2023 Bulgarian IPhO Team Selection Test

Short Exam 1

Problem. Collisions. A ball of mass M moves with
velocity Vo on a smooth horizontal surface. It collides M - k
elastically with a second ball of mass m = 2kg. The Vo AN -
second ball is connected to a third ball with a relaxed . ( j\.Q.Q.Q.QJQ.Q/O
massless spring k£ = 1 N/m. The spring is long enough

that the second and the third balls do not collide (Fig-
ure 1).

Figure 1

(a) Find the minimum mass of the first ball My, for which it will collide with the second
ball again.

(b) Find the time between the two collisions 7 in that case.

First solve the problem approximately. If you have enough time, try to improve on your result
using numerical methods.

The problem is worth 5 points.
Time: 60 minutes.

Short Exam 2

Problem. Betatron. The betatron is a com-
pact particle accelerator for electrons which can
bring them to relativistic velocities. It con-
sists of two coaxial coils placed symmetrically
about a thin cylindrical vacuum chamber (Fig-
ure [2). In the chamber there is a small electron
source which emits electrons with zero initial ve-
locity.

The magnetic field in the plane of the chamber is
parallel to the z-axis and varies with the distance
r to the coils’ axis as follows:

B(r) = By (1 _ (C)Q) ’ Figure 2

a

where By is the field at the centre of the chamber and a is a constant which depends on the
size of the coils and the distance between them. After the betatron is turned on, the current
in the coils increases, and By grows from zero to some fixed maximum value Bj,ay.

(a) The source is placed at a distance rg from the z-axis so that the electrons it emits are
accelerated in the chamber along circular trajectories. Find rg/a.

(b) Find the maximum kinetic energy of the electrons Kp.x for Bya.x = 1.00T and a =
0.10m. Express your answer in eV.

The problem is worth 5 points.
Time: 60 minutes.
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Short Exam 3

Problem. Yukawa potential. The interaction energy between a proton and a neutron in the
nucleus depends on the distance r between them and is given by

e—r/’ro

U(r) = -U, ,
(r) 0 r/ro

where ryp = 1.3 x 107 m. This dependence was proposed by Hideki Yukawa in 1935. For
certain values of U, the proton and the neutron are in a bound state, forming a deuteron.
The experimental value for the binding energy of the proton and the neutron in a deuteron is
e = 2.225MeV. Using the Heisenberg uncertainty principle, estimate:

(a) The minimum Uy that allows for a deuteron to form.
(b) The size of the deuteron at the given binding energy.
(¢) The value of Uy at the given binding energy.

The problem s worth 5 points.

1 Time: 60 minutes.
Theoretical Exam ime manutes

Problem 1. Uniform motion. Two point masses move uniformly with velocities v and vs
respectively. At time ¢ = 0 their positions are ro; and roz.

(a) Find a formula for the time ¢,,;, when the particles are closest to each other.
(b) Find a formula for this minimum distance d.

(c) Consider an orthogonal basis with unit vectors ey, ey, and e,. The initial position vec-
tors of the masses are ro; = 0 and ro2 = (2m)-ex+ (2m)-e,. Their initial velocities are
vi=(1m/s)-ex+(1m/s)-e, and vo = (—1m/s)-ex+(1m/s)-e,. Calculate ¢, and d.

Problem 2. Is the Danube’s flow laminar? A river of rectangular cross section has width
[ and depth h. The river flows laminarly at an angle o to the horizon. Ignore edge effects.

(a) Obtain a formula for the velocity of water v(z) at a distance z from the bottom.
(b) Obtain a formula for the volumetric flow rate of the water Q.

(¢) The depth of the Danube is h = 10m. The elevation of the water surface is 31 m at
Vidin and 16 m at Ruse. The distance to the Danube Delta is 790 km for Vidin and
460 km for Ruse. Find the velocity of water at the surface of the Danube between Vidin
and Ruse. Is the Danube’s flow laminar?

The acceleration due to gravity is ¢ = 10m/s?, the density of water is p = 1000 kg/m? and the
viscosity of water is n = 1.0 x 1073 Pas.

Problem 3. Pendulum on an inclined plane. A uniform ball of mass m and radius 7 is
tied to a point on an inclined plane using a string of length [. The plane makes an angle «
with the horizon. The acceleration due to gravity is g. The ball can only roll without slipping
and the torque due to the string’s twist can be neglected. Find the period of small oscillations
of the ball about its equilibrium position on the inclined plane. The moment of inertia of the
ball with respect to an axis passing through its centre of mass is I. = %mrQ.

Problem 4. Voltage rectifier. The circuit on Figure |3] is connected to an ideal AC source
of RMS voltage Eg = 12V and frequency v = 50 Hz. The resistance used is R = 100€2. The

diode is ideal, i.e. zero resistance in one direction and infinite resistance in the other.
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(a) Sketch the time dependences for the voltage of the source £(t) and the voltage across

the resistor U(t) on the same graph. The graph must include at least one full period of
the AC voltage.

(b) Calculate the minimum capacitance Cy,;, for which the voltage fluctuations on the re-
sistor do not exceed AU = Upax — Umin = 1.0 V.

~ )12V, 30 17 C R

Figure 3

Problem 5. Convoluted grating. A diffraction grating
has alternating slits of different length (wide, thin, wide...).
The distance between adjacent slits is a, as shown on Figure
[l Monochromatic light of wavelength A (A < a) is normally
incident on the grating. We observe the diffraction pattern
at a large distance L (L > a) from the grating. If the wide
slits are closed and the thin slits are left open, the maxima
are of essentially equal intensity Iy. If we close the thin slits
and leave the wide ones open, the maxima have intensity 21.

Now we leave all the slits open. Find the distance between the maxima Az and the in-
tensity of the maxima [ in terms of their order k.

Figure 4

Problem 6. Optical fiber. A point source is placed at one end of an optical fiber, as shown
on Figure [f] It emits a short light pulse of energy Ey = 5plJ, radiated isotropically within the
fiber (uniformly in all directions inside the fiber). The fiber is L = 10.0 m long and its refractive
index is n = 1.50. The fiber is surrounded by air of refractive index 1.

(a) Find the energy E; and the length At of the light pulse that reaches the other end of
the fiber.

(b) Find an expression for the instantaneous power P(t) of the light pulse at the other end
of the fiber. The time ¢ is measured starting from the emission of the pulse.

Problem 7. Relativistic dynamics.

(a) Express the relativistic momentum p of a particle of mass m in terms of its kinetic
energy K.

Consider two particles of rest mass m. The first particle has kinetic energy Ky. It collides
elastically with the second particle, which is at rest, and is deflected through an angle 6.
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(b) Find the kinetic energy K; of the second particle after the collision in terms of Ky and 6.

Problem 8. Predictions of the Bohr model.

(a) Calculate the magnetic field B (direction and magnitude) at the centre of a hydrogen
atom due to an electron on the first Bohr orbit.

(b) Since the proton possesses a magnetic moment

eh

- 2m,,

Hp

with possible projections £y, along the direction of the field, the ground state energy
of the atom will change. Estimate the splitting of the the energy level in that case.

Problem 9. Neutron cooling. A fast neutron experiences elastic central collisons in a
medium that acts as a moderator. Find the number of collisions necessary for a neutron of
energy 1 MeV to reach the thermal velocity for temperature 7' = 300 K in graphite.

Problem 10. Heat engine. A heat engine operates on a reversible cycle consisting of several
processes. In the process 1-2 the molar heat capacity is proportional to the temperature and
increases from C; = 20JK'mol™! to Cy, = 50 J K~ 'mol™!. The next process 2-3 is adiabatic.
The last process 3-1 is isothermal. Find the efficiency of the cycle. Note that the equation of
state of the working substance is unknown.

Constants:

Boltzmann constant kg 138 x 1073 J/K
Gas constant R 831Jmol 'K!
Avogadro constant N4 6.02 x 10* mol™*
Elementary charge e 1.60x107¥C
Vacuum permeability po  4m x 1077 N/A?
Speed of light in vacuum ¢ 3.00 x 108m/s
Electron mass me  9.11 x 1073 kg
Proton mass m, 1.67x 107 kg
Neutron mass m, 1.67 x 10727 kg

Reduced Planck constant A 1.05 x 10734 Js

FEach problem is worth 3 points.
Time: 5 hours.

Page 4 of



Experimental Exam

Problem 1. All about gravity.

Equipment: Golf ball (mass 46 g, diameter 43 mm), table tennis ball (mass 2.7g, diameter
40mm), stopwatch, tape measure, tape measure, three-legged stool, wooden blocks, ruler,

graph paper

Task 1. Measuring the acceleration due to gravity.

Using the wooden blocks, tilt the table at different angles to the horizon. By measuring the
rolling time of the golf ball on the table, find the acceleration due to gravity ¢g. Assume the
golf ball is homogeneous. (6.0 pt)

Task 2. Measuring the coefficient of restitution for inelastic collisions.

Study the bouncing of the table tennis ball on the three-legged stool. Measure the dependence
of total bouncing time of the ball on its initial height. Assume that the ball has stopped when
you can no longer hear the sound from the collisions. Using your data, calculate the restitution
coeflicient of the partially inelastic collisions between the ball and the stool. (9.0 pt)

Relevant theory:
1) When a homogeneous ball rolls without slipping on an inclined surface that makes an angle
a with the horizon, the time taken for the ball to move a distance [ starting from rest is given

by
[ 141
t = - .
5g sin a

2) The restitution coeflicient for a collision between two bodies is defined as vyl after /Vrel, before:
where Vrel before and Vrel after are the relative velocities before and after the collision. Assume
that this coefficient does not depend on the relative velocity of the bodies.

3) If a body is left to bounce from an initial height h, its total bouncing time (from the instant
it is dropped until the instant it comes to rest) is given by

T:1+k %
1—-k\ g

Constants and formulae:

Acceleration due to gravity g=9.81m/s?
Reynolds number Re = %
Critical Reynolds number for fluid flow around a ball Re. ~ 1
Stokes’ law Farag = 6m010
Newton’s law Farag = %Cp5v2
Drag coefficient for a sphere C =~ %

Density of air at normal temperature and pressure = 1.29kg/m?

Viscosity of air at normal temperature and pressure 7 = 1.86 x 107 Pas

Fach problem is worth 15 points.
Time: 5 hours.
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