (1)
Vi _\2E

Ly =2 =201 _pVom 2)
qB qB

:Lg—Ll _Tra—m _2\/72’727\/771_1_2\/5—\/@
L T2+ 71 Vma + /mi VAT + /39

=0.025 (3)

In above, we used the fact that energies of the beams are the same.

(b)

Since the position of collision of the beam is given by:

Then if the energy varies by AE the position varies by:

AL o Lmam - Lmzn —9 Vv Emaw Y Emzn (5)
L N (Lmaz + Lmzn)/2 B V Emam + V Emzn
g V8.1 —+/7.9

=9 Y =
L V81++7.9

=0.0125 (6)

The variation (error) created by the energy variation is of the same order of the difference in the position of

the particles calculated in previous part, this would make distinguishing the particles impossible.

(c)

If the beams enter at the angle a the position is given by:

LercosazQ%cosa (7)

(d)

The uncertainity created by the angle variation is:

% = (2r —2rcosa)/2r = 1 — cos(3°) = 1.37 x 103 (8)

Since the uncertainty due to angle variation is much less than the seperation in part (a), distinguishing particles

is possible.



Problem 2
(a) From the first statement, we can calculate the combined force of friction and air resistance, Fy. We have
to assume that it is independent of speed, so we basically neglect the air resistance. The bike’s kinetic energy

is converted to work of the force of friction on the distance d = 50 m.

Frd = mv? /2
v =20 km/h = 5.56 m/s
F=mv?/2d =32.7TN

So the corresponding coefficient of friction is
w=F/mg=0.0315.
To bike at 20 km/h, we need mechanical power
P =Fv=182 W,
which at efficiency € = 85% gives us electrical power
P =P /e =283 W.

Electrical power is a product of the voltage V' times the current I, so P = V1.

We know the voltage V =48 V, so finally
I, = P,V = Fu/eV = 4.45 A.
(b) The battery capacity is 8 Ah, so is will supply 4.45 A for a time equal to:
8Ah /445 A = 1.8 h.

During this time, at 20 km/h, the cyclist will bike for 36 km.

(c) At this constant speed, the net force on the bike and net torque must be zero, as there is no acceleration
or angular acceleration of the wheel. [We also gave points to the students who calculated the torque related to
the force driving the bike: 7 =32.7 N * 0.33 m = 10.8 Nm.]

(d) Now we have to calculate the total force acting on the bike. There are three forces:

- The force driving the bike, F’

- The force of friction, —umgcos(0)

- The component of the force of gravity, —mgsin(6)

We assume constant acceleration a = v/t; = ( 5.56 m/s ) / 20 s.

From Newton’s Law
ma = F — pmgcos(0) — mgsin(6),
so we need the force F':

F = (mv/t1 + umgeos(0) + mgsin(0)).



The average velocity during this time is v/2, so the average mechanical power of the motor is in this situation

is:
Py = v(mu/ty + pmgceos(0) + mgsin(0))/2 = 424 W.
The average electrical power needed is
Py =Py /e =499 W,

so the average current is I» = P /V =104 A.

(e) We again assume constant acceleration. Maximum power is needed at the end, to reach the maximum
speed of 20 km/h. From statement 2 we have the average mechanical power like in (d), but now the acceleration
is (v2 — v1)/t2 where va = 20 km/h, vy = 5 km/h and t5 = 6 s. Therefore the acceleration is a = 0.69 m/s. At

the top speed the power needed is
Py = va(m(ve — v1)/ta + pmgeos(0) — mgsin(0))/2 = 1093 W.
(f) Assuming speed v going up the slope, we have
Py = v(umgceos(0) + mgsin(0))

One can substitute cos(d) with /1 — sin?(0) and get a quadratic equation for sin(f), or solve the problem
graphically for a given velocity. v = 20 km/h gives 6 = 9°. At 5 km/h one gets about 45°, which is probably
impossible - the wheels will slide.

(g) Is=P;/V =268 A

(h) We assumed constant friction force and constant acceleration.



Problem 3A
(a)

The volume of the ice that needs to be melted per second is given by:

Q=wxdxV =35mx2mx25m/s=175m>/s 9)

Therefore the total mass melted per second:

M =Q x p; = 175 x 916 = 160300kg /s (10)

The enegy required to melt this amount of ice is given by:

W = M(C;AT + Ly,) = 160300 x (2050 x 10 + 2260) = 3.65 x 10°K.J/sec (11)

Therefore the power should be 3.65 x 10%.J/sec to provied the same performance.

(b)

It will not work, since having such a big power in the icebreaker is impossible.

Problem 3B
(a) From the graph, one notices that starting at ¢t = 750 s, temperature rose steadily as a function of time,
which corresponds to the heating of liquid water after all the ice melted. From ¢t = 750 s to t = 1500 s, the

temperature rose by 5.25 K. The heating power was therefore
(5.25 K * 4186 J/kg K * 0.85 kg) / 750 s = 25 W
(b) The complete melting of ice took approximately 750 s. The heat delivered during this time was
750 s * 25 W = 18 750 J
corresponding to

18 750 J / (334 J/g) = 56 grams of ice initially.
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Canadian Association of Physicists
2013 Prize Exam

This is a three-hour exam. National ranking and prizes
will be based on students’ performance on sections A
and B of the exam. Performance on the questions in
part A will be used to determine whose written work
in part B will be marked for prize consideration by the
CAP Exam National Committee. Part A consists of
twenty-five multiple-choice questions. The questions
in part B span a range of difficulties, and may require
graphing. Be careful to gather as many of the easier
marks as possible before venturing into more difficult
territory. If an answer to part (a) of a question is
needed for part (b), and you are not able to solve part
(a), assume a likely solution and attempt the rest of
the question anyway.

Non-programmable calculators may be used. Please be
careful to answer the multiple-choice questions on the
answer sheet provided; most importantly, write your
solutions to the three long problems on three separate
sheets as they will be marked by people in different
parts of Canada. Good luck.

Notice: Full marks will be given to a student who
provides any full correct solution to the long problems.
Partial marks will be given for partial solutions. There
are no penalties for incorrect answers. The questions
are not of equal difficulty. Remember we are challeng-
ing the best physics students in Canada; it is possible
that even the best papers may not achieve an overall
score of 80%. This is meant to be tough!

Data

Speed of light ¢ = 3.00 x 10%m/s

Gravitational constant G = 6.67 x 1071 N - m? /kg?
Acceleration due to gravity g = 9.80 m/s?

Normal atmospheric pressure Py = 1.01 x 10° Pa
Density of fresh water p = 1.00 x 103 kg/m3

Specific heat of water C,, = 4186 J/(kg - K)

Specific heat of ice C; = 2050J/(kg - K)

Latent heat of water L,, = 2260kJ/kg

Latent heat of ice L; = 334kJ/kg

Density of ice p; = 916 kg/m?

Fundamental charge e = 1.60 x 107 C

Mass of electron m, = 9.11 x 1073 kg

Mass of proton m,, = 1.67 x 10727 kg

Planck’s constant h = 6.63 x 10734 Js

Coulomb’s constant 1/(4meg) = 8.99 x 10° N - m?/C?
Boltzmann’s constant k£ = 1.38 x 10723 J/K

A.U. Astronomical Unit = 1.49598 x 10! m: The ap-
proximate distance from the Sun to the Earth.
Radius of the Earth R = 6.371 x 105m

Radius of the Sun Rg = 6.96 x 103 m

Part A: Multiple Choice

Each multiple choice question is worth 1 point.

Question 1

A small block of mass m; is released from rest at the
top of a curve-shaped, frictionless wedge of mass msy
which sits on a frictionless horizontal surface as shown.
When the block leaves the wedge its velocity is mea-
sured to be 4.00 m/s to the right as shown in the fig-
ure. If the mass of the block is doubled to become 2m1,
what can be said about the speed with which it leaves
the wedge?

m

My my

4.00 m/s
“

m

t..«:t

(a) (b)

a) Its speed is less than 4.00 m/s
b) Its speed is equal to 4.00 m/s
c) Tts speed is greater than 4.00 m/s
d) Not enough information is given.

Question 2

Consider the electric charges A, B, C shown in the
figure below, where ¢ is a positive number. Which an-
swer correctly describes the magnitude of the net force
experienced by the charges?

—-q +q +q
SR W S S @ @ --
A B Cc

a)FA>FB>FC
b) Fy > Fc > Fp
c) Fg>Fy > F¢o
d) Fy = Fg = F¢
e)FA>FB=FC

Question 3

A long, straight wire carries a current that decreases
linearly with time. What is the direction of the induced
electric field outside the wire?

a) Parallel to the current in the wire, in the same di-
rection.

b) Parallel to the current in the wire, in the opposite
direction.

¢) Pointing radially outward from the wire.

d) Pointing radially inward toward the wire.

e) There is no induced electric field outside the wire.



Question 4
A car driven at a constant speed turns left.
force makes the car turn?

Which

a) The force of friction, directed towards the left.

b) The force of friction, directed towards the right.

¢) The force with which the driver is turning the steer-
ing wheel, directed towards the left.

d) The force with which the driver is turning the steer-
ing wheel, directed towards the right.

Question 5

A cyclist stops pedaling at a velocity v = 36 km/h and
notices that her bike keeps moving for d = 500 m be-
fore it stops. The total mass of the bike, the biker and
her camping equipment is m = 100 kg. What is the
average combined force on the bicycle due to friction
and drag?

10 N

Question 6

A child is swinging to and fro on a playground swing.
At the instant the chains of the swing are vertical, what
is the direction of the child’s acceleration?

a) Downwards.
b) Upwards.

¢) In the direction of motion.

d) Opposite to the direction of motion.

e) At that moment, the acceleration is zero.

Question 7

A bullet of mass 5 g is accelerated in a rifle barrel with
an approximately constant force of 2500 N. The mass
of the rifle is 5 kg. What is the force pushing the rifle
back?

a) 2.5 N
b) 2 500 N
¢) 2 500 000 N
d) 0N

Question 8

Two balls of different masses collide head-on. After
the collision, the balls remain at rest, and no external
forces act on them. Which statement is true about the
speeds of the balls before the collision?

a) They must have been different, and the collision
was inelastic.

b) They must have been different,
was elastic.

¢) They must have been identical,
was inelastic.

d) They must have been identical,

and the collision

and the collision

and the collision

was elastic.
e) No combination of speed values could have caused
both balls to stop after the collision.

Question 9

A Ferris wheel is turning about a horizontal axis
through its center. The linear speed of a passenger
sitting on the rim is constant. Which one of the fol-
lowing sentences about the passenger’s acceleration is
correct?

a) Its magnitude at the highest point is higher than at
the lowest point, and it is downwards at both points.

b) Both its magnitude and direction are the same at
the highest and at the lowest points.

¢) Its magnitude is the same at the highest and at the
lowest points, but the directions are opposite.

d) Its magnitude at the highest point is smaller than
at the lowest point, and it is downwards at both points.

Question 10

A uniform rod is suspended on two thin strings as
shown below. Which string has a larger tension force?

a) The right one

b) The left one

¢) The tension force is the same on both
d) It depends on the angle

Question 11

Two point charges —2@Q and 4@ are placed on the x-
axis with —2@Q at z = 0 and +@Q at x = a. Which of
the following statements is true?

a) There is no point on the z-axis where the electric
field is zero.

b) There is a point on the z-axis, at x < 0, where the
electric field is zero.

¢) There is a point on the x-axis, between the charges
(0 < z < a), where the electric field is zero.

d) There is a point on the z-axis, at © > a, where the
electric field is zero.



Question 12

In a lab experiment, a laser beam hits a semicircular
glass object off the centre axis. The ray enters perpen-
dicularly to the surface, and the environment is air.
Which ray diagram is correct?

Question 13

You put two identical ice cubes on plates of different
materials. One cube is put on an aluminum plate, and
the other on a glass plate. Both plates have been in the
room for a long time prior to the experiment. You no-
tice that the ice melts faster on the metal plate. Why?

a) The ice is in thermal equilibrium with the plastic
plate, but not with the metal plate.

b) The metal plate conducts heat to the ice more
rapidly than the plastic plate.

¢) The metal plate holds more heat than the plastic
plate.

d) The metal plate was warmer than the plastic plate
initially.

Question 14

Two black objects of the same diameter, a sphere and
a flat disk, are placed in a parallel beam of light. The
plane of the disk is perpendicular to the beam. What
can be said about the force acting on them?

a) The force is zero.

b) The force is larger on the disk than on the sphere.
¢) The force is larger on the sphere than on the disk.
d) The force is the same on both objects.

Question 15

Adrianne has a device that emits photons with a wave-
length of A = 1.498 km. Kwan has a similar device that
emits photons at a frequency of f = 201 kHz. Whose
device emits photons in air at the highest frequency?

a) Adrianne’s

b) Kwan’s

¢) The frequencies are the same.

d) There is not enough information to compare.

Question 16

A girl sitting on a floating mattress in a small pool
holds a model of a motorboat in her hands. When she
puts it in the water to start driving it with her remote
control, what happens to the water level in the pool?

a) It rises by a small amount.

b) It drops by a small amount.

¢) It stays the same.

d) The qualitative result depends on the weight of the
model boat.

Question 17

Which of the accompanying P—V diagrams best repre-
sents an isothermal process, that is a process occurring
at constant temperature?

e) \

Question 18

Two identical objects of mass m are connected to a
massless string which is hung over two frictionless pul-
leys as shown below. If everything is at rest, what is
the tension in the cord?

[ |

m m

a) Less than myg.
b) Exactly mg.

¢) More than mg, but less than 2mg.
d) Exactly 2myg.

e) More than 2myg.



Question 19

Car A and car B are both traveling down a straight
highway at 90 km/h. Car A is only 6.0 meters behind
car B. The driver of car B brakes, slowing down with
a constant deceleration of 2.0m/s?. After 1.2 seconds,
the driver of car A begins to brake, also at 2.0m/s?,
but this is insufficient and the cars eventually collide,
both still moving forward. What is the relative velocity
of the two cars at the moment of the collision?

a) 2.4 m/s
b) 5.0 m/s
¢) 9.5 m/s
d) 21 m/s
e) 24 m/s

Question 20

Two interfering waves have the same wavelength, fre-
quency, and amplitude. They are traveling in the same
direction but are 90 degrees out of phase. Compared
to the individual waves, what can be said about the
resultant wave?

a) It will have the same amplitude and velocity, but a
different wavelength.

b) It will have the same amplitude and wavelength,
but a different velocity.

¢) It will have the same wavelength and velocity, but
a different amplitude.

d) It will have the same amplitude and frequency, but
a different velocity.

e) It will have the same frequency and velocity, but a
different wavelength.

Question 21
A spinning ice skater has an initial kinetic energy %I w?.

She pulls in her outstretched arms, decreasing her mo-
ment of inertia to %I . What is her new angular speed?

Question 22

A ball of mass m is thrown vertically upward. Instead
of neglecting air resistance, assume that the force of air
resistance has a magnitude proportional to the ball’s
velocity, but pointing in the opposite direction. What
is the ball’s acceleration at the highest point?

)
b)
)
)

5
[

ess than g.

Qb

reater than g.

Question 23

A hypothetical planet has density p, radius R, and sur-
face gravitational acceleration g. What would be the
acceleration due to gravity at the surface of a planet
with double the radius, and the same planetary den-
sity?

a) 4g
b)

Question 24

You are given two lenses placed close together: a con-
verging lens with focal length +10 cm, and a diverging
lens with focal length —20 cm. Which of the following
would produce a virtual image that is larger than the
object?

a) Placing the object 5 cm from the converging lens.
b) Placing the object 15 cm from the converging lens.
¢) Placing the object 25 cm from the converging lens.
d) Placing the object 15 cm from the diverging lens.
e) Placing the object 25 cm from the diverging lens.

Question 25

An electromagnetic wave is propagating in vacuum in
the positive z direction. At an instant when its mag-
netic field B at a certain position is in the positive
z direction and getting stronger, what happens to its
electric field E at that same position?

a) F is in the positive x direction and getting weaker.
b) F is in the negative x direction and getting stronger.
¢) E is in the positive y direction and getting weaker.
d) E is in the negative y direction and getting stronger.
e) E is zero.



Part B: Problems

Problem 1

A light emitting diode (LED) is connected in series
with a super capacitor of capacity 3000 F and internal
resistance ~ 1 m{), and a microprocessor-controlled
resistor. The capacitor is charged to 5 V. The LED
requires constant current of 800 mA. At this current,
the voltage drop over the LED is 2.7 V.

a) What should be the dependence of the variable re-
sistor on time for the current to remain constant?

b) What should be the initial value of the resistor?
Does the value of the resistor stabilize after some time,
and if so, to which resistance?

¢) How long can the LED operate at full brightness
before the capacitor needs to be recharged?

Problem 2

A light spring with a force constant of 3.85 N/m is
compressed by 8.00 cm and held between two blocks.
The block on the left has a mass of 250 g, while the
block on the right has a mass of 500 g. Both blocks are
initially held at rest on a horizontal surface, and are
then released simultaneously so that the spring pushes
them apart.

What is the maximum velocity each block attains if
the coefficient of kinetic friction between each block
and the surface is 0.100 and the coefficient of static
friction is 0.1207

Problem 3

The luminosity of a star is defined as the energy it
emits per unit time. We know from astronomical ob-
servations that the luminosity L of the stars that have
a mass M < 10Mg is approximately related to their

mass as:
L M )3.5

== Gr (1)
where Lg and Mg are the luminosity and mass of the
Sun.

Furthermore, we know from Einstein’s theory of rela-
tivity that the energy released from converting a mass
M into energy is given by E = Mc2. In this problem,
we assume that all stars burn almost the same fraction
of their mass during their active life.

a) If the fraction of the mass converted into energy is
a < 1, first find an expression for the lifetime of a
star in terms of its mass, luminosity, a and physical
constants.

b) Using the luminosity-mass equation, find the life-
time of a star as a function of its mass.

¢) If we know that the lifetime of our Sun is about 10
billion years, what is the lifetime of a star with a mass
M =5Mg?
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Solutions

1 Part A: Multiple Choice

Question 1 (a) blc|d|e]|f
Question 2 a|b (c) dle|f
Question 3 (a) blc|d|el|f
Question 4 (\é’) blc|d|e]|f
Question 5 (\a’) hlc|d]e]|f
Question 6 a UQ cldle]|f
Question 7 a T)/) cld]e]|f
Question 8 (a) Blcld|elf
Question 9 a|b (c) dle|f
Question 10 | a | b (\c')/d\ e | f
Question 11 | a | b | ¢ {/d\) e|f
Question 12 | a | b | ¢ d)elf
Question 13 | a {b c j; e|f
Question 14 | a ;li cld]el|f
Question 15 | a b) cld]elf
Question 16 | a Ji(c) dle]f
Question 17 | a w cld|e]|f
Question 18 | a T)/) cld]e]f
Question 19 (a) Blcld|elf
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2 Part B: Problems

Problem 1
The internal resistance of the capacitor is small compared with the dynamic resistance of the diode at the
operating current, so it can be ignored.

Q(t)/C+ R(t)[-i— Viep =0
I = I is to be kept constant at 800 mA, so
Q(t) = Qo — Iot

.. where Q¢ is the initial charge.

Qo = Vol
(Qo — Iot)/C — R(t)Ip — Vigp =0
Vo — Ipt/C — R(t)Io — Vigp =0
Vo/Io —t/C — R(t) — Viep/Ip =0
R(t)=—t/C —Viep/Io+ Vo/Iy

Therefore Ry has to be
Ro= (Vo —Viep)/lo = (5—2.7)/0.5=2.9 Q

R(t) = —t/C+ Ry =Ry —t/C
R(t) cannot be negative, S0 tyqr = RoC = 3000 x 2.9 = 8600 s, that is 2.4 hours.

Problem 2
First, we must check the possibility for the spring to push the two blocks away in presence of friction. The
force exerted by the spring on each block is in magnitude

F =kz =3.85 N/m x 0.08 m = 0.308 N

This value must be compared to the static friction force exerted on each block.
The lighter block to the left experiences the force of static friction

fi = psn = psmyg = 0.120 x 0.250 kg x 9.80 m/s? = 0.294 N.

This block will start moving when pushed by the spring.
Similarly, the block to the right experiences the force of static friction

fr = psn = pemyg = 0.120 x 0.500 kg x 9.80 m/s? = 0.588 N.
p Iz g

Static friction for this block is greater than the spring force, so it will stay motionless.
The lighter block will gain speed as long as the spring force is larger than the kinetic friction force: that is,
until the spring compression becomes

xp = 0.100 x 0.250 kg x 9.80 m/s* = z¢ x 3.85 N/m = z; = 0.0636 m
So, the energy of the lighter block as it moves to the maximum speed point can be found from

Ki+U;— fid=K;+ Uy
(3.85 x 0.082) J

~0.250 kg x Vmaz> n 3.85 N/m x 0.06362
5 =

0
* 2 2

—(0.100 x 0.250 x 9.80) N x (0.08 — 0.0636) m

= Umaz = 0.0642 m/s



Problem 3

a) The life of the star is the time it takes to use up all of its energy resources. By the definition of luminosity,
after a time T the total energy emitted is LT. Using Einstein’s theory of relativity, the total energy of the star,
if it has mass M, is Mc?, but only a fraction « of it is used. Therefore the total energy resources of the star
are aMc?. Setting the two expressions for the total energy emitted as equal:

aMc?

IT=aM?=T= 7

b) Substituting the luminosity of the star from the equation, as a function of mass:

aMc?
T —

L
M

L=Ly(-—)%"
M,

aMc® M, aM® M
T — 513.5 _ 5 5125
- L, ) L, G
... but using the formula from part (a), the expression %552 is just the lifetime of the Sun, therefore

M,

T =Ty(==)*°
M

¢) Using the previous equation:

T = (10 x 10? years)(M;/5M)*° = (10'? years) x 1/5%° = 1.79 x 10° years
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Canadian Association of Physicists
2014 Prize Exam

This is a three-hour exam. National ranking and prizes
will be based on students’ performance on sections A
and B of the exam. Performance on the questions in
part A will be used to determine whose written work
in part B will be marked for prize consideration by the
CAP Exam National Committee. Part A consists of
twenty-five multiple-choice questions. The questions
in part B span a range of difficulties, and may require
graphing. Be careful to gather as many of the easier
marks as possible before venturing into more difficult
territory. If an answer to part (a) of a question is
needed for part (b), and you are not able to solve part
(a), assume a likely solution and attempt the rest of
the question anyway.

Non-programmable calculators may be used. Please be
careful to answer the multiple-choice questions on the
answer sheet provided; most importantly, write your
solutions to the three long problems on three separate
sheets as they will be marked by people in different
parts of Canada. Good luck.

Notice: Full marks will be given to a student who
provides any full correct solution to the long problems.
Partial marks will be given for partial solutions. There
are no penalties for incorrect answers. The questions
are not of equal difficulty. Remember we are challeng-
ing the best physics students in Canada; it is possible
that even the best papers may not achieve an overall
score of 80%. This is meant to be tough!

Data

Speed of light ¢ = 3.00 x 10%m/s

Gravitational constant G' = 6.67 x 1071 N - m? /kg?
Acceleration due to gravity g = 9.80 m/s?

Normal atmospheric pressure Py = 1.01 x 10° Pa
Density of fresh water p = 1.00 x 103 kg/m3
Specific heat of water C,, = 4186 J/(kg - K)

Specific heat of ice C; = 20507/ (kg - K)

Latent heat of water L,, = 2260kJ/kg

Latent heat of ice L; = 334kJ/kg

Density of ice p; = 916 kg/m3

Fundamental charge e = 1.60 x 107 C

Mass of electron m, = 9.11 x 1073 kg

Mass of proton m,, = 1.67 x 10727 kg

Planck’s constant h = 6.63 x 10734 Js

Coulomb’s constant 1/(47meg) = 8.99 x 10 N - m?/C?
Boltzmann’s constant k = 1.38 x 10723 J/K

A.U. Astronomical Unit = 1.49598 x 10! m: The ap-
proximate distance from the Sun to the Earth.
Radius of the Earth Ry = 6.371 x 10°m

Radius of the Sun Rg = 6.96 x 108 m

Stefan’s constant o = 5.6704 x 1078 W/(m? - K*)

Part A: Multiple Choice
Each multiple choice question is worth 1 point.

Question 1

Consider the electric power dissipation due to resis-
tance in a circuit. Which of the following changes leave
the dissipated electric power unchanged?

a) Doubling the voltage and reducing the current by a
factor of two.

b) Doubling the voltage and increasing the resistance
by a factor of four.

¢) Doubling the current and reducing the resistance by
a factor of four.

d) None of the above.

e) Both (b) and (c¢) are correct.

f) (a),(b) and (c) are correct.

Question 2

A U-shaped glass tube closed at both ends and posi-
tioned vertically is partly filled with water. At a cer-
tain time the levels of water are different in the two
arms of the tube due to a difference in air pressure
above each arm. If there is no temperature change,
what will happen to the water level on both sides?

a) The water levels will stay stationary.

b) The water levels will equalize rapidly — within sec-
onds.

¢) The water levels will slowly equalize — within days.
d) The difference between the levels in each arm will
increase.

Question 3

How does the magnitude of the gravitational force with
which the Moon attracts the Earth compare to the
magnitude of the gravitational force with which the
Earth attracts the Moon?

a) They are equal.
b) The first is greater.
¢) The first is smaller.

Question 4
The friction force acting on a bicycle is 20N. What
power does a cyclist need in order to travel at 18 km/h?

a) 50 W
b) 100 W

¢) 1800 W
d) 3600 W



Question 5

What is the average horizontal force acting on a ball
when it elastically bounces off a wall, assuming the
collision time is 0.1 s and the momentum of the ball
before the bounce was 2kg - m/s, perpendicular to the

Question 6

A small explosion occurs in a model airplane which rips
it into two pieces. The model was flying with velocity
v just before the explosion. Which combination of vy
and wvo are possible velocities of the two pieces after
the explosion?

\/

A Vi

Vo

WA\
v} Az

a) b) c)

Question 7

Three ping-pong balls are electrically charged and are
arranged in the plane of the page in an equilateral
triangle as shown below. What is the direction of
the force acting on the ping-pong ball charged with
Qg =—-10 ,U,C7

Q;=-1 OIJC

Q1 = 5|JC Q2= 5|JC

a) Towards the top of the page.

b) Towards the bottom of the page.
¢) Towards the left.

d) Towards the right.

e) Another direction.

Question 8

In the circuit shown below, the resistance R; is in-
creased. What happens to the magnitude of the po-
tential difference across R1?

<

a) It increases.
b) It decreases.
¢) Tt remains the same.

Question 9

Two identical loudspeakers, placed close to each other,
are supplied with the same sinusoidal voltage. One
can imagine a pattern around the loudspeakers with
alternating areas of increased and decreased sound in-
tensity. Which of the actions below will not change
the positions of these areas?

a) Moving one of the speakers.

b) Changing the amplitude of the voltage.

¢) Changing the frequency.

d) Replacing the air in the room with a gas of a differ-
ent density.

Question 10

Two artificial satellites, named Argo and Navis, have
circular orbits of radii R and 2R, respectively, about
the same planet. The orbital speed of Argo is v. What
is the orbital speed of Navis?

Question 11

When someone drags their fingernails across a chalk-
board, a terrible high-pitched sound is produced due to
small bumps in the chalkboard. Assume these bumps
are uniformly spaced by 0.5mm. Audiologists have
determined that humans find sounds in the range of
2 ~ 4kHz to be very annoying. An evil teacher wants
to produce the longest duration continuous sound in
this range by dragging her fingernails across the chalk-
board. At what speed should she drag her nails to
accomplish this?

a) 0.28 m/s
b) 0.56 m/s
¢) 1.00m/s
d) 2.00m/s



Question 12

The Hall Effect occurs when both a current and mag-
netic field are present and perpendicular to each other
in a solid. The result is the generation of an electric
field and a corresponding potential difference (the Hall
voltage) across the width of the solid. Suppose a two-
dimensional rectangular material carries a current of
0.5 A in the positive  direction and is penetrated by
a magnetic field of 1.4mT in the negative z direction.
The number of mobile charges per unit area of the
material is 0.2 uC/m?. What is the magnitude of the
Hall voltage, and the direction of the generated electric
field? (Assume a right-handed coordinate system)

a) 70 uV, negative y direction
b) 70 uV, positive y direction
¢) 3.5kV, negative y direction
d) 3.5kV, positive y direction

Question 13

214Po atoms have a mass of 3.55 x 10722 g and decay
into 2'19Pb with a half-life of 160 us. A detector en-
compassing 1g of 2*Po counts the number of 21°Pb
daughters produced. An experimentalist rigs an oscil-
lator so that the frequency of electromagnetic radia-
tion it emits matches the frequency of 2'°Pb counts
measured by detector. After 8 ms, what type of elec-
tromagnetic radiation is produced by the oscillator?

a) Radar

b) Red light
¢) Ultra-violet
d) X-rays

Question 14

To submerge a block of wood which is less dense than
water, one needs to exert a force downward which does
a positive amount of work on the block. Which of the
following is correct for this situation to occur?

a) The work done by the external force is stored as
potential energy in the block.

b) The block is moving downward, therefore its poten-
tial energy is decreasing, thus the work done by the
external force is all converted to heat, due to friction.
¢) The work done by external force is all stored as ki-
netic energy in the block.

d) The potential energy of the water is increased while
the potential energy of the block is decreased.

e) The total energy of the block is conserved.

f) The total energy of the block and water is conserved.

Question 15

In 1929, Edwin Hubble discovered that the universe is
expanding. He observed that galaxies far away from
us are moving away at a speed that is proportional to
their distance from us (you can assume the constant
of proportionality is time-independent). For a galaxy
that obeys Hubble’s law, which of the following can be
the graph of distance (from Earth) versus time? For
each plot, t = 0 corresponds to the present.

c) i

Question 16
Which of the following is closest to the thickness of a
piece of paper?

a) 1073 m
b) 10~*m
c) 107°m
d) 10=%m
e) 107" m

Question 17

The paper-folding theorem states that in order to fold
something in half, it’s length must be at least 7 times
its thickness. How many times can you fold a stan-
dard sheet of printing paper (0.216 m x 0.279 m) if you
always fold from the middle of the longer edge?

a) b
b) 6
c) 7
d) 12
Question 18

A circuit contains nothing but a battery of voltage V'
wired to three resistors of resistance R. Which of the
following cannot be the power dissipated in the circuit
(assuming negligible resistance for the wires)?

a) P =V?2/(3R)
b) P=3V%/R

¢) P=3V%/(2R)
d) P=2V?/(3R)

e) All of the above are possible

Question 19

In a binary star system consisting of two stars of equal
mass, where is the gravitational potential equal to
zero? Assume that for a single star in empty space,
the potential is zero at infinity.

a) Exactly halfway between the stars.

b) Along a line bisecting the line connecting the stars
and perpendicular to the plane of the stars’ orbit.

¢) Infinitely far from the stars.

d) At any point on a plane bisecting the line connecting
the stars and perpendicular to the plane of the stars’
orbit.



Question 20

In Young’s double-slit experiment, both slits are illu-
minated by a laser beam and the interference pattern
is observed on a screen. If the viewing screen is moving
farther from the slits, what will happen to the inter-
ference pattern?

a)The pattern gets brighter.

b)The pattern gets brighter and the fringes move closer
to each other and to the central fringe.

¢)The pattern gets brighter and the fringes move far-
ther from the central fringe and from each other.
d)The pattern gets less bright and fringes appear far-
ther apart.

e)There is no change in the pattern.

f)The pattern becomes unfocused.

Question 21

A ball is dropped to the Earth from a height of 2m.
Neglecting the air resistance, which one of the follow-
ing graphs represents the kinetic energy of the ball vs.
time?

Question 22

What will happen to the magnitude of the optical
power of a lens when it is placed in water (n = 1.33)
compared to its power in the air (n =1)?

a)It will increase.

b)It will decrease.

¢)It will stay the same.

d)It will depend on whether the lens is converging or
diverging.

Question 23

The three electric heaters in the following circuit all
have the same resistance. Given that the total heat
emitted by a heater is proportional to the power dis-
sipated, the total heat produced by B and C together,
compared with the heat produced in A, is:

A

——

B C
— U T

a) A quarter as much.
b) Half as much.

¢) The same.

d) Twice as much.

e) Four times as much.

Question 24

A box sits on a horizontal surface that exerts a normal
force N on the box. You apply a horizontal force to it
and it does not move. If you had applied a force twice
as large, it still would not have moved. Let us be the
coefficient of static friction of the surface. While you
are applying your initial force, which of the following
is true of the force of friction acting on the box?

a)Ff:()
)Ff<,usN

Question 25

Which of the following is closer to the dimensions of
a solar cell panel that can produce enough energy for
a family in Vancouver in summer time? The following
information might be useful:

The price of residential electricity in British Columbia
is approximately 6.90 cents per kWh. A typical house-
hold’s monthly electricity bill is $40 in the summer.
The power per area from sunlight that reaches the city
of Vancouver is about 0.5kW/m? (averaged over 24
hours) during the period of June-September.

The efficiency of a typical solar cell is about 20%.

a) 30cm x 30 cm

b) 3m x 3m

¢) 30m x 30 m

d) 300 m x 300 m

e) The size of the panel must be much bigger than any
of these numbers, since it is always cloudy in Vancou-
ver and the city does not get enough sunshine!



Part B: Problems

Problem 1

When an objects breaks, many of the molecular bonds
get detached, but in this process, some of the energy
that caused the break turns into heat and sound wave
energy.

In this problem we want to understand what percent-
age of the energy that causes a break is actually used to
break the molecular bondings. As a simple model we
can think of glass as a cubical structure, which means
each Si02 molecule occupies a cube of side length a,
and each cubic molecule site has 1 bonding with each of
its neighbouring cubes. The energy required to break
this bond is called bonding energy, denoted by Ep.

Furthermore, in this problem we are only interested
in the order of magnitude of the values we obtain.
The following image shows a piece of glass of dimen-
sions 25 mm X 75 mm x 1 mm that is fallen down from
a height 150 cm and broken into pieces.

a) Using the image, estimate the total length of cracks
and thereby the total number of broken bonds.

b) Using the latent heat of vaporization for glass, esti-
mate the bonding energy of glass.

¢) What percentage of the energy in this collision is
used to break the bonds?

Numerical Values:
e Density of glass: p, = 2g/cm?
e Molecular mass of SiOs: Mg;0, = 60 ¢g/mol

e Latent heat of Vaporization for glass:
10kJ/g

L, =

Problem 2

The main span of the Lion Gate Bridge has a length of
473 m. On each end there are the expansion joints like
the one on the photo below. They allow the span to
expand horizontally without warping the steel frame
of the span. One day the temperature in Vancou-
ver changed from —4 to +15 degrees between 6in the
morning and 2in the afternoon.

a) What was the average speed of the “tooth” in one
of the expansion joints?

b) At 6in the morning a piece of tire rubber fell into
a crack in front of one of the “fingers”, filling it com-
pletely. The rubber was 10cm long and had a cross
section of 4cm?. What was the force acting on the
rubber along its length at 2 PM?

¢) What will be the vertical force needed to pull this
piece of rubber vertically to remove it?

Clearly state all the assumptions that you made while
solving this problem. Data: The elastic constant of
such a piece of rubber compressed along its length is
28 N/m. The coefficient of friction between the rubber
and steel is 0.35. The linear Expansion coefficient of
steel 13 x 1079 K~!. The linear Expansion coefficient
of rubber 77 x 1079 K1,

Problem 3

A planet without atmosphere in orbit around a star ra-
diates away an amount of energy equal to the amount
of energy it receives from the star. Therefore, the aver-
age surface temperature of the planet is constant over
decades. Imagine an Earth-sized planet without at-
mosphere orbiting around a Sun-sized star (with the
same radiation power as the sun) at a distance of 1 AU
(AU is the Astronomical Unit, equal to the Earth-Sun
distance).

a) What portion of the energy radiated by the star is
captured by the planet? (Assume that planet absorbs
all the energy it receives)

b) According to Stefan-Boltzmann’s law, the power per
area emitted from the surface of an object at temper-
ature T is I = oT* for which o is Stefan’s constant.
Assuming the power output of the star is the same as
the Sun (3.85x 1026 W), find the surface temperature of
the planet. Compare this result to the average surface
temperature of the Earth (288K). How much differ-
ence does the atmosphere make in the surface temper-
ature of Earth? Would Earth be warm enough to be
habitable for humans if it did not have an atmosphere?

¢) Neptune is the outer-most planet in our solar sys-
tem at distance 30.4 AU. If we assume that Nep-
tune absorbs all the energy it receives from the Sun,
what is the average uniform surface temperature of this
planet?
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1 Multiple Choice

2 Written Response

Problem 1

When an objects breaks, many of the molecular bonds get detached, but in this process, some of the energy

Question 14

7
o
N

Question 1 a|lblcld]elf)
Question 2 a|b (c) d|e
Question 3 (a)/lk cldle
Question 4 a b) cldle
Question 5 a|b (c) d|e
Question 6 (a)/tk cld]e
Question 7 {b cldle
Question 8 cldle
Question 9 cld]e
Question 10 cldle
Question 11 (c) d|e
Question 12 (\é') d|e
Question 13 cld]e
c e
c e
e
e

Question 15 ad
Question 16 c|d
Question 17 (c) d
Question 18 c|d (e)
Question 19 (c)/d\

Question 20

o

7
o
N

e

e
Question 21 (c) d|e
Question 22 cldle
Question 23 cld]e
Question 24 cldle
Question 25 cld]e

~ ZaN
2N N [NV IR [N (R [NV IR <0 IR0 (R IRV IR <V [N NVl IR IR Il | IRV | Be)
N N

€S 55EEEECSNERECSY

| | | | | R | R | R R R R | R | R R R R | | R R

that caused the break turns into heat and sound wave energy.

In this problem we want to understand what percentage of the energy that causes a break is actually used
to break the molecular bondings. As a simple model we can think of glass as a cubical structure, which means
each S702 molecule occupies a cube of side length a, and each cubic molecule site has 1 bonding with each of
its neighbouring cubes. The energy required to break this bond is called bonding energy, denoted by FEj.

Furthermore, in this problem we are only interested in the order of magnitude of the values we obtain.

The following image shows a piece of glass of dimensions 25 mm x75 mm x1 mm that is fallen down from

a height 150 cm and broken into pieces.



a) Using the image, estimate the total length of cracks and thereby the total number of
broken bonds.

b) Using the latent heat of vaporization for glass, estimate the bonding energy of glass.

c) What percentage of the energy in this collision is used to break the bonds?
Numerical Values:

e Density of glass: p, = 2 g/cm?
e Molar mass of Si0y: Mg,0, = 60 g/mol

e Latent heat of Vaporization for glass: L, = 10 kJ/g

Solution

a) From the figure, the glass cracked into 4 pieces. The middle piece is approximately
triangular and should be divided into two triangles as in the figure below. The hypotenuses
of these two triangles are determined from Pythagoras’ theorem to be 17.5mm and 8.6mm for
the top and bottom sides respectively.

16mm

3mm 7mm

5mm

5mm

Adding up all the side lengths gives 3 + 17.5 + 8.6 + 16 + 5+ 5 = 55.1lmm. Acceptable
answers can differ from this by several millimetres due to the irregularity of the cracks.
Now, the volume occupied by a single molecule is

(60g/mol)

V= (2g/cm?)(6.022 x 10?3molecules/mol)

= 4.98 x 10 **cm? /molecule. (1)

This is the volume of a cube with side length a = V3 = 3.7 x 10 %cm= 3.7 x 10" "mm. Each
face of the cube has an area of 1.37 x 10~ "¥*mm?, with one bond protruding from each face.



The glass is 1mm thick, so the total surface area of the cracks is 55.lmmxImm= 55.1mm?.
Thus the total number of broken bonds is

B 55.1mm?
~ 1.35 x 10~ mm?/bond

= 4.02 x 10™. (2)

b) The latent heat of Vaporization is the energy density required to vaporize the glass. That
is, to break all the bonds of the glass. There are 6 bonds attached to each molecule, but these
are shared with other molecules, so 6 bonds per molecule would be over-counting. Consider a
cube containing n x n x n molecules. Then there are (n — 1) x (n — 1) X (n — 1) &~ n® bonds
oriented along each direction. There are 3 directions along which the bonds can lie (x, y, z),
so there are a total of 3n® bonds, or 3 bonds per molecule.

Now, the amount of energy per molecule required to vaporize the glass is:

1mol
6.022 x 10%3molecules

(10kJ/g)(60g/mol)< ) = 9.96 x 10~ *kJ/molecule. (3)

Since there are 3 bonds per molecule, we get a bonding energy of

1molecule

—22
(9.96 x 10~22kJ /molecule) <3b0n -

) = 3.32 x 107*kJ/bond = 3.32 x 107"?J/bond.  (4)

¢) The total energy in the system is just the gravitational potential energy of the glass
before it is dropped.

Erotal = pVgh = (0.002kg/cm®)(1.875¢m®)(9.81m/s%)(1.5m) = 5.52 x 1072J, (5)

where the volume is determined from the dimensions of the glass V' = (2.5¢m)(7.5¢cm)(0.1cm) =
1.875cm?. Meanwhile, the energy used to break the glass was

(3.32 x 107" /bond)(4.04 x 10"bonds) = 1.34 x 1074J. (6)

So the percentage of the total energy that was used to break the bonds was

1.34 x 1074

SOt XD 100% = 0.24%.
550 x 102y < 1007% = 024% ()

The rest of the energy is transferred to thermal energy in the glass and floor.



Problem 2
The main span of the Lion Gate Bridge has a length of 473m. On each end there are the expansion joints like the
one on the photo below. They allow the span to expand horizontally without warping the steel frame of the span.
One day the temperature in Vancouver changed from —4 to +15 degrees between 6 in the moming and 2 in the
afternoon.

a) What was the average speed of the “tooth” in one of the expansion joints?

b) At 6 in the moming a piece of tire rubber fell into a crack in front of one of the “fingers”, filling it completely.
The rubber was 10 cm long and had a cross section of 4 cm”. What was the force acting on the rubber along its
length at 2 PM?

c) What will be the vertical force needed to pull this piece of rubber vertically to remove it?
Clearly state all the assumptions that you made while solving this problem.

Data:

The elastic constant of such a piece of rubber compressed along its length is 28N/m.
The coefficient of friction between the rubber and steel is 0.35.

The linear Expansion coefficient of steel is 13 x 10°K™".

The linear Expansion coefficient of rubber is 77 x 10°K™".

a) In 8 hours the span increases its length by:
AL = LOGAT = 473 me 13 x 10°K ™" (15(4)K = 0.12 m
It expands uniformly in both directions so the tooth moves by 0.06 m
The speed is
0.06/(8¢3600) = 2¢10™° m/s = 2 pum/s

b) The expansion of cm of rubber is negligible so we can assume that it was compressed by 0.06m
so force acting on the rubber from the sides is
F = kAx = 28N/m*0.06 = 1.6 N

¢) It acts on both sides of the rubber so total normal force is twice that = 3.2 N
The force of friction is about 3.2¢0.35 = 1.1 N
To lift the rubber one has to apply this force plus weight of rubber. We did not specify the density of rubber (which

is 1.1¢10° kg/m3) so one could ignore it or say that this density was similar to water and calculate the weight to be
about 0.15 N.
So the force needed to pull the rubber was about 1.2 N

Assumptions:

Uniform expansion of the span of the bridge in both directions due only to the expansion of the
steel.

Rubber compressed uniformly without “buckling”.

Thermal expansion of the rubber was negligible compared to its compression by the tooth.



Solution to Problem 3.

(a) The portion of energy captured by the planet of radius r that is (upon the problem
description) a black body and orbiting the star at the distance d from its center is given by

AEP . 727/'2 _ L
AE,  4md® \2d

2
y = j =4.534x107"°

(b) Since the planet is a black body, the power from the star, absorbed by the planet, is equal
to the power, emitted by the planet in all directions. Or

(AE,/ At) = I, (4n ) = y (AEs /AY)

where (AE;/Af) = 3.85x 10 20 W.
The average temperature 7, on the planet surface can be found from 7, = O'T; ,

1/4 1/4

T - {y(AESZ/At)} _ {AES /zAt} _279K. (1)

4mr o 167d o
This corresponds to + 6°C.
The real average Earth surface temperature is 288 K = 15°C. If the Earth had no
atmosphere, its average surface temperature of 279 K could theoretically be warm
enough to produce life and not freeze or burn the living beings in case it were somehow
evenly distributed over the surface. However, the Moon surface is known of being much
hotter than 100°C on the side facing our Sun and much cooler than 0°C on the dark side.
Very like temperature distribution can be expected for any planet without an atmosphere
in the Solar system, including Earth. Water as the main solvent boiling on the planet side,
exposed to Sun, would kill proteins, and life would be impossible.

(c) The only chance to calculate the average surface temperature of Neptune is given by
assumption that Neptune is also a black body without an atmosphere (which is really not
s0). According to the Stefan-Boltzmann’s law and following the formula (1) for a
different distance dy between Sun and Neptune, the average temperature on the surface is

given by
1/4
AE, /At
T, =| 25 A [ 506k
1670 \d,
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