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Preface

In our experience, an understanding of the laws of physics is best acquired
by applying them to practical problems. Frequently, however, the problems
appearing in textbooks can be solved only through long, complex calcu-
lations, which tend to be mechanical and boring, and often drudgery for
students. Sometimes, even the best of these students, the ones who possess
all the necessary skills, may feel that such problems are not attractive enough
to them, and the tedious calculations involved do not allow their ‘creativity’
(genius?) to shine through.

This little book aims to demonstrate that not all physics problems are like
that, and we hope that you will be intrigued by questions such as:

How is the length of the day related to the side of the road on which
traffic travels?

Why are Fosbury floppers more successful than Western rollers?
How far below ground must the water cavity that feeds Old Faithful
be?

How high could the tallest mountain on Mars be?

e What is the shape of the water bell in an ornamental fountain?

How does the way a pencil falls when stood on its point depend
upon friction?

Would a motionless string reaching into the sky be evidence for
UFOs?

How does a positron move when dropped in a Faraday cage?
What would be the high-jump record on the Moon?

Why are nocturnal insects fatally attracted to light sources?

How much brighter is sunlight than moonlight?

How quickly does a fire hose unroll?

vii
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e How do you arrange two magnets so that the mutual couples they
experience are not equal and opposite?

e How long would it take to defrost an 8-tonne Siberian mammoth?

e What perils face titanium-eating little green men who devour their
own planet?

e What is the direction of the electric field due to an uniformly
charged rod?

e What is the catch in an energy-generating capacitor?

e What is the equivalent resistance of an n-dimensional cube of resis-
tors?

e What factors determine the period of a sand-glass egg timer?

e How does a unipolar dynamo work?

e How ‘deep’ is an electron lying in a box?

These, and some 180 others, are problems that can be solved elegantly by an
appropriate choice of variables or coordinates, an unusual way of thinking,
or some ‘clever’ idea or analogy. When such an inspiration or eureka moment
occurs, the solution often follows after only a few lines of calculation or
brief mental reasoning, and the student feels justifiably pleased with him-
or herself.

Logic in itself is not sufficient. Nobody can guess these creative approaches
without knowing and understanding the basic laws of physics. Accordingly,
we would not encourage anybody to tackle these problems without first
having studied the subject in some depth. Although successful solutions to
the problems posed are clearly the principal goal, we should add that success
is not to be measured by this alone. Whatever help you, the reader, may seek,
and whatever stage you reach in the solution to a problem, it will hopefully
bring you both enlightenment and delight. We are sure that some solutions
will lead you to say ‘how clever’, others to say ‘how nice’, and yet others to
say ‘how obvious or heavy-handed’! Our aim is to show you as many useful
‘tricks’ as possible in order to enlarge your problem-solving arsenal. We wish
you to use this book with delight and profit, and if you come across further
similar ‘puzzling’ physics problems, we would ask you to share them with
others (and send them to the authors).

The book contains 200 interesting problems collected by the authors over
the course of many years. Some were invented by us, others are from the
Hungarian ‘Secondary School Mathematics and Physics Papers’ which span
more than 100 years. Problems and ideas from various Hungarian and
international physics contests, as well as the Cambridge Colleges’ entrance
examination, have also been used, often after rewording. We have also been
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guided by the suggestions and remarks of our colleagues. In particular, we
would like to thank Masaaki Kato for several helpful observations and
suggested clarifications and Alfonso Diaz-Jimenez for an interesting note
on the launching of space probes (see solution 17). It is impossible to
determine the original authors of most of the physics problems appearing in
the international ‘ideas-market’. Nevertheless, some of the inventors of the
most puzzling problems deserve our special thanks. They include Tibor Biro,
Laszlo Holics, Frederick Karolyhazy, George Marx, Ervin Szegedi and Istvan
Varga. We thank them and the other people, known and unknown, who have
authored, elaborated and improved upon ‘puzzling’ physics problems.
PG. G.H.
Budapest 2000
K.ER.
Cambridge 2000



Physical constants

Gravitational constant, G
Speed of light (in vacuum), ¢
Elementary charge, e
Electron mass, me

Proton mass, m,

Boltzmann constant, k
Planck constant, h

Avogadro constant, Na

Gas constant, R

Permittivity of free space, &y
Coulomb constant, k = 1/4neg
Permeability of free space, yo

Some astronomical data
Mean radius of the Earth, R

Sun-Earth distance (Astronomical Unit, AU)

Mean density of the Earth, p

Free-fall acceleration at the Earth’s surface, g

Some physical properties
Surface tension of water, y

Heat of vaporisation of water, L

Tensile strength of steel, ¢

6.673 x 1071 Nm? kg2
2.998 x 103 ms!
1.602 x 10°19C
9.109 x 103 kg
1.673 x 10727 kg
1.381 x 1072 JK !
6.626 x 1073475
6.022 x 102> mol™!
8.315J mol~!1K~!
8.854 x 10712CV~1m!
8987 x 10°VmC™!

4 x 1077Vs2CIm!

6371 km

1.49 x 108km
5520kgm™3
9.81 ms™2

0.073Nm™!
2256 kJ kg™! = 40.6kJ mol™*
500-2000 MPa

Xiii



Xiv Physical constants

Densities?, p (kg m™>)

Hydrogen 0.0899
Helium 0.1786
Air 1.293

Water (at 4°C) 1000

2 Densities quoted in normal state.

Optical Refractive Indices®, n
Water 1.33 Glass

Ice 1.31 Diamond
b At A= 590nm.

Titanium
Iron
Mercury
Platinum

1.5-1.8
2.42

4510
7860
13550
21450



Problems

P1 Three small snails are each at a vertex of an equilateral triangle of
side 60 cm. The first sets out towards the second, the second towards the
third and the third towards the first, with a uniform speed of 5 cm min~!.
During their motion each of them always heads towards its respective target
snail. How much time has elapsed, and what distance do the snails cover,
before they meet? What is the equation of their paths? If the snails are
considered as point-masses, how many times does each circle their ultimate

meeting point?

P2 A small object is at rest on the edge of a horizontal table. It is pushed
in such a way that it falls off the other side of the table, which is 1 m wide,
after 2 s. Does the object have wheels?

P3 A boat can travel at a speed of 3 m s~! on still water. A boatman

wants to cross a river whilst covering the shortest possible distance. In what
direction should he row with respect to the bank if the speed of the water
is (1) 2 m s, (ii) 4 m s~!1? Assume that the speed of the water is the same
everywhere.

P4 A long, thin, pliable carpet is laid on the floor. One end of the carpet
is bent back and then pulled backwards with constant unit velocity, just
above the part of the carpet which is still at rest on the floor.

—v=1
—

Find the speed of the centre of mass of the moving part. What is the
minimum force needed to pull the moving part, if the carpet has unit length
and unit mass?
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P5 Four snails travel in uniform, rectilinear motion on a very large plane
surface. The directions of their paths are random, (but not parallel, i.e. any
two snails could meet), but no more than two snail paths can cross at any one
point. Five of the (4 x 3)/2 = 6 possible encounters have already occurred.
Can we state with certainty that the sixth encounter will also occur?

P6 Two 20-g flatworms climb over a very thin wall, 10 cm high. One of
the worms is 20 cm long, the other is wider and only 10 cm long. Which of
them has done more work against gravity when half of it is over the top of
the wall? What is the ratio of the amounts of work done by the two worms?

P7 A man of height hp = 2 m is bungee jumping from a platform situated
a height h = 25 m above a lake. One end of an elastic rope is attached to his
foot and the other end is fixed to the platform. He starts falling from rest in
a vertical position.

The length and elastic properties of the rope are chosen so that his speed
will have been reduced to zero at the instant when his head reaches the
surface of the water. Ultimately the jumper is hanging from the rope, with
his head 8 m above the water.

(i) Find the unstretched length of the rope.
(i1) Find the maximum speed and acceleration achieved during the jump.

P8 An iceberg is in the form of an upright regular pyramid of which
10 m shows above the water surface. Ignoring any induced motion of the
water, find the period of small vertical oscillations of the berg. The density
of ice is 900 kg m—3.

P9 The suspension springs of all four wheels of a car are identical. By
how much does the body of the car (considered rigid) rise above each of
the wheels when its right front wheel is parked on an 8-cm-high pavement?
Does the result change when the car is parked with both right wheels on
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S195 The energy of a photon of frequency f is hf, while its momentum
is hf /c, where h is Planck’s constant and c the velocity of light. The energy
of the photon decreases to hf’ after the collision, and its momentum, of
magnitude hf’/c, is perpendicular to the original momentum.

Yy

Electron
O

B

Photon

7

It follows from momentum conservation that, as shown in the figure, the
components of the electron’s final momentum are px = hf /c and p, = hf'/c.
Using the principle of conservation of energy in its relativistic form, E2 =
EZ + p*c?, where Ej is the rest-mass energy, we obtain

hf + Eo = hf’ + /E3 + (p2 + p2)c2.

The above relationships yield the change in the wavelength of the photon as

Note. This interesting quantity with the dimensions of a length—dependent
only on the mass of the electron, the speed of light and Planck’s constant,
i.e. natural constants—is called the Compton wavelength of the electron.

S196 Applying the energy formula for spherical capacitors to the ‘classi-
cal electron’ gives

L2 e
2 4neyr ’
which we can write as
1 e2
=14x10Pm
r= 41reo 2mc? %

This value is called the classical electron radius.
The classical electron is considered as a rotating sphere of this radius with
a homogeneous mass distribution, an angular frequency w and an angular
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momentum corresponding to that of a rotating rigid body. Hence we obtain
%mrzw = h/(4n). This gives the ‘equatorial speed’ as veq = row =~ 350c. Since
this speed is many times higher than the limiting speed of relativistic physics,
namely the speed of light, the original version of the classical electron model —
worked out by Lorentz and Abraham before the birth of quantum theory in
the early 1900s—had to be abandoned.

A modified version suggested that the electron could be a sphere of radius
r, charged on its surface, which did not rotate but would contain a magnetic
dipole to account for the experimental fact that electrons have a magnetic
momentum. Outside the sphere, a multiple of the vector E x B produced
by the electric and magnetic fields, describes the current of electromagnetic
momentum. This current carries angular momentum and with a suitable
choice of the parameters can be made to equal the measured one.

S197 Assume that the electron occupies a horizontal layer of thickness
H just above the bottom of the box. Its vertical coordinate is then known
with accuracy H. Therefore the uncertainty in its vertical momentum has
to be at least Ap = hi/Ax = h/H, where the quantity % is 1/(2%) times the
Planck constant. In such circumstances, the electron has a potential energy
of

H
Epotential = MgXaverage = Mg DR

and a kinetic energy of
g AP W
kinetic = N () ‘mH2

Thus its total energy is

E(H) = Epornta(H) + Exineic(H) = AH + Bl
where A and B are constants determined by the above equations. If H is
small, the potential energy is low but the kinetic energy is high. If, on the
other hand, H is large, the kinetic energy is low but the potential energy is
high. The total energy will be at a minimum if E,oential and Ekinetic are of
the same order of magnitude. It can be shown using differential calculus that
the optimum value for the energy ratio is 2 : 1 in favour of the potential
energy. As we only want a rough estimate, the ratio of the energies can be
taken to be unity. This gives

hz 1/3
H~ (m—zg) ~ 1 mm.



256 200 Puzzling Physics Problems

This is quite a large value compared with usual microscopic sizes. The reason
for this is that gravitation is very weak compared to the electromagnetic
interaction which determines the binding energies and sizes of molecules.

S198 If a nucleus of atomic number Z restricts an electron to a sphere
of radius r, then the electrostatic energy of the electron is Ee ~ —kZe*/r
and its momentum can be estimated to be #i/r. If Z > 1 (i.e. the nucleus
is a heavy one), the kinetic energy of the strongly bound electron can be
calculated using the relativistic formula

Exin = \/p?c? + m2c* —mc? ~ pc,

where c is the velocity of light and % is the Planck constant divided by 27.
The total energy of the electron is

1 Zeé ke
E(r) = Ee(r) + Exin(r) = “dme v T
Since the fine-structure constant e?/(4negfic) is approximately 1/137, the total
energy of the electron for small values of r is

52

E(r)= 47!80(137 Z)—
(The above expression is not valid for large values of r, as a small, non-
relativistic momentum would have to be taken into account.)

According to the above formula, the electron would fall into the nucleus
if Z > 137; or rather, it would be confined to a small volume of nuclear
size. The figure 137 is only an estimate of the critical atomic number; more
accurate calculations, which take the finite size of the nucleus into account,
yield values around 150-160 for Z ;.

These calculations show that an electron could be confined to the nucleus
of an element with atomic number greater than 150, if transuranic elements
of such high atomic numbers could be made at all.

S199 The speed of propagation of surface water waves depends on the
surface tension y and the density p of water, and on their wavelength, A. The
dimensions of these quantities are

pl=2 =% -2 -

An expression for velocity can only be derived from these quantities if y and
p, appear in the combination y/p (otherwise the velocity, which involves only
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length and time, would have to depend upon the unit of mass). However, as

HE=
pl s’

this expression has to be further divided by the wavelength, and then square-
rooted in order to make the result have the dimensions of speed. In summary,
dimensional analysis dictates that the speed of propagation of capillary waves
is proportional to the reciprocal of the square-root of the wavelength,

1
v~ o ~ N
From this functional dependence (and the given data), we can conclude that
the speed of propagation of surface waves would reach that of sound in
water when their wavelengths are of the order of 10~ cm.

Since the speed of propagation of surface waves cannot be greater than
that of sound (the molecules cannot transmit a disturbance to each other
faster at the surface than inside the matter), waves of wavelength less than
approximately 10~ cm have no meaning. This is, in fact, the order of
magnitude of the size of water molecules!

S200 You will have noticed not only the acceleration, but also the
increasing size of the champagne bubbles. As the sparkling champagne is
super-saturated with carbon dioxide, gas is released continuously whilst the
bubbles are rising. This is why the size of the bubbles increases, as does
the buoyancy force provided by the liquid. The upthrust is proportional to
the volume of the bubble, while the viscous drag, which is also increasing,
is only proportional to the surface area of the bubble. Consequently, the
net upward force increases with bubble size. However, increasing speed also
leads to a larger viscous drag, and ultimately the bubble moves under the
influence of a collection of balanced forces.




