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General instructions: Theoretical Examination (30 points)
May 7, 2019

The theoretical examination lasts for 5 hours and is worth a total of 30 points.

Before the exam

• You must not open the envelopes containing the problems before the sound signal indicating the
beginning of the competition.

• The beginning and end of the examination will be indicated by a sound signal. There will be an-
nouncements every hour indicating the elapsed time, as well as fifteen minutes before the end of
the examination (before the final sound signal).

During the exam

• Dedicated answer sheets are provided for writing your answers. Write your answers into the appro-
priate tables, boxes or graphs on the corresponding answer sheet (marked A). For every problem,
there are extra blank working sheets for carrying out detailed work (marked W). Be sure to always
use the working sheets that belong to the problem you are currently working on (check the prob-
lem number in the header). If you have written something on any sheet which you do not want to
be graded, cross it out. Only use the front side of every page.

• In your answers, try to be as concise as possible: use equations, logical operators and sketches to
illustrate your thoughts whenever possible. Avoid the use of long sentences.

• Please give an appropriate number of significant figures when stating numbers.

• Often, you may be able to solve later parts of a problem without having solved the previous ones.

• A list of physical constants is given on the next page.

• You are not allowed to leave your working place without permission. If you need any assistance,
please draw the attention of a team guide by raising one of your flags ("I need water" if you need
water, "toilet break" if you need to go to the toilet, "Extra paper, please!" if you need extra working
sheets, "equipment/materials" if you have a problem with your equipment or materials or "I need
help" in all other cases).

At the end of the exam

• At the end of the examination you must stop writing immediately.

• For every problem, sort the corresponding sheets in the following order: cover sheet (C), questions
(Q), answer sheets (A), working sheets (W) and then extra sheets (Z) if you have them.

• Put all the sheets belonging to one problem into the envelope for that question. Also put the gen-
eral instructions (G) into the remaining separate envelope. Also hand in empty sheets. You are not
allowed to take any sheets of paper out of the examination area.

• Leave your writing equipment on the table, you will use it again in the experimental exam.

• Wait at your table in silence until your envelopes are collected. Once all envelopes are collected
your guide will escort you out of the examination area.
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General Data Sheet

Speed of light in vacuum 𝑐 = 299 792 458 m ⋅ s−1

Vacuum permeability 𝜇0 = 4𝜋 × 10−7 kg ⋅ m ⋅ A−2 ⋅ s−2

Vacuum permittivity 𝜀0 = 8.854 187 817 … × 10−12 A2 ⋅ s4 ⋅ kg−1 ⋅ m−3

Elementary charge 𝑒 = 1.602 176 620 8(98) × 10−19 A ⋅ s
Mass of the electron 𝑚e = 9.109 383 56(11) × 10−31 kg
Mass of the proton 𝑚p = 1.672 621 898(21) × 10−27 kg
Mass of the neutron 𝑚n = 1.674 927 471(21) × 10−27 kg
Atomic mass constant 𝑚u = 1.660 539 040(20) × 10−27 kg
Rydberg constant 𝑅∞ = 10 973 731.568 508(65) m−1

Universal constant of gravitation 𝐺 = 6.674 08(31) × 10−11 m3 ⋅ kg−1 ⋅ s−2

Acceleration due to gravity in Adelaide 𝑔 = 9.797 m ⋅ s−2

Planck’s constant ℎ = 6.626 070 040 (81) × 10−34 kg ⋅ m2 ⋅ s−1

Avogadro number 𝑁A = 6.022 140 857 (74) × 1023 mol−1

Molar gas constant 𝑅 = 8.314 4598(48) kg ⋅ m2 ⋅ s−2 ⋅ mol−1 ⋅ K−1

Molar mass constant 𝑀u = 1 × 10−3 kg ⋅ mol−1

Boltzmann constant 𝑘B = 1.380 648 52(79) × 10−23 kg ⋅ m2 ⋅ s−2 ⋅ K−1

Stefan-Boltzmann constant 𝜎 = 5.670 367 (13) × 10−8 kg ⋅ s−3 ⋅ K−4
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RF reflectometry for spin readout for silicon quantum com-
puting

Introduction
Developing the idea of quantum computing into a practical technology is one of the largest outstanding
challenges in science and technology. A promising path is to manipulate individual electrons in silicon
transistors by time-dependent electromagnetic fields.

In this question, we investigate the use of radio frequency (RF) reflectometry and single-electron transis-
tors to read out the state of quantum bits in silicon-based quantum computer prototypes.

Part A and Part B discuss radio wave transmission through cables and transmission lines, part C is de-
voted to conditions for wave reflection, part D introduces the single-electron transistor, and parts E and
F introduce and ask you to optimise the method of reflectometry.

Part A: Lumped element model of a co-axial transmission line (2.0 points)
When modelling DC or low frequency signals, one often assumes that a voltage pulse travels instanta-
neously throughout the circuit. This assumption is valid when the wavelength of such signals is much
longer than the size of the circuit, however when working with radio frequency signals, the dynamics
are more complex, and we need to account for the intrinsic capacitance and inductance of our cables
in our model. We model a co-axial transmission line which acts as a waveguide as described below, ig-
noring the small resistance of the copper and the small conductance through the dielectric. Throughout
the problem, we consider the large-wavelength limit of electromagnetic waves in the co-axial cable such
that electric and magnetic fields are perpendicular to the axis of the cable everywhere (the so-called
transverse electromagnetic mode).

Diagramof a coaxial cable showingC - the centre core, I - the dielectric insulator, S - themetallic
shield and J - the plastic jacket.

Consider a co-axial cable consisting of a copper inner core of negligible resistance, negligible magnetic
permeability and radius 𝑎, covered by an outer co-axial copper shield with inner radius 𝑏. A dielectric
of dimensionless relative permittivity 𝜀r and dimensionless relative permeability 𝜇r separates the layers.
When electromagnetic signals propagate through the co-axial cable, they are confinedbetween the inner
core and outer shielding.

A.1 At what speed do electromagnetic waves propagate in the co-axial cable? 0.2pt

A.2 If there is a charge Δ𝑞 on a length Δ𝑥 of the inner core of the co-axial cable,
and the outer shield is grounded, find the electric field in the region between
the inner core and the shield.

0.2pt
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A.3 Find the capacitance per unit length, 𝐶𝑥, of the co-axial cable. You may wish to
consider a length Δ𝑥 of the cable.

0.3pt

A.4 Find the inductance per unit length, 𝐿𝑥, of the cable. 0.3pt

A lumped element model of the cable is constructed by considering the inductance and capacitance of
short sections of the cable. The inductance is assumed to be a property of the inner core, and the capac-
itance links the core with the shielding. A diagram of the lumped element model is shown below.

Circuit diagram of lumped element model of coaxial cable.

A.5 i. Show that the impedance𝑍0 of a semi-infinite length of cable is𝑍0 = √𝐿𝑥/𝐶𝑥.
ii. Find 𝑏/𝑎 if the cable has impedance 𝑍0 = 50 Ω and is made using a dielectric
material with 𝜀r = 4.0 and 𝜇r = 1.0.

1.0pt

Part B: Hypothetical transmission line with return along a grounded plane (1.0 points)
An alternative hypothetical transmission line is shown in the diagram below. The input signal is sent
through a very thin conductor of radius 𝑎, which is a distance 𝑑 ≫ 𝑎 from a highly conductive grounded
plane. Thematerial surrounding the conductor has dimensionless relative permittivity 𝜀r and dimension-
less relative permeability 𝜇r. The return current flows along the grounded plane.

Diagramof a hypothetical transmission line showing C - the conductor of radius 𝑎, at a distance
𝑑 ≫ 𝑎 from P - the grounded conducting plane. The conductor is embedded in a material with
dimensionless relative permeability 𝜀r and dimensionless relative permittivity 𝜇r.

B.1 Find an expression for the characteristic impedance of this hypothetical trans-
mission line.

1.0pt

Part C: Basics of RF reflectometry (1.2 points)
An electromagnetic wave can propagate in a transmission line in two opposite directions. For each di-
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rection of propagation, the characteristic impedance 𝑍0can be used to relate the voltage 𝑉0 and current
𝐼0amplitudes as in the Ohm's law, 𝑍0 = 𝑉0/𝐼0.

Consider an interface between two transmission lines, with characteristic impedances 𝑍0 and 𝑍1. A
schematic diagram of the circuit is shown below.

Z0 Z1

Circuit diagram of a transmission line of impedance 𝑍0 connected to a transmission line of
impedance 𝑍1. The physical size of the interface is much smaller than the wavelength.

When a signal 𝑉i sent into the transmission line with impedance 𝑍0reaches the interface it is partially
transmitted into the second transmission line, resulting in a signal 𝑉t in that line which propagates for-
ward. Some of the signal may also be reflected, resulting in a backward propagating signal in the initial
transmission line 𝑉r.

C.1 Find the reflectance of the interface Γ = 𝑉r/𝑉i. 1.0pt

C.2 State the condition(s) for the signal 𝑉i to have gained a 𝜋 phase change on re-
flection.

0.2pt

Part D: The single electron transistor (3.3 points)
A single electron transistor (SET) consists of a quantum dot, which is a small isolated conductor where
electrons can be localised, and of several electrodes in its vicinity. The gate electrode couples capacita-
tively to the quantum dot, while the two other electrodes --- the source and the drain --- are connected
via tunnel junctions, through which electrons can tunnel due to quantummechanics. A simplified circuit
diagram for an SET is shown in the figure.

Circuit diagram representation of an SET. QD is the quantum dot, S is the source, D is the drain
and G is the gate.
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The capacitance of the gate is 𝐶𝑔 and the capacitance of the tunnel junctions is 𝐶𝑡 ≪ 𝐶𝑔. Consider 𝐶𝑔 to
be the total capacitance of the quantum dot. In this part of the problem, the source and the drain are
held at zero potential, and the voltage on the gate electrode is fixed at 𝑉𝑔.

D.1 Consider a state of the SET in which the quantum dot contains 𝑛 electrons.
i. Find the electrical potential 𝜑𝑛 on the QD.
ii. Find the amount of energy Δ𝐸𝑛 that is necessary to bring an additional elec-
tron from the source or the drain onto the QD.
 

1.5pt

If Δ𝐸𝑛 < 0 then electrons will spontaneously tunnel into the quantum dot until such a number 𝒩 > 𝑛 is
reached that Δ𝐸𝒩 ≥ 0. The equilibrium number of electrons 𝒩 and the corresponding addition energy
Δ𝐸𝒩 can be controlled by choosing the appropriate voltage 𝑉𝑔.

D.2 Find an expression for the maximal possible value 𝐸𝑐 = maxΔ𝐸𝒩(𝑉𝑔) of the
equilibrium addition energy that can be achieved by tuning the gate voltage of
the SET.

0.5pt

If Δ𝐸𝒩 = 0 then tunnelling of electrons does not require extra energy and SET is in a highly conductive
ON state. If Δ𝐸𝒩 > 0, then the conductance of the SET is reduced (high-resistance OFF).

For the number of electrons on the quantum dot to remain well-defined, certain conditions need to be
satisfied. Firstly, if electrons in the source or drain have thermal energies sufficient to move sponta-
neously onto the quantum dot, the contrast between the ON and OFF states will disappear.

D.3 Find a condition on the temperature of the electrons so that electrons cannot
move onto the quantum dot by thermal excitation.

0.5pt

Secondly, tunnelling of electrons onto or off the dot limits the lifetime of their energy states. This tun-
nelling can be modelled using an effective resistance of the tunnel junction with the characteristic tun-
nelling time equal to the characteristic time for charging or discharging the quantum dot through the
junction.

D.4 i. Estimate the tunnelling time for a quantum dot in terms of capacitance 𝐶𝑡
and effective resistance 𝑅𝑡 of the tunnel junction.
ii. Find a condition on the effective resistance 𝑅𝑡 so that the electrons in the
quantum dot retain sufficiently well-defined energy for the ON and OFF states
to remain distinct.

0.8pt

Part E: RF reflectometry to read out SET state (1.0 points)
The state of the SET is sensitive to electrical potentials created by nearby elements of the quantum circuit
(such as quantum bits), and distinguishing between ON and OFF states provides a way to read out the in-
formation produced by the quantum computer. The SET in the ON state can bemodelled by a resistance
𝑅ON = 100 kΩ while in the OFF state we can assume the SET to be a complete insulator (neglecting any
capacitative connection between the source and the drain via the SET). While it is possible to determine
the state of the SET by measuring the response to an input signal through the source, it is faster to do so
using RF reflectometry to measure both the amplitude and phase of the reflected signal, i.e. determined
the reflectance Γ.
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The change in reflectance due to switching of an SET between ON and OFF states is

ΔΓ = |ΓON − ΓOFF| , (1)

where ΓON and ΓOFF are the reflectances in two different states.

Z0

ZSET

Circuit diagram of transmission cable of impedance 𝑍0 connected to an SET.

E.1 Find the change in reflectanceΔΓ between the conductive and insulating states
for a typical SET connected to a co-axial cable with impedance of 50 Ω.

0.2pt

In order to increase the change in reflectance, andhence the sensitivity of the RF reflectometry, the circuit
is modified by inclusion of an inductor. The intrinsic capacitance due to the device geometry 𝐶0 ≈ 0.4 pF
is also taken into account. The RF reflectometry is conducted using a signal of angular frequency 𝜔rf.

Z0 L0

C0
ZSET

Modified SET circuit.

E.2 Estimate the value of the inductance 𝐿0 that can result in the change in re-
flection on the order of one. Calculate your estimate for 𝐿0 numerically for
𝜔rf/(2𝜋) = 100 MHz and compute the corresponding ΔΓ.

0.8pt

Part F: Charge sensing with a single lead quantum dot (1.5 points)
For a scalable quantum computing architecture, the number of wires reaching each individual quantum
bit need to be minimized. A promising alternative to an SET for charge sensing in silicon quantum com-
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puting is a Single Lead Quantum Dot (SLQD). In many ways it is similar to an SET, but does not have the
source and drain leads. The gate is the only electrode, through which the electron energy states of the
quantum dot are controlled and also through which RF reflectometry is conducted.

Like an SET, a SLQD has an OFF in which the SLQD behaves as a total insulator. In contrast to an SET,
the ON state of the SLQD is capacitive, with capacitance 𝐶q. In order to maximize the difference in re-
flectance ΔΓ of the SLQD, the following circuit is constructed. The parasitic capacitance 𝐶0 ≈ 0.4 pF is
fixed by circuit geometry, but the value of 𝐿0 and the operating frequency can be changed to optimize
the performance. The characteristic impedance of the transmission line is 𝑍0 = 50Ω.

Z0

L0 C0
ZSLQD

Circuit diagram of the SLQD readout circuit connected to the transmission line.

F.1 Suggest 𝜔rf and 𝑍C = √𝐿0/𝐶0 that allow ΔΓ ∼ 1 for given 𝐶0 and 𝐶𝑞. 1.0pt

Optimal values of 𝐿0 are relatively large and not always technically feasible. Hence, other types of circuit
elements may be needed to improve sensitivity of the reflectometry readout circuit.

F.2 Assume that 𝐿0 (and hence 𝑍𝐶) is fixed. Draw a circuit diagram showing where
to place an additional element in the SLQD readout circuit and specify the pa-
rameter(s) of this element such that ΔΓ ∼ 1 can still be achieved without requir-
ing a large inductance.

0.5pt
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RF Reflectometry of Single-Electron Circuits

Part A: Lumped element model of a co-axial transmission line (2.0 points)

A.1 (0.2 pt)
𝑣 =

A.2 (0.2 pt)
𝐸(𝑟) =

A.3 (0.3 pt)
𝐶𝑥 =

A.4 (0.3 pt)
𝐿𝑥 =

A.5 (1.0 pt)
i.
 
 
 
ii. 𝑏/𝑎 =

Part B: Hypothetical transmission line with return along a grounded plane (1.0 points)

B.1 (1.0 pt)
𝑍0 =

Part C: Basics of RF reflectometry (1.2 points)

C.1 (1.0 pt)
Γ =

C.2 (0.2 pt)
 
 

Part D: The single electron transistor (points 3.3)

D.1 (1.5 pt)
i. 𝜑𝑛 =
 
ii. Δ𝐸𝑛 =
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D.2 (0.5 pt)
𝐸𝑐 =

D.3 (0.5 pt)
 
 
 

D.4 (0.8 pt)
i. 𝜏 =
ii.
 

Part E: RF reflectometry to read out SET state (1.0 points)

E.1 (0.2 pt)
ΔΓ =

E.2 (0.8 pt)
𝐿0 =
ΔΓ =

Part F: Charge sensing with a single lead quantum dot (1.5 points)

F.1 (1.0 pt)
𝜔rf =
𝑍𝐶 =

F.2 (0.5 pt)
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X-ray jets from active galactic nuclei

Introduction
Active galactic nuclei (AGN) are supermassive black holes which form the centres of galaxies, and emit
large amounts of energy in radiation and particle flows. One feature of many AGN are jetted outflows,
which can be observed through radio emission, and sometimes also in other parts of the electromagnetic
spectrum, including x-rays. These jets are large flows of plasma at relativistic speeds, over lengths of
order 1020 m, which is tens of thousands of light years. The x-ray emission from jets is usually dominated
by synchrotron emission from relativistic electrons gyrating in the magnetic field of the jet.

Figure 1: X-ray image of the jet from the Centaurus A AGN. Darker regions represent regions
of higher intensity x-rays. Brighter regions within the fainter jet are called knots. (Snios et al.,
2019)

Part A: 1D fluid model of a jet
A simple model of the flow of jets assumes that the flow is steady and directed radially away from the
central AGN, so approximately one dimensional, and that the plasma in the jet is in pressure equilibrium
with its surroundings. There is assumed to be a constant rate per volume of mass injected into the jet
from stars which lose their outer layers as they move through their life cycle.

The jet is described in terms of the coordinate representing distance from the AGN, 𝑠, and the opening
radius 𝑟 of the conical jet. These distances are measured in parsecs, where 1 pc = 3.086 × 1016 m. The
speed of the jet flow is assumed to be directed radially away from the central AGN, and be a function
of 𝑠 only. The plasma in the jet is comprised of electrons, protons, and some heavier ionised nuclei.
The average energy carried by each particle in the jet, in the reference frame of the bulk flow of the jet
(which we will call the jet frame), is 𝜖av = 𝜇pp𝑐2 + ℎ, where the term ℎ includes all thermal kinetic energy
and potential energies in terms of the pressure 𝑃 and 𝑛 is the number density of the plasma.

As the stars, which the jet flowspast,move through their life cycles they can lose part of their atmosphere.
This results in a uniform rate of injection of mass per unit volume 𝛼 into the jet, and the injected particles
are assumed to be at rest relative to the AGN.

This model can be applied to the Centaurus A jet. Centaurus A is one of the nearest AGN, so it is possible
to observe its jet at relatively high spatial resolution. The total power carried by the jet is estimated to
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be 𝑃j = 1 × 1036 J.s−1. See below for a diagram of a simple geometrical description of the Centaurus
A jet, including measurements of some jet parameters. 𝑠1 is the coordinate of the start of the jet, and
𝑠2 the coordinate of the end of the jet. In Centuarus A the average mass per particle is 𝜇pp = 0.59𝑚p
and ℎ = 13

4 𝑃/𝑛 .The pressure in the plasma surrounding the jet is 𝑃(𝑠) = 5.7 × 10−12 ( 𝑠𝑠0 )−1.5 Pa, where
𝑠0 = 1 kpc.

Figure 2: The Centaurus A jet, showing the geometry compared to the active galactic nucleus
(AGN).

The jet is described by the following parameters, all of which depend on the distance 𝑠 from the AGN:

• the opening radius of the jet 𝑟(𝑠) in the AGN frame

• the cross sectional area of the jet 𝐴(𝑠) in the AGN frame

• the speed of the jet 𝑣(𝑠) in the AGN frame

• the lorentz gamma factor of the jet 𝛾(𝑠) in the AGN frame

• the number density 𝑛(𝑠) in the frame of the jet

Any of these parameters can be used in your answers to A1-4.

A.1 Find the number density of particles, 𝑛′(𝑠), in the frame of the AGN, in terms of
the proper number density, 𝑛(𝑠) and other jet parameters. The proper number
density is the number density in the frame which is locally co-moving with the
jet plasma outflow, which we will call the jet frame.

0.3pt

A.2 Find the flux of particles, 𝐹𝑝(𝑠), across a cross section of the jet with area 𝐴, at
a distance 𝑠 from the AGN.

0.2pt

A.3 Write a continuity relationship between the particle flux into the jet and out of
the jet in terms of the jet parameters at 𝑠1and 𝑠2, and 𝑉 , the total volume of the
Centaurus A jet and other required parameters.

0.5pt
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A.4 Write a relationship between the energy flux into the jet, and the energy flux out
of the jet in terms of the jet speeds, cross sectional areas and proper number
densities at 𝑠1and 𝑠2, the volume, 𝑉 , of the jet and any other required parame-
ters of the Centaurus A jet.

0.6pt

The power carried by a jet is defined to be the sum of the total bulk kinetic energy flux and the total
thermal energy flux, so

𝑃j(𝑠) = 𝐹E(𝑠) − �̇�𝑐2 (1)

where 𝐹E(𝑠) is the flux of energy through the cross section of the jet at 𝑠, and �̇� is the mass flux through
the jet cross section at the same distance 𝑠 from the AGN.

A.5 Using your answers to previous parts find 𝑑𝑃j
𝑑𝑠 . 0.6pt

A.6 Find numerical values for themass fluxes �̇�1, into the Centaurus A jet at 𝑠1, and
also �̇�2, out of the Centaurus A jet at 𝑠2,

0.4pt

A.7 Find an expression for the total momentum flux, Π, into the Centaurus A jet.
Also numerically evaluate this expression.

0.5pt

A.8 Find a numerical value for the total force due to external pressure, 𝐹Pr, on the
Centaurus A jet.

0.5pt

A.9 Write the expected relationship between Π and 𝐹Pr. Also, calculate the percent-
age difference between the model value of Π , which you found in A7, and the
expected value.

0.2pt

Part B: Gas of ultra relativistic electrons
Consider a gas of ultra relativistic electrons (𝛾 ≫ 1), with an isotropic distribution of velocities (does not
depend on direction). The proper number density of particles with energies between 𝜖 and 𝜖+𝑑𝜖 is given
by 𝑓(𝜖)𝑑𝜖, where 𝜖 is the energy per particle. Consider also a wall of area Δ𝐴, which is in contact with the
gas.

B.1 Write an integral expression for the total energy per volume of the electron gas. 0.2pt

B.2 Find an expression for the total rate of change inmomentumΔ𝑝z/Δ𝑡 of the gas,
in the z-direction which is normal to the wall, due to collisions with the wall.

0.8pt

B.3 Derive an equation of state for an ultra relativistic electron gas, relating the
pressure, volume and total internal energy.

0.6pt
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B.4 Derive a relationship between the pressure and volume of an ultra relativistic
electron gas undergoing an adiabatic expansion.

0.6pt

Part C: Synchrotron emission
In the jets from AGN, we have populations of highly energetic electrons in regions with strong magnetic
fields. This creates the conditions for the emission of high fluxes of synchrotron radiation. The electrons
are often so highly energetic, that they can be described as ultra relativistic with 𝛾 ≫ 1.

C.1 Find an expression for Ω, the angular frequency of gyration of an electron with
lorentz factor 𝛾 and travelling at an angle 𝜙 to the magnetic field 𝐵.

0.7pt

As the electron is accelerated due to the magnetic field it emits electromagnetic radiation. In a frame at
which the electron ismomentarily at rest, there is no preferred direction for the emission of the radiation.
Half is emitted in the forward direction, and half in the backward direction. However, in the frame of the
observer, for an electron moving at an ultra relativistic speed, with 𝛾 ≫ 1, the radiation is concentrated
in a forward cone with 𝜃 ≲ 1/𝛾 (so the total angle of cone is 2/𝛾). As the electron is gyrating around the
magnetic field, any observer will only see pulses of radiation as the forward cone sweeps through the
line of sight.

Figure 3: The diagram on the left shows the distribution of power in radiation from an elec-
tron accelerating up the page in the frame at which the electron in momentarily at rest. The
diagram on the right shows the distribution of power in radiation for the same electron in the
observer's frame, wheremost radiation is emitted in the forward cone. In the observers frame,
the direction of the electron's acceleration is shown by a vector labelled a and the direction of
its velocity is shown by a vector labelled v.

C.2 Find the duration of a pulse, Δ𝑡, of synchrotron radiation observed from an
electron with lorentz factor 𝛾, travelling at an angle 𝜙 to the magnetic field.

0.5pt

C.3 Hence, estimate the characteristic frequency, 𝜈chr, of the synchrotron radiation. 0.3pt

The total synchrotron power emitted is

𝑃s = 1
6𝜋𝜀0

(𝑞4𝐵2 sin2 𝜙
𝑚4𝑐5 ) 𝐸2 (2)

C.4 Estimate the time, 𝜏 , for an electron of energy 𝐸 to lose its energy through
synchrotron cooling.

0.2pt
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Part D: Synchrotron emission from an AGN jet
The distribution of electron energies in a jet from an AGN is typically a power law, of the form 𝑓(𝜖) = 𝜅𝜖−𝑝,
where 𝑓(𝜖)𝑑𝜖 is the number density of particles with energies between 𝜖 and 𝜖 + 𝑑𝜖. The corresponding
spectrumof synchrotron emissiondepends on the electron energy distribution, rather than the spectrum
for an individual electron. This spectrum is

𝑗(𝜈)𝑑𝜈 ∝ 𝐵(1+𝑝)/2𝜈(1−𝑝)/2𝑑𝜈 . (3)

Here 𝑗(𝜈)𝑑𝜈 is the energy per unit volume emitted as photons with frequencies between 𝜈 and 𝜈 + 𝑑𝜈
Observations of the Centaurus A jet, and other jets, show a knotty structure, with compact regions of
brighter emission called knots. Observations of these knots at different times have shown both motion
and brightness changes for some knots. Two possible mechanisms for the reductions in brightness are
adiabatic expansion of the gas in the knot, and synchrotron cooling of electrons in the gas in knot.

The magnetic field in the plasma in the jets is assumed to be frozen in. Considering an arbitrary volume
of plasma, the magnetic flux through the surface bounding it must remain constant, even as the volume
containing the plasma changes shape and size.

D.1 For a spherical knot which expands uniformly in all directions from a volume of
𝑉0 to a volume 𝑉 , with an initial uniform magnetic field 𝐵0 Find the magnetic
field 𝐵 in the expanded knot.

0.4pt

D.2 Find 𝑓(𝜖), the distribution of electron energies after adiabatic expansion of a
spherical knot to a volume 𝑉 on the distribution of electron energy densities,
given that the knot of volume 𝑉0 has an initial distribution of electrons 𝑓0(𝜖) =
𝜅0𝜖−𝑝, where 𝑓0(𝜖)𝑑𝜖is the number density of particles with energies between
𝜖and 𝜖 + 𝑑𝜖.

1.0pt

D.3 How will synchrotron cooling affect the distribution of the electrons? After a
time interval where electrons have been undergoing synchrotron cooling, will
the distribution of electron energies as a function of 𝜖 be steeper, shallower
or leave it unchanged. Justify your answer with equations, by considering two
electron energies 𝜖1 < 𝜖2.

0.3pt

The table below summarises some observations of knots (brighter regions) in jets from two AGN, Cen-
taurus A (Cen A) and M87.

AGN Time between ob-
servations

Knot Brightness
change in x-rays

Spectral
changes in
x-rays

Brightness
changes in other
bands (e.g. UV,
optical)

Cen A 15 years AX1C -23% No change No data
Cen A 15 years BX2 -15% No change No data
M87 5 years HST-1 -73% No data No change
M87 5 years Knot A -12% No data No change

(Data from Snios et al., 2019a; 2019b.)

45



Theory Q2-6
English (Official)

D.4 In the table in the answer sheet, identify themore likely cause of reducedbright-
ness for each knot, and identify which previous part or parts support your con-
clusion.

0.6pt
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X-ray jets from active galactic nuclei

Part A: 1D fluid model of a jet (3.8 points)

A.1 (0.3 pt)
 
𝑛′(𝑠) =
 

A.2 (0.2 pt)
 
𝐹p(𝑠) =
 

A.3 (0.5 pt)

A.4 (0.6 pt)

A.5 (0.6 pt)
 
𝑑𝑃j
𝑑𝑠 =
 

A.6 (0.4 pt)
Expression for calculating �̇� :
 
�̇�1 =
 
�̇�2 =
 

A.7 (0.5 pt)
Expression:
Π =
 
Numerical:
Π =
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A.8 (0.5 pt)
 
𝐹Pr =
 

A.9 (0.2 pt)
Relationship:
 
 
% deviation =
 

Part B: Gas of ultra relativistic electrons (2.2 points)

B.1 (0.2 pt)

B.2 (0.8 pt)
 
∆𝑝z
∆𝑡 =
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B.3 (0.6 pt)
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B.4 (0.6 pt)

Part C: Synchrotron emission (1.7 points)

C.1 (0.7 pt)
 
Ω =
 

C.2 (0.5 pt)
 
Δ𝑡 =
 

C.3 (0.3 pt)
 
𝜈chr =
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C.4 (0.2 pt)
 
𝜏 =
 

Part D: Synchrotron emission from an AGN jet (2.3 points)

D.1 (0.4 pt)
 
𝐵 =
 

D.2 (1.0 pt)
 
𝑓(𝜖) =
 

D.3 (0.3 pt)
Synchrotron cooling will make the distribution:
□ shallower, □ steeper, □ other
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D.4 (0.6 pt)

AGN Knot Likely cause of cooling Question parts which support your conclusion

Cen A AX1C □ synchrotron cooling

□ adiabatic expansion

□ neither

Cen A BX2 □ synchrotron cooling

□ adiabatic expansion

□ neither

M87 HST-1 □ synchrotron cooling

□ adiabatic expansion

□ neither

M87 Knot A □ synchrotron cooling

□ adiabatic expansion

□ neither
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Tippe top

Part A (10.0 points)
A Tippe top is a special kind of top that can spontaneously invert once it has been set spinning. One
can model a Tippe top as a sphere of radius 𝑅 that is truncated, with a stem added. It has rotational
symmetry about an axis through the stem, which is at angle 𝜃 from the vertical. As shown in Figure 1(a),
its centre of mass 𝐶 is offset from its geometric centre 𝑂 by 𝛼𝑅 along its symmetry axis. The Tippe top
makes contact with the surface it rests on at point 𝐴; we assume this surface is planar, and refer to it as
the floor. Given certain geometrical constraints and if spun fast enough initially, the Tippe top will tip so
that the stem points increasingly downwards, until it starts to spin on in its stem, and eventually comes
to a stop.

Figure 1. Views of the Tippe top (a) from the side and (b) from above

Let 𝑥𝑦𝑧 be the rotating reference frame defined such that ̂z is stationary and upwards, and the top's
symmetry axis is within the 𝑥𝑧-plane. Two views of the Tippe top are shown in Figure 1: from the side,
and from above. As shown in Figure 1(b), the top's symmetry axis is aligned with the 𝑥-axis when viewed
from above.

Figure 2 shows the top's motion at several phases after it is started spinning:

(a) phase I: immediately after it is initially set spinning, with 𝜃 ∼ 0
(b) phase II: soon after, having tipped to angle 0 < 𝜃 < 𝜋

2

(c) phase III: when the stem first touches the floor, with 𝜃 > 𝜋
2

(d) phase IV: after inversion, when the top is spinning on its stem, with 𝜃 ∼ 𝜋
(e) phase V: in its final state, at rest on its stem 𝜃 = 𝜋.
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Figure 2. Phases I to V of the Tippe top's motion, shown in the 𝑥𝑧-plane

Let 𝑋𝑌 𝑍 be the inertial frame, where the surface the top is on is wholly in the 𝑋𝑌 -plane. The frame 𝑥𝑦𝑧
is defined as above, and reached from 𝑋𝑌 𝑍 via rotation around the 𝑍 axis by 𝜙 . The transformation
from the 𝑋𝑌 𝑍 frame to frame 𝑥𝑦𝑧 is shown in Figure 3(a). In particular, ̂z = Ẑ.

Figure 3. Transformations between reference frames: (a) to 𝑥𝑦𝑧 from 𝑋𝑌 𝑍 , and (b) to 123
from 𝑥𝑦𝑧

Any rotational motion in 3-dimensional space can be described by the three Euler angles (𝜃, 𝜙, 𝜓). The
transformations between the inertial frame 𝑋𝑌 𝑍, the intermediate frame 𝑥𝑦𝑧, and the top's frame 123
can be understood in terms of these Euler angles.

In our description of the Tippe top's motion, the angles 𝜃 and 𝜙 are the standard zenith and azimuthal
angles respectively, in spherical polar coordinates. In the 𝑋𝑌 𝑍 frame they are defined as follows: 𝜃 is
the angle of the top's symmetry axis from the vertical 𝑍-axis, representing how far from vertical its stem
is, while 𝜙 represents the top's angular position about the 𝑍-axis, and is defined as the angle between
the 𝑋𝑍-plane and the plane through points 𝑂, 𝐴, 𝐶 (i.e. the vertical projection of the top's symmetry
axis).

The third Euler angle 𝜓 describes the rotation of the top about its own symmetry axis, i.e. its 'spin', which
has angular velocity ̇𝜓.
The reference frame of the spinning top is defined as a new rotating frame 123, which is reached by rotat-
ing 𝑥𝑦𝑧 by 𝜃 around ŷ: 'tilting' the ̂z-axis down by 𝜃 tomeet the top's symmetry axis 3̂. The transformation
from the 𝑥𝑦𝑧 frame to the 123 frame is shown in Figure 3(b). In particular, 2̂ = ŷ.
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NOTE: For a reference frame K̃ rotating in inertial frame K with angular velocity 𝜔𝜔𝜔 , the time deriva-
tives of a vector A within both frames K and K̃ are related via:

(𝜕A
𝜕𝑡 )

K
= (𝜕A

𝜕𝑡 )
K̃

+ 𝜔𝜔𝜔 × A (1)

Themotion that a Tippe top undergoes is complex, involving the time evolution of the three Euler angles,
as well the translational velocities (or positions) and the motion of the top's symmetry axis. All of these
parameters are coupled. To solve for the motion of a Tippe top, one would use standard tools including
Newton's laws to prepare the system of equations, then program a computer to solve them numerically
via simulation.

In this question, you will perform the first part of this process, investigating the physics of the Tippe top
to set up the system of equations.

Friction between the Tippe top and the surface it ismoving on drives themotion of the Tippe top. Assume
that the top remains in contact with the floor at point 𝐴, until such time as the stem contacts the floor. It
is in motion at point 𝐴 with velocity v𝐴 relative to the floor. The frictional coefficient 𝜇𝑘 between the top
and floor is kinetic, with |Ff| = 𝜇𝑘𝑁 , where F𝑓 = 𝐹𝑓,𝑥x̂+𝐹𝑓,𝑦ŷ is the frictional force, and𝑁 is themagnitude
of the normal force. Assume that the top is initially set spinning only, i.e. there is no translational impulse
given to the top.

Let the mass of the Tippe top be 𝑚. Its moments of inertia are: 𝐼3 about the axis of symmetry is, and
𝐼1 = 𝐼2 about the mutually perpendicular principal axes. Let s be the position vector of the centre of
mass, and a = ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗𝐶𝐴 be the vector from the centre of mass to the point of contact.

Unless otherwise specified, give your answers in the 𝑥𝑦𝑧 reference frame for full marks. All torques and
angular momentum are considered about the centre of mass 𝐶, unless otherwise specified. You may
give your answers in terms of 𝑁 . Except for part A.8, you need only consider the top where 𝜃 < 𝜋

2 , and
the stem is not in contact with the floor.

A.1 Find the total external force Fext on the Tippe top. Draw a free body diagram of
the top, projected onto each of the 𝑥𝑧- and 𝑥𝑦-planes. Indicate the direction of
v𝐴 in the space provided, on your diagram in the 𝑥𝑦-plane.

1pt

A.2 Find the total external torque 𝜏𝜏𝜏ext on the Tippe top about the centre of mass. 0.8pt

A.3 Given the contact condition, i.e. (s + a) ⋅ ̂𝑧 = 0, show that the velocity at 𝐴 has
no component in the 𝑧-direction, i.e. we can write v𝐴 = 𝑣𝑥x̂ + 𝑣𝑦ŷ.

0.4pt

A.4 Find the total angular velocity 𝜔 of the rotating top about its centre of mass 𝐶
in terms of the time derivatives of the Euler angles: ̇𝜃 = 𝑑𝜃

𝑑𝑡 , ̇𝜙 = 𝑑𝜙
𝑑𝑡 , and ̇𝜓 = 𝑑𝜓

𝑑𝑡 .
Use Figure 3 if this is helpful. Give your answer in the 𝑥𝑦𝑧 frame, and in the 123
frame.

0.8pt

A.5 Find the total energy of a spinning Tippe top, in terms of time derivatives of the
Euler angles, 𝑣𝑥, and 𝑣𝑦. For partial marks, you may leave your answer in terms
of ̇s= 𝑑s

𝑑𝑡 .

1pt
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A.6 Find the rate of change of the angular momentum about the 𝑧-axis. 0.4pt

A.7 Which force(s) do work against gravity? Find an expression for the instanta-
neous rate of change of the top's energy - you may leave your answer in terms
of v𝐴. Identify and identify the components of the force and the torque that
cause the change(s) in energy terms in A.5.

1.4pt

A.8 Qualitatively sketch the following energy terms in the answer sheet as a func-
tion of time, over the top'smotion through the five phases I toV shown in Figure
2: the total energy 𝐸𝑇 , gravitational potential energy 𝑈𝐺, translational kinetic
energy 𝐾𝑇 , and rotational kinetic energy 𝐾𝑅. The energy axes of your sketches
are not required to be to scale.

2pt

A.9 Show that the components of the angular momentum L and angular velocity 𝜔𝜔𝜔
that are perpendicular to the 3̂ direction are proportional, i.e.

L × 3̂ = 𝑘(𝜔𝜔𝜔 × 3̂), (2)

and find the proportionality constant 𝑘.

0.5pt

Combining your answers to A.1 and A.2 with subsequent results will give you the magnitude 𝑁 of the
normal force, as well as a system of equations, relating the Euler angles, the components 𝑣𝑥 and 𝑣𝑦 of
the velocity at 𝐴, the unit vector for the axis of symmetry 3̂, and their time derivatives. This system is not
integrable, but instead could be solved numerically.

Integrals of motion are quantities which remain constant, and can reduce the dimensionality of the sys-
tem (i.e. number of simultaneous equations to solve, whether analytically or numerically). Typically
quantities such as energy, momentum, and angular momentum are conserved in closed systems, and
significantly simplify the problem.

A.10 As youhave seen, neither the energy nor the angularmomentumare conserved
for a Tippe top, due to a dissipative force and external torque. However, there is
a related quantity knownas Jellett's integral 𝜆, which represents a component of
the angular momentum that is conserved, i.e. some vector v. such that 𝜆 = L ⋅v
is constant in time.
 
Use your understanding of the Tippe top and results found to far, to give an
expression for such a vector v. Show that the time derivative of 𝜆 is zero.

1.7pt
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Tippe top

Part A (10.0 points)

A.1 (1.0 pt)
 
Fext =

A.2 (0.8 pt)
 
𝜏𝜏𝜏ext =
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A.3 (0.4 pt)

A.4 (0.8 pt)
 
 
𝜔𝜔𝜔 =

A.5 (1.0 pt)
 
𝐸𝑇 =
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A.6 (0.4 pt)
 
𝑑𝐿𝑧
𝑑𝑡 =

A.7 (1.4 pt)
 
𝑑𝐸𝑇

𝑑𝑡 =
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A.8 (2.0 pt)
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A.9 (0.5 pt)
 
𝑘 =

A.10 (1.7 pt)
 
 
v =
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Theory Q1: Solutions
RF Reflectometry  

Version 1.32.

A. LUMPED ELEMENT MODEL OF A CO-AXIAL TRANSMISSION LINE

A.1 The speed of wave propagation in free space (c0 = 299 792 458m/s) is c0 = 1/
√
ε0 µ0. The speed in the dielectric

& diamagnetic medium is

v =
c0√
εr µr

(A.1)

A.2 Gauss law for the flux through a cylindrical surface with radius r co-axial with the the core, a < r < b:

∆x 2πr E(r) =
∆q

εrε0
⇒ E(r) =

∆q

∆x

1

2πεrε0r
(A.2)

A.3 The capacitance

Cx ∆x =
∆q

φ
(A.3)

where the potential φ of the core with respect to the shield is

0− φ = −
∫ b

a

E(r) dr ⇒ φ =
∆q

∆x

1

2πεrε0
ln

b

a
(A.4)

Cx =
2πεrε0

ln b
a

(A.5)

A.4 The magnetic flux through a rectangular contour paralel to the axis equal inductance times the current:

∆x

∫ b

a

B(r) dr = Lx ∆x I (A.6)

Biot-Savart law B(r) = µrµ0

2π
I
r gives

Lx =
µrµ0

2π
ln

b

a
(A.7)

A.5 i. Adding δx length of the cable should not change its impedance. Hence the impedance Z of the following
circuit must be equal to Z0:

1

Z
=

1

Z0 + jωδL
+

1
1

jωδC

=
1

Z0
(A.8)

Z2
0 + j ω δLZ0 − δL/δC = 0 (A.9)

(here engineering notation for j2 = −1 is used.) δL/δC = Lx/Cx and δL → 0 for δx → 0, hence

Z0 =
√
Lx/Cx (A.10)

ii.

Z0 =
√
Lx/Cx =

ln(b/a)

2π

√
µrµ0

εrε0
= ln(b/a)

√
µr

εr
× 59.96Ω (A.11)

For Z0 = 50Ω, εr = 4.0 and µr = 1.0 this gives b = 5.30 a .
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B. HYPOTHETICAL TRANSMISSION LINE WITH RETURN ALONG A GROUNDED PLANE

B.1 The high-conductance ground plate can be replaced by an image of the wire with opposite direction of the
current at distance 2d from the real wire. The magnetic fields from the real and the imaginary wires add up
and need to be integrated to get the magnetic flux between the wire and the plate:

Lx ∆x I =
µµ0

2π
I

∫ d

a

(
1

r
+

1

2d− r

)
dr∆x (B.1)

Lx =
µµ0

2π
ln

(
2d

a
− 1

)
≈ µµ0

2π
ln

2d

a
(B.2)

The potential difference between the wire and the plate can be obtained similarly by integrating the combined
field for the wire and its image:

φ =
∆q

∆x

1

2πεrε0

∫ d

a

(
1

r
+

1

2d− r

)
dr =

∆q

∆x

ln(2d/a)

2πεrε0
(B.3)

Cx =
∆q

∆x

1

φ
≈ 2πεrε0

ln(2d/a)
(B.4)

Hence the characterstic impedance Z0 =
√
Lx/Cx of the wire-plate system is

Z0 =
ln(2d/a)

2π

√
µrµ0

εrε0
(B.5)

C. BASICS OF RF REFLECTOMETRY

C.1 At the interface, values of the voltage on both transmission lines have to coincide:

Vi + Vr = Vt (C.1)

The current has to be conserved at the interface, however, the incident and the reflected waves carry the current
in opposite directions:

Vi

Z0
− Vr

Z0
=

Vt

Z1
(C.2)

It is clear from the equation above that Vt ̸= 0 if Z0 ̸= Z1 – impedance mismatch has to cause reflection. Solving
the voltage and the current equations for Γ = Vr/Vi gives

Γ =
Z1 − Z0

Z1 + Z0
(C.3)

C.2 A π-shift implies opposite signs of Vi and Vr and hence requires Γ < 0. This implies Z1 < Z0 .

D. THE SINGLE ELECTRON TRANSISTOR

D.1 i. Since any capacitance beyond Cg is neglected in our model, the quantum dot can be thought as a capacitor
plate with the gate being the other plate of the same capacitor with capacitance Cg. The fixed number n of
electrons trapped on the quantum dot sets a fixed-charge (q = −ne) boundary condition for the capacitor
Cg on the QD, while the gate side is kept at a constant potential Vg. (We denote the elementary charge
by e > 0). The implies that an excess charge of opposite sign, −q = ne will accumulate on the gate, to
keep electric field confined between the QD and the gate. The potential jump across the capacitor from
the gate to the QD will be equal to the capacitor q/Cg = −ne/Cg. Hence the potential on the QD is

φn = Vg +
−ne

Cg
(D.1)

63



3

ii. Bringing an infinitesimal charge δq from potential 0 to potential φ(q) requires energy δE = φ(q)δq, and
the dependence of potential φ(q) on the accumulated charge q is linear. For the single-electron transfer,
the additional charge of the electron, −e, changes the potential from φn to φn+1 = φn − e/Cg. Hence the
work necessary to accumulate an extra e on the QD is the integral of δE

∆En = −e
φn + φn+1

2
(D.2)

∆En =
e2

Cg

(
n+

1

2

)
− eVg (D.3)

Alternatively, ∆En can be obtained from energy conservation, by computing the change of the energy of
the capacitor the dork the work done against the electromotive force of the battery (=−“work done by the
battery’) for a charge +e to be brought from the ground potential via the battery to the gate-side plate of
the capacitor:

∆En =
e2(n+ 1)2

2Cg
− e2n2

2Cg
− eVg (D.4)

Note that without Ct ≪ Cg approximation, the answer is ∆En = e2

Cg+2Ct

(
n+ 1

2

)
− eVgCg/(2Ct + Cg)

(not required to receive full marks).

D.2 N is a minimal integer n for which ∆En ≥ 0. Consider the marginal case of ∆EN = 0 which is achieved at
some Vg = V0,

∆EN (V0) = 0 =
e2

Cg

(
N +

1

2

)
− eV0 (D.5)

If Vg would go slightly larger than V0, then ∆En would go negative and then minimal n that makes a positive
∆En would jump from N to N + 1. Hence Ec = ∆EN+1(V0). This gives

∆EN+1(V0) = Ec =
e2

Cg

(
N + 1 +

1

2

)
− eV0 =

e2

Cg
(D.6)

D.3 In a metal, only electrons in an energy range ± ≈ kBT around the Fermi level take part in the thermal motion.
(Here kB is the Boltzmann constant.) Typical energy of these electrons is kBT per particle and it may not

exceed characteristic single-electron addition energy Ec, kBT < Ec .

D.4 i. τ = Rt Ct

ii. Quantum uncertainty of energy (life-time broadening) h/τ must be less than the energy difference between
the states with n and n+ 1 electrons,

h/τ < Ec ⇒
h

RtCt
<

e2

Cg
(D.7)

Rt >
h

e2
Cg

Ct
>

h

e2
(D.8)

E. RF REFLECTOMETRY TO READ OUT SET STATE

E.1

Γ =
ZSET − Z0

ZSET + Z0
(E.1)

ΓON =
105 − 50

105 + 50
≈ 1− 2

50

105
(E.2)

ΓOFF = lim
Z1→∞

Z1 − Z0

Z1 + Z0
= 1 (E.3)

∆Γ = |ΓON − ΓOFF| ≈ 1.0 · 10−3 (E.4)
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E.2 Large change in reflectance requires the impedance Z1 of the circuit to switch between Z1 < Z0 to Z1 > Z0 as
the SET between ON (ZSET = 100kΩ) and OFF (ZSET = ∞).

In the OFF state of the SET, the circuit is an disspationless LC contour with resonance frequency ω0 = 1/
√
L0C0

and its impedance is 0. If we choose

L0 =
1

ω2
rfC0

(E.5)

then the imedance of the ω0 = ωrf.

Since Ztot (the total impedance of the circuit) in the OFF state of the SET equals to 0, the reflectance i
ΓOFF = −1. As we switch to the ON state with ZSET = RSET = 105Ω, the change in reflectance will be large if
|Ztot| in this ON state is on the order of Z0 or larger, which is indeed the case.

For the ON state and ω0 = ωrf

Ztot =

(
1
1

j ω C0

+
1

RSET

)−1

+ j ωL0 =
RSET

1 + j ωC0 RSET
+ j ω L0 =

RSET + j
√

L0/C0

1 +R2
SETC0/L0

(E.6)

For C0 = 0.4 · 10−12 F, Z0 = 50Ω and ωrf = 2π · 108 Hz, we have L0 = 6.33µH , Ztot = (158 + 6.3 j)Ω,

ΓON = 0.5198 + 0.0145 j, and ∆Γ = 1.52 .

F. CHARGE SENSING WITH A SINGLE LEAD QUANTUM DOT

F.1 The SLQD readout circuit contains only reactive elements, so |Γ| = 1 will always be one. The OFF state of the
SLQD corresponds to an inductor L0 and a capacitor C0 connected in parallel. We again choose

ωrf = 1/
√

L0C0 (F.1)

so that Ztot is the OFF state is infinite and ΓOFF = 1.

The ON state corresponds to ZSET = −j 1
ωrfCq

and Ztot at ωrf = ω0 is just the impedance of the SLQD

Ztot =
1

(jωrfL0)−1 + jωrf(C0 + Cq)
= −j

1

ω0Cq
= −j

C0

Cq
ZC (F.2)

For the complex phase of ΓON = (Ztot−Z0)/(Ztot+Z0) to be significantly different from zero, we need |Ztot| ∼ Z0

since Ztot is purely imaginary. Hence

ZC ∼ Cq

C0
Z0 (F.3)

F.2 If L0 is fixed, we can still operate the circuit at the frequency

ωrf = 1/
√

L0C0 (F.4)

that gives ΓOFF = 1. However, we need to deduce a way to increase |Ztot| even if ZC ≪ CqZ0/C0 is not
sufficient. One of the ways to do that is to add an additional capacitance Cm is series with rest of the circuit.

This will give (at ωrf = ω0)

Ztot = −j

(
C0

Cq
ZC +

1

ω0Cm

)
= −jω−1

0

(
C−1

q + C−1
m

)
(F.5)

We can satisfy the condition |Ztot| = Z0 (and hence ΓON = j and ∆Γ =
√
2 ∼ 1) with

Cm =
Cq

Z0Cqωrf − 1
=

Cq

√
L0C0

Z0Cq −
√
L0C0

(F.6)

Cm =
CqZC

Z0Cq/C0 − ZC

ZC≪Z0Cq/C0

≈ 1

Z0 ωrf
(F.7)
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Theory

Question 2: X-ray jets from active galactic nuclei

Solutions

Part A: 1d fluid model of a jet

A1

If you consider a prism of plasma in the jet frame, it contains a number of particles N , has length l in the direction
of motion, and cross sectional area A. The total number of particles in the volume is invariant on transformation into
the AGN frame, however the volume occupied by the plasma changes as lengths are contracted in the direction of
motion, while perpendicular lengths are unchanged. Hence, A′ = A, and l′ = l/γ.

This gives us two relationships:

N = n(s)Al (1)

and
N = n′(s)Al/γ (2)

Equating these gives
n(s)Al = n′(s)Al/γ ,

which leads to
n′(s) = γn(s) . (3)

A2

The particles in the jet have a bulk flow speed of v(s), so in a time ∆t a volume V = A(s)v(s)∆t crosses the cross
section of the jet. Using the number density in the AGN frame,

Fp(s) = n′(s)A(s)v(s) (4)

= γ(s)n(s)A(s)v(s) (5)

A3

As the plasma travels along the jet there are no particles passing through the side boundary of the jet. Hence, the
total flux through the curved edges of the jet is zero, and the total flux into the jet is the flux in through the cross
section at s1 is Fp(s1) and the total flux out of the jet is Fp(s2). There is an additional term in the continuity equation
due to the mass injection. There are αV/µpp particles injected.

This gives
γ(s2)v(s2)n(s2)A(s2)− γ(s1)v(s1)n(s1)A(s1) = αV/µpp (6)

A4

Similarly, in the AGN frame the energy flux

FE(s) = n′(s)A′(s)v(s)ǫ′av(s) . (7)

We use previous results for all quantities except average energy per particle.
Consider the total energy in a volume ∆V of the plasma, Etot = ǫavN in the jet frame. As this is the proper frame

v(s)=0.
Transforming to the AGN frame, E′

tot = γ(s)ǫavN , and ǫ′av = γǫav.
Hence,

FE(s) = (γ(s))
2
n(s)A′s)v(s)ǫav(s) . (8)

Energy conservation requires that the total energy flux out of the jet is equal to the energy added through injection
of mass, so

(γ(s2))
2
v(s2)n(s2)A(s2)ǫav(s2)− (γ(s1))

2
v(s1)n(s1)A(s1)ǫav(s1) = αV c2 (9)

1
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A5

From the defintion of jet power and also (8),

Pj(s) = (γ(s))2 n(s)A′s)v(s)ǫav(s)− Ṁc2 . (10)

Here Ṁ is the flux of mass flux across the surface, so Ṁ = Fp(s)µpp and

Pj(s) = (γ(s))
2
n(s)A′s)v(s)ǫav(s)− Fp(s)µppc

2 . (11)

In order to find how jet power varies along the jet, we consider jet power at two points along the jet.

Pj(s2)− Pj(s1) = (γ(s2))
2 n(s2)A

′(s2)v(s2)ǫav(s2)− Fp(s2)µppc
2 (12)

−
(

(γ(s2))
2
n(s1)A

′(s1)v(s1)ǫav(s1)− Fp(s1)µppc
2
)

. (13)

We can identify the two terms with ǫav to be those from the left hand side of (8), and the two terms with µpp are
µppc

2 times the left hand side of (6). Making these substitutions,

Pj(s2)− Pj(s1) = αV c2 − αV c2 = 0 . (14)

This argument applies to arbitary s1 and s2, so the jet power is constant along the jet and
dPj

ds = 0.

A6

We start from (10) and substitute ǫav = µppc
2 + 13

4
P
n , to arrive at

Pj(s) = (γ(s))
2
n(s)A(s)v(s)(µppc

2 +
13

4

P

n(s)
)− γ(s)n(s)A(s)v(s)µppc

2 (15)

= (γ(s)− 1)γ(s)n(s)A(s)v(s)µppc
2 + (γ(s))

2
A(s)v(s)

13

4
P (16)

= (γ(s)− 1)Ṁc2 + (γ(s))
2
A(s)v(s)

13

4
P (17)

Rearranging to find Ṁ gives

Ṁ =
Pj − γ(s)2A(s)v(s)134 P

(γ(s)− 1)c2
(18)

Using the relationship P (s) = 5.7 × 10−12
(

s
s0

)

−1.5

and substituting values for s1 and s2 respectively into (18),

give Ṁ1 = 2.8× 1019 kg s−1 and Ṁ2 = 5.2× 1019 kg s−1 .
Note: some of the input values are given to one significant figure only. Hence, answers which are correct to this

degree of precision and are given to one or two significant figures are accepted as correct.

A7

From lorentz transforming ǫav from the jet frame where v = 0 to the AGN frame, the average momentum per particle

is pav = γ(s)v(s)c2 ǫav. As the momentum is directly proportional to the total energy, the flux argument is the same,
and

Π(s) =
FE

c

v(s)

c
. (19)

This can be related to the jet power and Ṁ ,

Π(s) =

(

Pj

c
+ Ṁc

)

v(s)

c
. (20)

Again, there is no particle flux, and hence no momentum flux through the sides of the jet, so the total momentum
flux out of the jet is

Π = Π(s2)−Π(s1) . (21)

Substituting values for the jet at s2 and s1 gives Π = 1.9× 1027 kgm s−2.

2
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A8

The total force on the jet due to external pressure has contributions from the cross section at s1, F1 = P (s1)A(s1), at ss,
F2 = P (s2)A(s2), and from the pressure on the curved surface. We have a linear relationship s(r) = s1+

s2−s1
r2−r1

(r−r1).

s
2
=5.94 kpc

s
1
=252 pc

AGN

r
2
=500 pc

r
1
=30 pc

v
1
=0.667c

v
2
=0.52c

dr
ds

The nett pressure force on the surface is only the component in the s direction. As the force is perpendicular to the
surface, this results in a factor of dr

ds . Consequently

dF = 2πrP (s)dr , (22)

where P (s) = 5.7× 10−12
(

s
s0

)

−1.5

.

The total force due to the external pressure,

FPr = F1 − F2 +

∫ r2

r1

dF . (23)

Evaluating the integral gives
∫ r2
r1

dF = 9.8× 1026 N, so FPr = 8.2× 1026 N.

A9

As there are no other forces on the jet, it is expected that Π = FPr.
The % deviation is |(Π− FPr)/FPr| ≈ 40%

Gas of ultrarelativistic electrons

B1

The total energy per volume is
∫

∞

0

ǫf(ǫ)dǫ

B2

Consider the particles colliding with a surface ∆A,with the normal to the surface in the z-direction, in time ∆t. As
the electrons are ultrarelativistic, theirs speeds are all approximately c. We assume that the collisions with wall are
elastic, and electrons depart with their parallel mometnum unchanged and pz, final = −pz. Hence, ∆pz = 2pz, where
pz = ǫ

c cos θ, since the electrons are ultrarelativistic and E ≈ pc.
The distribution is isotropic so electrons are equally likely to be travelling in any direction.
All electrons within a parallelepiped of length c∆t which approach the surface at an angle θ will hit it in the time

∆t. The volume of the paralleleiped is c∆t∆A cos θ. From here, the total change in momentum is

∆pz =

∫

∞

0

∫ π/2

0

∫ 2π

0

2f(ǫ)pzc∆t∆A cos θ
sin θ

4π
dφdθdǫ (24)

=
2∆t∆A

4π

∫ π/2

0

sin θ cos2 θdθ

∫ 2π

0

dφ

∫

∞

0

ǫf(ǫ)dǫ (25)

=
2∆t∆A

4π
×

1

3
× 2π

∫

∞

0

ǫf(ǫ)dǫ (26)

3
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B3

As the remaining integral in the expression above was identified as the energy per volume in B1, ∆pz = ∆t∆A1
3
E
V .

The pressure is the force per area normal to the wall, so P = ∆pz

∆t
1

∆A . Combining these gives P = E
3V , or E = 3PV ,

which is the equation of state.

B4

For an adiabatic process dQ = 0 so dE = dW = −PdV . dE = d(3PV ) = 3PdV +3V dP , so equating these expressions
gives

3PdV + 3V dP = −pdV (27)

4PdV = −3V dP (28)

4
dV

V
= −3

dP

P
(29)

4

∫ V

V0

dV ′

V ′
= −3

∫ P

P0

dP ′

P
(30)

4 ln

(

V

V0

)

= −3 ln

(

P

P0

)

(31)

PV 4/3

P0V
4/3
0

= 1 (32)

Synchrotron emission

C1

An electron in a magnetic field has a component of its velocity, v cosφ along the magnetic field, and v sinφ perpen-
dicular to the field. The parallel component of the velocity remains constant, but in the perpendicular direction the
electron experiences a force in a direction perpendicular to its motion, so it undergoes simple harmonic motion. The
perpendicular component of its velocity is Ωr where Ω is its angular frequency and r the radius of the circular motion.
The force on the electron is FB = qv × B = eΩrB sinφ. The acceleration of the electron is perpendicular to the
direction of motion, so FB = γma, where a is the acceleration and m the mass of the electron. For uniform circular
motion, a = −Ω2r, so

FB = γmΩ2r (33)

eΩrB sinφ = γmΩ2r (34)

Ω =
eB sinφ

γm
(35)

C2

The observer only sees the synchrotron emission when they are within the forward light cone. As the electron is
gyrating around the magnetic field, this direction is changing. The observer is in this light cone for time ∆t = 2θ

Ω = 2m
eB .

However, the emitting electron is moving directly toward the observer over this time, so although the light emitted at
the start of the pulse is ahead of the light at the end of the pulse, it is only ahead by c∆t

(

1− v
c

)

. The pulse then has
an apparent duration of

∆ta = ∆t
(

1−
v

c

)

.

Since
(

1− v
c

) (

1 + v
c

)

= 1 − v2

c2 = 1
γ2 , we can write

(

1− v
c

)

= 1

γ2(1+ v

c
)
. As the electrons are ultrarelativistic,

(

1 + v
c

)

= 2, and

∆ta =
me

γ2eB
.

C3

νchr ≈
1

∆ta
=

γ2eB

me

4
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C4

Making a linear approximation,

τ ≈ −
E

(

dE
dt

) (36)

=
6πε0m

4c5

e4B2 sin2 φ

1

E
(37)

Synchrotron emission from an AGN jet

D1

As the magnetic field is frozen in, and magnetic flux is constant, the magnetic field must decrease as the area increases
in the expansion.

For a small area A, B0A0 = BA. Since A ∝ V 2/3, B = B0(A0/A) = B0

(

V
V0

)

−2/3

D2

A volume of plasma V0 with number density n0 contains a total number of particles N = n0V0. As the volume expands,
the total number remains constant, so n = N/V = (V/V0)n0.

The internal energy of the plasma E = 3PV , and since PV 4/3 = P0V
4/3
0 , EV 1/3 = E0V

1/3
0 . The scaling for

particle energy with volume is then E = (V/V0)
−1/3E0. This means that the particles initially with energies between

ǫ0 and ǫ+dǫ, will have energies between (V/V0)
−1/3ǫ0 and (V/V0)

−1/3 (ǫ+ dǫ). As ((V/V0)
−1/3ǫ)−p = (V/V0)

−p/3ǫ−p.
Hence, we can write

f(ǫ) = κǫ−p .

The value of κ is determined by the relationship

∫

∞

0

κǫ−pdǫ = N/V .

Given
∫

∞

0

κ0ǫ
−pdǫ = N/V0

κ0V0 = κV , and

f(ǫ) =

(

V

V0

)

−1

κ0ǫ
−p

D3

As the energy loss rate due to synchrotron emission increases as E2, and the cooling time decreases as 1/E, the more
energetic electrons lose energy more rapidly. If we consider electrons with energies ǫ1 < ǫ2, both will move to lower
energies in the distribution, but df/dt ∝ E2, so df

dt |ǫ2 > df
dt |ǫ1 . This will reduce the relative number of electrons with

higher energies, and steepen the power law of the electron energy distribution.

D4

For the knots in Centaurus A there is no change in the x-ray spectrum, so this rules out synchrotron cooling as in
that case the spectrum would steepen (Part D3). Hence adiabatic cooling is more likely for these two knots.

For the knots in M87, there is no change in brightness in other bands. Adiabatic expansion would reduce the number
density at all energies (Part D2) and hence brightness at all wavelengths, so this is not likely. Hence, synchrotron
cooling is more likely for these two knots.

5
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Theory

Question 3: Tippe Top

Solutions

Reference sheet for markers

Note: some results below were used for the previous version of part A.10, and are no longer needed.

Coordinate systems for convenience (note: use of matrices not needed) xyz from XY Z





x̂

ŷ

ẑ



 =





cosφ sinφ 0
− sinφ cosφ 0

0 0 1









X̂

Ŷ

Ẑ





123 from xyz





1̂

2̂

3̂



 =





cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ









x̂

ŷ

ẑ





Position of point A from centre of mass, in xyz and 123 frames:

a = αR3̂−Rẑ (1)

= αR sin θx̂+R(α cos θ − 1)ẑ

= R sin θ1̂+R(α− cos θ)3̂

Useful products:

ẑ× 3̂ = sin θŷ (2)

(3)

Note (given in question):

(

∂A

∂t

)

K

=

(

∂A

∂t

)

K̃

+ ω ×A (4)

Time derivatives:

˙̂
3 = ω × 3̂ (5)

˙̂x = φ̇ŷ (6)

˙̂y = −φ̇x̂ (7)

1
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Solutions: Tippe Top

1. (1.0 marks)

Free body diagrams:

x

z

mg

F
fr

N

mg
N

F
fr

v
A

x

y

Note: the direction of Ff must be opposite to the direction of vA, but is otherwise unimportant. Sum of
forces:

Fext = (N −mg)ẑ + Ff (sufficient for full marks) (8)

= (N −mg)ẑ −
µkN

|vA|
vA

Sketched vA must be in opposite direction to Ff on xy diagram.

2. (0.8 marks)

Sum of torques:

τ ext = a× (N ẑ+ Ff ) (9)

= (αR3̂−Rẑ)× (N ẑ+ Ff,xx̂+ Ff,yŷ)

= αRN 3̂× ẑ+ αR(sin θx̂ + cos θẑ)× (Ff,xx̂+ Ff,yŷ)−Rẑ× (Ff,xx̂+ Ff,yŷ)

= −αRN sin θŷ + αR sin θFf,yẑ+ αR cos θFf,xŷ − αR cos θFf,yx̂−RFf,xŷ +RFf,xx̂

= RFf,y(1 − α cos θ)x̂+ [RFf,x(α cos θ − 1)− αRN sin θ] ŷ + αR sin θFf,y ẑ (10)

3. (0.4 marks)

Motion at A satisfies

vA = ṡ+ ω × a (11)

where ω is the total angular velocity of the top in the centre of mass frame (this is deteremined in the
next part). Want to show that vA · ẑ = 0.

To show this, take time derivative of contact condition in XY Z or xyz frame (note: either is suitable, as

2
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we only need the ẑ component, and ẑ = Ẑ).

Contact condition:

(s + a) · ẑ = 0 at all times (12)

⇒
d

dt
(s+ a) · ẑ = 0 at all times

Note we only care about the z-component, and (ω × ẑ) · ẑ = 0. Then, using 11, 1, and 5,

vA · ẑ = (ṡ+ ω × a) · ẑ

=
(

ṡ+ αRω × 3̂
)

· ẑ

=

(

ṡ + αR
d3̂

dt

)

· ẑ

= (ṡ+ ȧ) · ẑ = 0 (13)

4. (0.8 marks)

Total angular velocity ω of top is the sum of three distinct rotations:

ω = θ̇2̂+ φ̇ẑ+ ψ̇3̂

Use transformations shown in figure 3 or otherwise to transform into xyz or 123 frame:

ω = ψ̇ sin θx̂+ θ̇ŷ + (ψ̇ cos θ + φ̇)ẑ (14)

ω = −φ̇ sin θ1̂+ θ̇2̂+ (ψ̇ + φ̇ cos θ)3̂ (15)

5. (1.0 marks)

Where I is the inertia tensor




I1 0 0
0 I1 0
0 0 I3,





we have

ET = KT +KR + UG

=
1

2
ω · Iω +

1

2
mṡ2 +mgR(1− α cos θ)

From 11,

ṡ = vA − ω × a

= vA − (θ̇2̂+ φ̇ẑ+ ψ̇3̂)× (αR3̂−Rẑ)

= vxx̂+ vyŷ −
(

θ̇αR1̂− θ̇Rẑ+ φ̇αRẑ× 3̂− ψ̇R3̂× ẑ
)

=
(

vx + θ̇R(1− α cos θ)
)

x̂+
(

vy −R sin θ(αφ̇ + ψ̇)
)

ŷ + θ̇αR sin θẑ

using 2. Thus

ET =
1

2

[

I1(φ̇
2 sin2 θ + θ̇2) + I3(ψ̇ + φ̇ cos θ)2

]

+
m

2

[

(

vx + θ̇R(1− α cos θ)
)2

+
(

vy −R sin θ(αφ̇ + ψ̇)
)2

+ θ̇2α2R2 sin2 θ

]

+mgR(1− α cos θ)

3
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6. (0.4 marks)

From 10,

dL

dt
· ẑ =

∑

τ · ẑ = αR sin θFf,y (16)

7. (1.4 marks)

Changes in energy: h = s · ẑ increases, so U̇G > 0.

At start and end (phases I and V) there is little translation so KT ∼ 0 at I and V. Thus, energy
transfer is from KR to UG.

Normal force does no work. Frictional force does work at point A. Direction is −vA:

W =

∫

Ff · vA dt < 0

⇒
d

dt
ET = −µkN |vA|

Thus Ff decreases the total energy monotonically.

16 implies only the Ff .ŷ acts to decrease L · ẑ. Energy transfer from KR to UG, caused by compo-
nent of frictional force in ŷ direction, so component of resultant torque is in the a× ŷ direction.

8. (2.0 marks)

Expectation (see figure):

• ET : monotonically decreasing

• KR: monotonically decreasing;
zero at V

• KT : zero at I and V; higher be-
tween; close to zero at IV

• UG: flat at start and finish; higher
at end; increases from I to IV then
flat; increase roughly at same
time that Krot decreases

t
(I) (II) (III) (IV) (V)

E
T

t
(I) (II) (III) (IV) (V)

U
G

t
(I) (II) (III) (IV) (V)

K
T

t
(I) (II) (III) (IV) (V)

K
R

monotonically decreasing

constant, =U
G

on stem

rising

non-zero

at rest
spinning slows

spinning upright,

so K
T
 is small

4
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9. (0.5 marks)

From 15,

L = Iω = I1

(

−φ̇ sin θ1̂+ θ̇2̂
)

+ I3(ψ̇ + φ̇ cos θ)3̂ (17)

Taking cross product with 3̂:

L× 3̂ = I1

(

φ̇ sin θ2̂+ θ̇1̂
)

= I1(ω × 3̂) (18)

10. (1.7 marks)

About any axis through the centre of mass,

dL

dt
6= 0 ⇔ τext 6= 0

External torque given by 9,

τ ext = a× (N ẑ+ Ff )

⇒ τext · a = 0

dL

dt
· a = 0

Thus, angular momentum in the direction of a must be constant, so v = a.

To demonstrate this mathematically, 5, 10, 18 allow

−λ̇ =
dL

dt
· a+ αRL ·

d3̂

dt

= (a× (N ẑ+ Ff )) · a+
αR

I1
L · (ω × L)

= 0

5
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Theory 
Q1 
RF reflectometry for spin readout for silicon quantum computing
Marking scheme. Version 1.1 

Question 
part 

Total 
marks 

Partial marks  Explanation for partial marks and special cases 

A.1 0.2 0.1 Velocity dimensionally correct and is less than c 
0.1  Correct final answer 

• 0.2 total for correct answer with no justification
A.2 0.2 0.1 Applying Gauss theorem 

0.1  Correct final answer 
A.3 0.3 0.1 Capacitance formula 

0.1 Electric potential formula 
0.1  Correct final answer 

A.4 0.3 0.1 Bio-Savart law or equivalent for magnetic field of a wire 
0.1 Inductance formula 
0.1  Correct final answer 

A.5-i 0.8 0.1 Adding one extra 𝛿𝐿, 𝛿𝐶 link does not change the semi-infinite wire 
0.1 Equating impedance the circuit with one extra link to 𝑍% 
0.1 Sum of impedance in parallel  (𝐿 and 𝑍%) 
0.1 Sum of impedance in series 
0.1 Correct equation for 𝑍% 
0.1 Relating 𝛿𝐿, 𝛿𝐶 to 𝐿&, 𝐶& 
0.1 𝛿𝐿 → 0 limit simiplification 
0.1  Correct final answer 

A.5-ii 0.2 0.1 Correct b/a formula 
0.1 Correct final answer 

B.1 1 0.1 𝑍% in terms of 𝐿&, 𝐶&  
0.2 Method of images 
0.1 Magnetic flux and its relation to 𝐿&  
0.1 Adding B-fields of the real and the imaginary wires 
0.1 Correct 𝐿&  
0.1 Potential and its relation to 𝐶& 
0.1 Adding E fields of two wires 
0.1 Capacitance per length 𝐶& 
0.1 Final result for 𝑍% 

C.1 1 0.1 Starting with a workable approach (would lead to answer if followed through) 
0.1 Concept of equating voltage amplitudes  
0.1 Correct voltage matching equation 
0.1 Current conservation concept 
0.2 Current conservation equation (-0.1 if signs are wrong) 
0.1 Apply Omh's law  
0.1 Correct equation to solve for 𝑉+/𝑉- 
0.1 Solving the equation 
0.1 Final answer in term of Γ 

• Proof of work required. Max 0.2 for stating the answer with no proof
C.2 0.2 0.1 𝜋-shift of reflected signal implies Γ < 0 

 0.1 Correct condition stated 
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D.1(i) 1 A variety of approaches acceptable if lead to correct answer 
0.1 Charge on QD equals −𝑛𝑒 
0.3 Treat charge on the QD as the charge on 𝐶3(neglecting tunnel junctions) 
0.3 Voltage drop across capacitor computed correctly  
0.3 Equation for 𝜑5  in terms of sum of voltages(-0.1 if signs are wrong) 

• -0.1 if the term with ½ is missing
D.1(ii) 0.5 A variety of approaches acceptable if lead to correct answer 

0.1 Relation between energy and potential 
0.3 
0.1 

Correct intermediate formula for Δ𝐸5 
Correct final answer 

D.2 0.5 0.2 A difference of Δ𝐸5 and Δ𝐸589 considered 
0.1 
0.2 

Use the formula from D.1(ii) for Δ𝐸5. 
Correct final answer 

D.3 0.5 0.2 𝑘;𝑇identified the relevant thermal energy  
0.2 
0.1 

𝐸= identified as the relevant scale for electron energy 
Correct final answer 

• no penalty for numerical prefactors of order 1 or using ≪ instead of < 
D.4 0.8 0.2 𝜏 ∼ 𝑅B𝐶B tau on order of RC 

0.3 ℎ/𝜏 is identified as relevant scale for the fluctuation energy 
0.1 𝐸= identified as the relevant scale for electron energy 
0.2 Correct comparison sign and correct final answer 

• answer for 𝜏 without justification acceptable
• no penalty for numerical prefactors of order 1 or using ≪ instead of < 

E.1 0.2 0.1 At least one of Γ computed correctly 
0.1 Correct final answer 

E.2 0.8 0.1 Understand ΔΓ ∼ 1 requires change in 𝑍BEB on the order of 𝑍% 
0.1 Identifying OFF state as an LC circuit 
0.2 Choosing 𝐿% from the LC resonance condition 
0.1 Calculate ΓFGG 
0.1 Correct 𝑍BEB for ON state 
0.1 
0.1 

Correct numerical answer for 𝐿% 
Correct numerical answer for ΓFH  

F.1 1 0.1 Calculate 𝑍BEB for OFF state 
0.2 Choosing 𝜔+Jto match a resonance  
0.2 Calculate 𝑍BEB  for ON state 
0.3 Connect ΔΓ~1 with 𝑍BEB values 
0.2 Correct calculation and final answer 

F.2 0.5 0.1 Diagram with the added element is functional 
0.2 Capacitance in series with the rest of the circuit  
0.1 Demonstrate that the added element leads to ΔΓ~1 
0.1 Correct formula characterizing the added element 
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Theory 
Question 2: X-ray jets from active galactic nuclei 
Marking scheme 
   Available Score 
A1 Length contraction 0.1     
  Answer 0.2 0.3   
A2 Answer 0.2 0.2   
A3 Curved edge flux zero 0.1     
  End contributions 0.2     
  Mass injection term 0.2 0.5   
A4 Transform from jet to AGN frame 0.2     
  Energy flux through cross section 0.1     
  Mass injection term 0.1     
  Final answer 0.2 0.6   
A5 Express 𝑃" in terms of jet parameters 0.2     
  Comparing two points 0.1     
  Using previous relationships 0.2     
  Final answer 0.1 0.6   
A6 Expression for 𝑀, in known variables 0.2     
  Values 0.2 0.4   
A7 Average momentum per particle - rel 0.2     
  Expression for total p flux 0.2     
  Numerical value 0.1 0.5   
A8 Pressure from 3 surfaces 0.1     
  Correctly constructed integral for curved surface force 0.2     
  Final answer 0.2 0.5   
A9 Relationship 0.1     
  % difference 0.1 0.2   
B1 Integral including correct limits 0.2 0.2   
B2 Factor of two in change of momentum 0.1     
  𝐸 = 𝑝𝑐  0.1     
  Number of electrons hitting wall in 𝛥𝑡 0.2     
  Set up of integral 0.2     
  Final answer 0.2 0.8   
B3 Identify 𝐸/𝑉 0.2     
  Identify pressure 0.2     
  Equation of state 0.2 0.6   
B4 𝑑𝑄 = 0 so 𝑑𝐸 = 𝑑𝑊 0.2     
  𝑑𝐸 from equation of state 0.1     
  Setting up integral 0.1     
  Final relationship 0.2 0.6   
C1 Force perpendicular to 𝑣, 𝐹 = 𝛾𝑚𝑎 0.3     
  Magnetic force 0.1     
  𝑎 = 𝑣𝛺  0.1     
  Gyrofrequency 0.2 0.7   
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C2 Find time between emission of front and back of pulse 0.1     
  Find relationship to apparent time  0.2     
  Final answer with ultrarelativistic approximation 0.2 0.5   
C3 Frequency from characteristic timescale 0.2     
  Final expression 0.1 0.3   
C4 Linear approximation 0.1     
  Expression 0.1 0.2   
D1 Constant flux 0.1     
  Area scaling 0.1     
  Final expression 0.2 0.4   
D2 Scaling of number density 0.1     
  Scaling of energy 0.2     
  Applying scaling of energy implies 𝑝 unchanged. 0.3     
  Integral for number density  0.2     
  Final expression 0.2 1   
D3 Ticking steeper (and nothing else) 0.1     
  Reasonable justification (e.g. cooling time is shorter for higher 𝐸) 0.2 0.3   
D4 Cen A: adiabatic expansion, D3, consistency       
  One or both of the correct boxes are ticked in the first two rows 0.1     
  One or both of the correct part numbers are stated in the first two rows 0.1     
  Both of the first two rows are completely correct (they should be identical). 0.1     
  M87: synchrotron/other,  D2, consistency       
  One or both of the correct boxes are ticked in the second two rows 0.1     
  One or both of the correct part numbers are stated in the second two rows 0.1     
  Both of the second two rows are completely correct (they should be identical). 0.1 0.6   
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Theory Q3 MARKING SCHEME: TIPPE TOP

Marks in brackets are partial marks, and do not count toward totals.

Negative marks in brackets are relative to full marks available for that portion, i.e. relative to unbracketed line
above. (full) is equivalent to (−0.0).

ecf = ‘error carried forward’

Question Required answer Total

Marks

Given

Marks

A.1

(1.0)

Fext = (N −mg)ẑ + Ff or equivalent 0.2
(Ff expanded but restricted to x̂ or ŷ direction) (−0.1)
free body diagrams with Fg, N ẑ, Ff in right directions (direction of Ff in xz-plane
diagram does not matter

0.6

(Ff drawn in x̂ or ŷ direction but Ff term correct in expression above) (full)
(Ff drawn in x̂ or ŷ direction and Ff term expanded but restricted to x̂ or ŷ

direction)
(−0.1)

(only one correct diagram ) (−0.2)
vA in −Ff direction (must be within XY plane) 0.2

A.2

(0.8)

τ ext = a× (N ẑ+ Ff ) 0.3
(total force at point A wrong but consistent with A.1) (ecf 0.3)
(have τ ext = a× FA but force at A wrong) (0.2)

correct a = αR3̂−Rẑ 0.2
getting to final answer
∑

τ ext = RFf,y(1− α cos θ)x̂+ [RFf,x(α cos θ − 1)− αRN sin θ] ŷ + αR sin θFf,y ẑ 0.3
(partial credit if started off right but cross/dot products wrong) (0.1-0.2)

A.3

(0.4)

recognising vA · ẑ is needed 0.1
vA = ṡ + ω × a stated 0.2
differentiating contact condition in xyz or XY Z frame 0.1

A.4

(0.8)

ω = θ̇2̂+ φ̇ẑ+ ψ̇3̂ 0.4
(implicitly recognising total angular velocity is sum of several angular terms) (0.1)
(each correct angular term) (0.1)
(above if not written explicitly, but answer is correct in either xyz or 123 frame) (full)

2̂, 3̂ to xyz frame correct 0.2
ẑ to 123 frame correct 0.2
Note: credit for these transformations can be given in other parts (e.g. A.5) if
not allocated here

A.5

(1.0)

ET = KT +KR + UG 0.3
UG = mgR(1− α cos θ) 0.1

KR = 1

2
(I1(φ̇

2 sin2 θ + θ̇2) + I3(ψ̇) + φ̇ cos θ)2 0.3
(dimensionally correct term in form of

∑

Iω2) (0.1)

KT = m
2

[

(vy −R sin θ(αφ̇+ ψ̇))2 + θ̇2α2R2 sin2 θ
]

0.3

A.6

(0.4)

taking dot product for z-component 0.1

1
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correct result from A.2 0.3
Note: no credit given for dL

dt = τext here, but can allocate those marks for A.10

for work here

A.7

(1.4)

UG increases as centre of mass rises 0.2
(above implied in figure in A.8) (full)
KT ∼ 0 at start and finish 0.2
(above implied in figure in A.8) (full)
therefore energy transfer from KR to UG 0.2
normal force does no work 0.1
identify y-component of Ff 0.4
(only stating friction force) (0.2)

correct value of ET

dt 0.3

Note: This was 0.2 in previous version of marking scheme, which gave the wrong
total

A.8

(2.0)

ET monotonically decreasing 0.2
ET constant from IV to V 0.2
UG rising from I to IV 0.2
UG constant from IV to V 0.2
KT ∼ 0 at I 0.2
KT = 0 at V 0.2
KT increases then decreases between I and V 0.2
KR monotonically decreasing 0.2
KR = 0 at V 0.2
KR decreasing while UG is rising 0.2
Note: scale of UG including at start does not matter. Labels in solutions not
required. (a)–(e) in solutions changed to I–V on answer sheet.

A.9

(0.5)

L = Iω where I is clearly the inertia tensor 0.1

correct L× 3̂ in 123 frame 0.2
(above done with L and ω in 123 frame, without full expansion of L1, L2 terms) (full)
k = I1 (can be implied) 0.2

A.10

(1.7)
dL
dt = τ ext 0.3
∴

dL
dt · v = τ ext · v for any vector v 0.2

τ ext ⊥ a or other valid argument 0.3
∴

dL
dt · a = 0 0.2

v = a or any scalar multiple of a 0.3

demonstrating λ̇ = 0 0.4

2
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Experiment G0-1
English (Official)

General instructions: Experimental Examination (20 points)
May 9, 2019

The experimental examination lasts for 5 hours and is worth a total of 20 points.

Before the exam

• You must not open the envelopes containing the problems before the sound signal indicating the
beginning of the competition.

• The beginning and end of the examination will be indicated by a sound signal. There will be an-
nouncements every hour indicating the elapsed time, as well as fifteen minutes before the end of
the examination (before the final sound signal).

During the exam

• Dedicated answer sheets are provided for writing your answers. Write your answers into the appro-
priate tables, boxes or graphs on the corresponding answer sheet (marked A). For every problem,
there are extra blank working sheets for carrying out detailed work (marked W). Be sure to always
use the working sheets that belong to the problem you are currently working on (check the prob-
lem number in the header). If you have written something on any sheet which you do not want to
be graded, cross it out. Only use the front side of every page.

• In your answers, try to be as concise as possible: use equations, logical operators and sketches to
illustrate your thoughts whenever possible. Avoid the use of long sentences.

• Estimates of uncertainties are required for all measurements unless explicitly stated otherwise in
the question. You should also decide on the appropriate number of data points or measurement
repetitions unless specific instructions are given. Please give an appropriate number of significant
figures when stating numbers.

• Often, you may be able to solve later parts of a problem without having solved the previous ones.

• A list of physical constants is given on the next page.

• You are not allowed to leave your working place without permission. If you need any assistance,
please draw the attention of a team guide by raising one of your flags ("I need water" if you need
water, "toilet break" if you need to go to the toilet, "Extra paper, please!" if you need extra working
sheets, "equipment/materials" if you have a problem with your equipment or materials or "I need
help" in all other cases).

At the end of the exam

• At the end of the examination you must stop writing immediately.

• For every problem, sort the corresponding sheets in the following order: cover sheet (C), questions
(Q), answer sheets (A), working sheets (W) and then extra sheets (Z) if you have them.

• Put all the sheets belonging to one problem into the envelope for that question. Also put the gen-
eral instructions (G) into the remaining separate envelope. Also hand in empty sheets. You are not
allowed to take any sheets of paper out of the examination area.

• Leave your writing equipment on the table.

• Wait at your table in silence until your envelopes are collected. Once all envelopes are collected
your guide will escort you out of the examination area.
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Experiment G0-2
English (Official)

General Data Sheet

Speed of light in vacuum 𝑐 = 299 792 458 m ⋅ s−1

Vacuum permeability 𝜇0 = 4𝜋 × 10−7 kg ⋅ m ⋅ A−2 ⋅ s−2

Vacuum permittivity 𝜀0 = 8.854 187 817 … × 10−12 A2 ⋅ s4 ⋅ kg−1 ⋅ m−3

Elementary charge 𝑒 = 1.602 176 620 8(98) × 10−19 A ⋅ s
Mass of the electron 𝑚e = 9.109 383 56(11) × 10−31 kg
Mass of the proton 𝑚p = 1.672 621 898(21) × 10−27 kg
Mass of the neutron 𝑚n = 1.674 927 471(21) × 10−27 kg
Atomic mass constant 𝑚u = 1.660 539 040(20) × 10−27 kg
Rydberg constant 𝑅∞ = 10 973 731.568 508(65) m−1

Universal constant of gravitation 𝐺 = 6.674 08(31) × 10−11 m3 ⋅ kg−1 ⋅ s−2

Acceleration due to gravity in Adelaide 𝑔 = 9.797 m ⋅ s−2

Planck’s constant ℎ = 6.626 070 040 (81) × 10−34 kg ⋅ m2 ⋅ s−1

Avogadro number 𝑁A = 6.022 140 857 (74) × 1023 mol−1

Molar gas constant 𝑅 = 8.314 4598(48) kg ⋅ m2 ⋅ s−2 ⋅ mol−1 ⋅ K−1

Molar mass constant 𝑀u = 1 × 10−3 kg ⋅ mol−1

Boltzmann constant 𝑘B = 1.380 648 52(79) × 10−23 kg ⋅ m2 ⋅ s−2 ⋅ K−1

Stefan-Boltzmann constant 𝜎 = 5.670 367 (13) × 10−8 kg ⋅ s−3 ⋅ K−4
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Experiment Q1-1
English (Official)

Static response of a magnetically active fluid (10 points)

Introduction
Ferrofluids are suspensions of nanoparticles of magnetite (Fe3O4) in a carrier medium. They exhibit a
range of interesting properties, and in particular a strong response to an applied magnetic field - they
are sometimes described as superparamagnets. In this experiment you will be investigating empirically
some of the properties of a ferrofluid using both static and dynamic testing methods, and using a range
of experimental measurement and estimation techniques. The experiment is set up in two broad halves
but it is suggested to work through the problems in order.

Equipment List
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Experiment Q1-2
English (Official)

1. Small glass bottle with ferrofluid under a clear medium. You are NOT permitted to open the
bottle for any reason!

2. Glass dish with sealed lid containing ferrofluid. You are NOT permitted to open the lid of the
dish for any reason!

3. A combination light shroud and stand

4. Tube with adjustable magnet carrier (initially inserted through the stand)

5. Adjustable wooden base with nylon bolts for level adjustment

6. Camera with inserted memory card

7. 2 × N52 magnet, 14.2 mm × 3.2 mm

8. 1 × N42 magnet, 20.0 mm × 5.0 mm (not shown in figure)

9. 500 mm threaded rod for use as a lamp pole

10. Washer and wing nut for attaching pole to stand

11. Battery-powered lamp with threaded mounting hole

12. Aluminium foil for making light guides and blockers

13. Blutack for attaching various components as needed

14. Green wedge

15. Transparent 30 cm ruler

16. 4 × transparent grid strips

17. 2 × wooden spacers

18. Paper tape measure
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Experiment Q1-3
English (Official)

Safety and Other Important Notes

In this experiment you will be using high strength magnets. If you allow the magnets to attract each
other they may pinch your fingers, or collide and shatter. Be careful to control the magnets at all times
and not leave them near to each other unattended. Broken magnets will not be replaced.

This experiment has two sealed chambers of fluid. You may not open either the small glass bottle or the
glass dish with sealed lid at any time during the experiment. If the sides of the dish become coated
with ferrofluid, theywill be very hard to see through so be careful not to tip the dish unnecessarily.

Your lamp is battery operated. If you deem it necessary, you may ask for one additional set of batteries
for your lamp when you need them during the experiment.

If youhold amagnet close against the ferrofluid formore thanaround ten seconds, itwill cause the
fluid to behave differently due to residual magnetisation and interactions with the surrounding
fluid. Although your experiment can still be performed, it may be more difficult to see the right effects.

When you store your magnets, ensure that they are far enough apart so that they won't snap
together. They must be placed at least as far apart as is shown in the diagram above.

Part A: Static Testing (1.6 points)
In this part of the experiment, you will be investigating the ferrofluid properties through measurements
of its static response to a magnetic field.

Magnetic interaction: force on a ferrofluid

The small glass bottle contains a volume of ferrofluid surrounded by an unknown fluid with which the
ferrofluid is immiscible. The ferrofluid has density 1.21×103 kgm−3, andmagnetic susceptibility 𝜒 = 2.64.
The ferrofluid responds to the presence of a magnetic field B and has an induced dipole moment per
volume of magnitude 𝑚 = 𝜒𝐵

𝜇0
.

The field on the axis of a cylindrical magnet is approximately

𝐵𝑧 = 𝐵𝑟
2 ( 𝑧 + 𝑙

√(𝑧 + 𝑙)2 + 𝑎2 − 𝑧√
𝑧2 + 𝑎2 ) , (1)

where 𝑧 is the distance from the surface of themagnet, 𝑙 is its thickness, 𝑎 its radius and 𝐵𝑟 the remanent
field strength which is a property of themagnetic material fromwhich themagnet is made. For the large
magnet (made of N42) 𝐵𝑟 = 1.3T and for the small magnets (made of N52) 𝐵𝑟 = 1.4T.
The force per volume in the 𝑧 direction (along the direction of the magnet's magnetisation) on the fer-
rofluid can be taken to be

𝑓
𝑉 = 𝜒𝐵𝑧

𝑑𝐵𝑧
𝑑𝑧

2𝜇0
. (2)
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Experiment Q1-4
English (Official)

As this is tedious to calculate with the full field, you may use a dipolar approximation for the force on the
ferrofluid in this part. Using this approximation the force per volume in the 𝑧 direction is

𝑓
𝑉 = −3𝜒𝐵2

𝑟𝑎4𝑙2
8𝜇0𝑧7 (3)

Set up the stand so that the threaded rod through the aluminium tube has its flat face pointing down-
wards. You can rotate the aluminium tube to achieve this - make sure that the threaded rod does not hit
the surface as you rotate the tube.

Stick the small bottle sideways to the top of the thick edge of the wedge using some of the blutack.

Magnet carrier in position for part A

Bottle setup for part A
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Experiment Q1-5
English (Official)

A.1 Find the position of the large magnet where the ferrofluid is just able to be
suspended in the clear unknown fluid and record the distance 𝑧 on the answer
sheet, along with its uncertainty. It can be difficult to achieve perfect balance,
so if you are unable to keep the ferrofluid stably suspended, make the best
estimate of the distance and its uncertainty.
In the box on the answer sheet, draw a diagram showing how youmeasure the
distance.
Note that sometimes the ferrofluid may seem to 'split' into the magnetic blob
and a separate, floating blob. This is usually due to the presence of a small
amount of air in the bottle. You can use the magnet to adjust the position of
the ferrofluid blob to find a clear space in the bottle to lift it.

0.8pt

A.2 Using your distance result and any othermeasurements as necessary, calculate
the difference between the density of the ferrofluid and of the clear surround-
ing fluid, including its uncertainty.

0.8pt

Part B: Magnetic interaction: surface tension of a ferrofluid (1.2 points)
The ferrofluid moves under the influence of three energies: gravitational potential energy, surface en-
ergy associated with the surface tension, and the magnetic energy.

Using one of the magnets, observe what happens when you bring the magnet very close to the bottle.
The spikes appear in the ferrofluid due to the normal field instability, which occurs when the effective
frequency of gravity-capillary-magnetic waves in the fluid becomes imaginary.

The dispersion relation is

𝜔2 = 𝑔𝑘Δ𝜌
𝜌1 + 𝜌2

+ 𝜎𝑘3

𝜌1 + 𝜌2
− 𝑘2𝜇0𝑀2

0
1 + (1 + 𝜒)−1 , (4)

where 𝜎 is the surface tension of the ferrofluid at a ferrofluid-clear fluid interface, 𝜌1 is the density of the
ferrofluid, 𝜌2 is the density of the clear fluid, Δ𝜌 = 𝜌1 − 𝜌2, 𝑀0 is the magnetisation in the ferrofluid, and
𝑘 is the wavenumber.

Applying the conditions 𝜔2 = 0 and 𝜕𝜔2
𝜕𝑘 = 0, the surface tension can be found in terms of the density

difference and the effective wavelength of the perturbations to the fluid surface at the point where the
instability starts. The relationship is

𝜎 = 𝑔Δ𝜌𝜆2

4𝜋2 , (5)

where 𝜆 is the distance between the centres of nearest neighbouring spikes when the magnetisation
strength is at the instability threshold.
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Experiment Q1-6
English (Official)

The magnet and carrier in position for part B.

Change the orientation of the threaded rod (rotating the tube while adjusting the rod position is the
easiest way) so that you can raise and lower the magnet just under and through the hole in the top of
the stand.

B.1 Using the glass bottle, take a measurement of the distance 𝑧crit when the in-
stability just starts to occur (peaks just start to form). Using the graticule or
otherwise, measure the spacing of the peaks in the ferrofluid 𝜆. at this position
and record it. Estimate your uncertainties in both measurements.
Important hints: if you hold the fluid strongly to the glasswall with amagnet, it
will stick slightly to the glass, making your measurements more difficult. If this
happens, you can use amagnet to draw the fluid away from the sticky area, and
use another part of the bottle for this measurement.

0.6pt

89



Experiment Q1-7
English (Official)

B.2 Hence find the surface tension of the ferrofluid under the clear fluid, and its
uncertainty.

0.6pt

Part C: Optical surface characterisation: non-spiking regime (4.1 points)
When the magnetic field is applied below the critical field, the surface of the fluid deforms to a first
approximation as a balance between the magnetic and gravitational potential. In this next part we take
the magnet to be sufficiently far from the fluid that it is well approximated by a dipolar field.

The surface deformation can be probed optically, using the surface of the fluid as an approximate spheri-
calmirror. The effective radius of curvature of the centre of the deformation follows a power law,𝑅 = 𝛼𝑧𝑛

where 𝛼 is a constant dependent on the materials and 𝑧 is the distance of the magnet from the unper-
turbed surface of the fluid.

First we need to calibrate the magnetic threaded rod.

C.1 Use your equipment to find as precisely as you can the change in 𝑧 for one turn
of the threaded rod magnet carrier, including an uncertainty estimate. Record
the measurements you use and draw a diagram of your setup.

0.6pt

Now take the glass dish of ferrofluid and place it on the stand, so that the hole in the centre of the stand
is under the middle of the dish. Do NOT open the sealed lid on the dish at any time during the experiment.
Load one of the small magnets onto the rod.

Thread the lamp onto the rod, and use the washer and wing nut to fix the threaded rod to the hole in
the stand (see figure).

C.2 Using the relationship between the radius of curvature 𝑅 and imagemagnifica-
tion 𝑀 for a spherical mirror, 𝑅 = 2𝑙𝑀

1−𝑀where 𝑙 is the distance to the object, take
measurements and then plot an appropriate graph to determine the constant
𝑛 in the relationship above. Estimate the uncertainty in your answer.

3.5pt
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Experiment Q1-8
English (Official)

Part D: Spiked surface characterisation: spike formation and disappearance (3.1 points)
For larger fields the surface will undergo the instability and form spikes as observedwith the glass bottle.

D.1 Using a stack of one small and one large magnet, and the instability theory giv-
ing 𝜎 = 𝑔𝜌𝜆2

4𝜋2 , determine the surface tension of the ferrofluid at an air interface.
0.5pt

D.2 Start with the magnet sufficiently far from the surface that no spikes are evi-
dent. Bring the magnet closer to the fluid and take distance readings for the
appearance of each spike as it forms. Take another set of data as you with-
draw the magnet, recording the position of the disappearance of each spike.
Estimate the uncertainties in your measurements.

1.0pt

D.3 Plot a graph of the number of visible spikes against magnet distance 𝑧. Fit
curves to your graph indicating clearly which direction the magnet was mov-
ing.

1.0pt

D.4 As the magnet's distance from the fluid surface changes, the fluid's gravita-
tional, magnetic and surface energies change. Qualitatively sketch, as a func-
tion of the distance of the magnet from the fluid surface, the energy stored in
surface energy and in magnetic potential energy. Mark any critical points from
your previous graph and make clear the overall trend. You don't need to use
the entire range of your data, just enough to show the idea.

0.6pt
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Experiment A1-1
English (Official)

Static response of a magnetically active fluid (10 points)

Part A: Static Testing (1.6 points)

Magnetic interaction: force on a ferrofluid

A.1 (0.8 pt)
Diagram:

𝑧 =

A.2 (0.8 pt)

Density difference Δ𝜌 =

Part B: Magnetic interaction: surface tension of a ferrofluid (1.2 points)

B.1 (0.6 pt)
𝑧crit =

𝜆 =

B.2 (0.6 pt)
𝜎 =
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Experiment A1-2
English (Official)

Part C: Optical surface characterisation: non-spiking regime (4.1 points)

Optical surface characterisation: non-spiking regime

C.1 (0.6 pt)
Diagram

Measurements:

Δ𝑧 =
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Experiment A1-3
English (Official)

C.2 (3.5 pt)
Measurements:
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C.2 (cont.)
Graph:
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C.2 (cont.)
Relationship plotted on graph:

Space to work

𝑛 =
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Part D: Spiked surface characterisation: spike formation and disappearance (3.1 points)

Spiked surface characterisation: spike formation and disappearance

D.1 (0.5 pt)

Surface tension of ferrofluid in air: 𝜎fa =
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D.2 (1.0 pt)

Number
of spikes

Magnet
distance
𝑧

Δ𝑧
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D.3 (1 pt)
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D.4 (0.6 pt)
Sketch:
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Additional graph paper
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Additional graph paper
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Wave pulses in a magnetically active fluid (10 points)

Introduction
In this question you will investigate the properties of wave pulses in ferrofluids. The surface wave pulses
which can be generated in the fluids are due to the interaction of the effects of gravity, surface tension
and magnetic forces.

For wave pulses, there is no single wavelength or frequency of the pulse, however, it is known that the
speed of propagation of a pulse in the absence of a magnetic field is

𝑣(𝑑) = 𝜅
√

𝑑, (1)

where 𝑑 is the depth of the fluid and 𝛼 is a constant of proportionality. This relationship only applies for
smaller wave amplitudes. When the wave amplitude is large the changed fluid depth due to the pulse
causes changes in speed of propagation resulting in nonlinear effects. When the nonlinear effects are
not significant, wave pulses approximately maintain their profiles as they propagate. However, when
nonlinear effects are significant the pulses can change their profile as they propagate and often develop
ripples either ahead or behind of the main pulse.

Part A: Plane pulses (1.3 points)

Photos of the required set up, (a) the glass dish with ferrofluid on the wooden base, (b) the
glass dish on the wooden base, under the light shroud and stand, and (c) the camera on the
light shroud and stand.

In order to generate planewaves in your ferrofluid, place the container with the ferrofluid on thewooden
base, with a long side of the dish along the barrier at the edge of the base. The barrier is to ensure that
your dish moves only in one direction when pushed. Ensure that the base is flat and level. To generate
pulses, push the dish sharply with your hand a distance of around 2 cm. To ensure consistency in your
pulse generation, you can use blu-tack and/or wooden spacers on the wooden base tomark starting and
finishing positions for the ferrofluid container. It is recommended that you practice generating pulses
at least a few times to be able to generate more consistent pulses.

The stand should then be set up over the dish. The lampmust be used to provide adequate lighting to be
able to observe pulses in the fluid. Ensure that you can generate plane wave pulses and observe them
by eye through the stand. Once you are able to do this, place the camera on the stand and make a video
of a pulse. Note that the lighting and pulse amplitude may need to be adjusted to make a useful video.
To adjust the lighting you can use blu-tack to place the light in an appropriate position, and may wish to
use the aluminium foil to block or further direct the light.
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When adjusting the lighting it is important to consider how to minimise light directly from the source
into the camera, and also how to minimise reflections from the lid of the container. Reminder: you must
NOT remove the lid from the container for safety reasons. Two options which can be useful in different
situations are to have very diffuse light from all directions within the stand, or to direct light onto the
fluid through the glass sides of the container.

See the description of the camera in Appendix A for how to make and playback videos. Note that the
default automatic settings of the camera are suitable for making the required videos. If you are having
difficulty clearly recording the observed effects, you need to adjust the lighting to be able tomore clearly
observe the wave pulses.

A.1 Draw a diagram of your set up, showing in particular how you positioned and
directed the light.

0.3pt

A.2 Perform measurements and calculations from a video to find the speed of the
waves in the ferrofluid. When performingmeasurements, also sketch diagrams
of key frames of videos, showing important features, and marking any mea-
surements made.

0.8pt

A.3 Make an estimate of the uncertainty of your measurement, showing any for-
mulae you use to make the estimate.

0.2pt

Part B: Waves pulses in fluid of varying depth (3.4 points)
Insert the nylon bolts into the holes in the corner of the wooden base. By adjusting the bolts you can set
up the platform so that the fluid depth in the container varies linearly with the distance from the lower
edge (𝑦-direction), and does not vary in the perpendicular direction (𝑥-direction). We chose 𝑦 = 0 to be
where the depth of the fluid 𝑑 = 0, so that the 𝑥𝑦 plane is the plane of the fluid's surface.

The set up of the glass dish with ferrofluid F on wooden base W so that the depth varies in the
𝑦-direction.

As the speed of waves in a fluid varies with depth, if a plane pulse is generated at one end of the container
it will become curved as it propagates.

Set up your glass dish with ferrofluid on the wooden base so that you will best be able to characterise
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the variation of pulse speed with depth in the ferrofluid.

B.1 i. Draw a diagram of the container with ferrofluid as you set it up. Mark mea-
surements, with uncertainties, of all distances which are important for you to
know depth as a function of 𝑦 in the container.
ii. Write an expression for 𝑑(𝑦).

0.3pt

B.2 Generate plane wave pulses in your container, and qualitatively sketch a pulse
you observe. Mark on your sketch the region where the pulse travels fastest
with the letter A, and where it travels slowest with the letter B.
Note: You will need to adjust the position of the light to clearly observe the
pulses. To adjust the lighting you can use blu-tack to place the light in an appro-
priate position, and may wish to use the aluminium foil to make light blockers
or light reflectors to further direct the light.

0.3pt

To a first approximation, we consider the pulse which is initially travelling in the 𝑥 direction to remain
travelling in the 𝑥 direction only. Note: (𝑥, 𝑦) are coordinates of points at time 𝑡 are coordinates of points
on the pulse at time 𝑡.

B.3 i. For a planar pulse which is at 𝑥 = 0 when 𝑡 = 0, find a relationship between 𝑥,
𝑦 and 𝑡.
ii. Mark on your diagram from B2, with the letter V, where within the glass dish
with ferrofluid as you have it set up, this approximation is more valid?

0.3pt

B.4 Draw a diagram of your set up, showing in particular the position and direction
of the light.
Collect data to find 𝜅 and record in the table in the answer sheet. Include esti-
mates of uncertainty for all data. When performingmeasurements, also sketch
diagrams of key frames of videos, showing important features, and marking
any measurements made.

1.2pt

B.5 i. Use a graphical method to calculate a value for 𝜅. Include error bars for
each measurement. Provide details of any formulae you use to calculate 𝑣, its
estimated uncertainty Δ𝑣, 𝑑 and its estimated uncertainty Δ𝑑. Record any ad-
ditional calculated values for your graphs in the tables for B4.
ii. From your data, state conditions on 𝑥, 𝑦 and 𝑡 for the relationship you devel-
oped in B3 to describe the observed wave pulses.

1.3pt

Part C: Wave and magnetic effects (1.8 points)
Warning: if themagnets collide they are likely to break. Brokenmagnets are dangerous, and yours
will not be replaced if you break it.

As you observed in Question 1, in the presence of a magnetic field, the ferrofluid moves into the region
of the strongest field. Your aim in this part is to investigate the interaction of wave a magnetic effects
qualitatively.

Set up the ferrofluid container so that the ferrofluid has constant depth, as when you generated plane
pulses. Next, place two small magnets underneath, as shown below. The magnets should have their
poles aligned so that they repel each other when they are pushed together sideways in the channel on

105



Experiment Q2-4
English (Official)

the wooden board. They should be positioned so that, with the ferrofluid in place, they are as close
together as possible without repelling.

A safe way to put the magnets in place is to put one in the channel, then place the glass dish with
ferrofluid over the track.You can use a wooden spacer in the track to position your magnet. The second
magnet can then be slid into position, starting next to the dish, and using the spacer to push it along the
channel under the ferrofluid.

Generate wave pulses using the following three methods:

• magnetically by rapidly withdrawing the large N42 magnet from near to the ferrofluid,

• mechanically by sliding the container on the wooden base, and

• mechanically by sliding the wooden base with the container fixed in place on top.

Diagram showing where to place the large magnet M, before rapidly removing it to generate
a pulse travelling through the ferrofluid, where F is the glass dish with ferrofluid, m are the
small magnets, W is the wooden base and C is the channel.

C.1 Sketch qualitative observations of the wave pulses for all three types of driving.
Ensure that the diagrams clearly show how the presence of the magnets under
the ferrofluid affects the wave front of the pulses. Identify all types of wave
phenomena you observe. Mark with the corresponding number which effects
cause which features of the observed pulse propagation.

1. reflection
2. refraction
3. doppler effect
4. beats
5. diffraction
6. interference

(a) standing waves
(b) from two slits or sources
(c) from a diffraction grating
(d) other

1.8pt

Part D: Internal properties of ferrofluid within a strong magnetic field (3.5 points)
In this part your aim is to quantitfy the effect of a magnet on pulse propagation in a ferrofluid.
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Diagram showing positioning of magnet in order to drive wave pulses in D1.

Set up the ferrofluid container so that the ferrofluid has constant depth, as when you generated plane
pulses.

Generate pulses magnetically using the large N42 magnet, as in C1, and adjust the lighting to clearly
observe the magnetically driven pulses.

D.1 Qualitative sketch a magnetically driven pulse in the ferrofluid. 0.2pt

D.2 Determine the speed of the pulse with its uncertainty. Sketch and diagram of
your set up, including light position and direction, and record all data and for-
mulae you use. When performing measurements, also sketch diagrams of key
frames of videos, showing important features, andmarking anymeasurements
made.

0.8pt

Now place a single small magnet into the channel in the wooden base, and then place the dish and
ferrofluid over the magnet. Its position can be adjusted using the wooden spacers, both in the track and
to push the magnet around under the glass dish.

The position of the small magnet under the glass dish with ferrofluid is marked with an x, and
the position of the large magnet, which is held outside the dish and then rapidly removed to
generate a wave pulse, is labelled M.

Generate wave pulses magnetically, by starting with the large magnet in the position marked in the
diagram above, and observe them travelling through the ferrofluid, including the region with the strong
magnetic field.

107



Experiment Q2-6
English (Official)

D.3 Sketch qualitative observations of the wave pulses. Ensure that the diagrams
clearly show how the presence of the magnet under the fluid affects the wave
front.

0.4pt

D.4 Draw a diagram of your set up to determine the effect of the presence of the
magnet under the fluid on the propagation time for a wave pulse. Clearly mark
the positions of the magnets and also the light.

0.3pt

D.5 Make and record measurements with uncertainty estimates to determine the
travel time of a pulse across the region with the magnet. When performing
measurements, also sketch diagrams of key frames of videos, showing impor-
tant features, and marking any measurements made.

1.0pt

D.6 Does the additional depth of the ferrofluid over the magnet explain the differ-
ence in speed of the wave pulses? Show calculations to support your answer.

0.8pt
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Appendix A: How to use Canon IXUS-185
To turn the camera on or off press the button (O) labeled "ON/OFF" at the top of the camera. Note that
the camera automatically turns off after a time.

To focus the camera, press the button (S) on the top of the camera part way.

To take a photo press the button (S) on the top of the camera.

To take a video press the button marked with a red dot (V) to start recording. Press it again to stop
recording. Note that the default HD videos record at 25 frames per second.

To view photos or videos you have taken, press the review button (P). Use the right (R) and left (L) buttons
on the ring button on the back of the camera to navigate through your photos and videos.

• You can zoom in or out of photos using the ring (Z) on the top of the camera. Note: you cannot
zoom after taking a video.

• To play a video press the "FUNC. SET" button (F) in the middle of the ring button on the back of the
camera twice.

• To pause a video, press the "FUNC. SET" button (F) in the middle of the ring button on the back of
the camera while the video is playing.

• When a video is paused you have options on the bottomof the screen. From left to right the options
are: Exit, Play, Slow Motion, Skip Backwards, Previous Frame, Next Frame, Skip Forward. Use the
right (R) and left (L) buttons on the ring button on the back of the camera to navigate through
options, and the "FUNC. SET" button (F) in the middle of the ring button on the back of the camera
to change the volume of video playback.

To zoom in or out, push the ring (Z) to the left to zoom out and to the right to zoom in.

To enter the camera settings menu press the button (M) labeled "MENU", then use the right ring button
(R) on the back of the camera to enter the camera settings menu. Note that the first option is to mute
the camera sounds.

• Use the right (R), left (L), up (U) and down (D) buttons on the ring button on the back of the camera
to navigate through the menu.

• Use the "FUNC. SET" button (F) in the middle of the ring button on the back of the camera to select
options.

• Use the "MENU" button (M) to exit the menu or to move back up through the menus.

To change the language of the camera, first enter the camera settings menu (see above). Press the
down right button (D), labelled "INFO." on the back of the camera to scroll down the many page list
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to find "Language". Next press the right ring button (R) on the back of the camera to enter the list of
language options. The the right (R), left (L), up (U) and down (D) buttons on the ring button on the back
of the camera to navigate to the language of your choice. Use the "FUNC. SET" button (F) in the middle
of the ring button on the back of the camera to select the language.

Note: You are not expected to change any settings on the camera, except for optionally changing
the language, as the default automatic settings are suitable for the videos are you are required to
make. You will benefit more from adjusting the lighting of your set up.
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Wave pulses in a magnetically active fluid (10 points)

Part A: Plane pulses (1.3 points)

A.1 (0.3 pt)
Diagram of setup:
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A.2 (0.8 pt)
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A.2 (cont.)

A.3 (0.2 pt)
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Part B: Waves pulses in fluid of varying depth (3.4 points)

Waves pulses in fluid of varying depth

B.1 (0.3 pt)
Diagram:

𝑑(𝑦) =
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B.2 (0.3 pt)
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B.3 (0.3 pt)
(i)

(ii)
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B.4 (1.2 pt)
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B.4 (cont.)
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B.4 (cont.)
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B.5 (1.3 pt)

 
𝜅 =
 
Δ𝜅 =
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B.5 (cont.)
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Part C: Wave and magnetic effects (1.8 points)

C.1 (1.8 pt)
mechanically by sliding the container on the wooden base

mechanically by sliding the wooden base with the container fixed in place on top

pulses magnetically by rapidly withdrawing a magnet from near to the ferrofluid
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Part D: Internal properties of ferrofluid within a strong magnetic field (3.5 points)

D.1 (0.2 pt)

D.2 (0.8 pt)
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D.2 (cont.)

D.3 (0.4 pt)
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D.4 (0.3 pt)
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D.5 (1 pt)
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D.6 (0.8 pt)
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Additional graph paper
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Experiment 1: Static response of a magnetically active fluid 
Sample Solutions 
 
General Note: these solutions look brief for many parts. Students do, however, have to 
manipulate the equipment and try to take good data, which will require taking some 
time. The solutions try to indicate some of the tricks.    
Note that quantitative values will depend on the amount of fluid used and the containers 
– these should be tested and recalibrated when the experiment is used.   
 
 
A1:  Measurement taken on sample bottle: Δ𝑧 = 0.061 ± 0.004 m, when well balanced.  (0.5 
for good z, 0.3 for reasonable uncertainty)  Expect to see multiple attempts for full credit 
 
 
A2: Density difference gives the nett buoyant force, so balancing gravitational and magnetic 
forces: Δ𝜌𝑔 = 3	𝜒𝐵01𝑎3𝑙1/8𝜇8𝑧9   (0.3) 
 
Need to divide by 𝑔 to rho, then substituting in the values for the large magnet yields  
 
Δ𝜌 =	15 kg m-3     (0.3)  
 
 
Uncertainty sources: primarily 𝑧 - hard to measure but can be controlled, and 𝜒 - not actually 
constant for a superparamagnet.  
Any reasonable uncertainty method is fine.  Using the data above, an estimate of 6 kg m-3  
(0.2) could be made. Students should have some indication of where their labels come from. 
 
 
Fresh bottles will be measured.   
 
 
B1:  𝑧:0;< = 22 ± 1	mm (from uncertainty in when spikes appear)   (0.2 + 0.1) 
 
 𝜆 = 6 ± 1	mm (from angle through the glass causing uncertainty about measurements of the 
incipient wavelength)   (0.2 + 0.1) 
 
Expect multiple attempts for full credit  
 
Points will be given to good values.  Doing this part is easiest if the bottle is on its side, 
although it can be done with the bottle upright.   
 
Note for future use: Values should be retaken using the actual experimental setup. They 
are sensitive to the bottles and magnets used.   
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B2:   It may look as though there are a lot of points for nothing much here, but the credit is 
for the experimental skill that goes into taking high quality data. It is possible to be quite 
precise if one is careful and this will be rewarded here as well as the calculation details..   

Surface tension may be calculated using the relationship above. It also requires the density 
difference from the earlier part, meaning that a large uncertainty in both parts will compound 
to the point where the uncertainty in this part is unreasonable.  

For the values in these sample solutions	𝜎 = 1.3	×	10A1, N m-1   (0.3 if correct within an 
order of magnitude).  Uncertainty estimate: in these data,  Δ𝜎 = 6	×	10AB N m-1   .   (0.2 if 
correctly calculated from a reasonable method, 0.1 additional if less than 50%).   

C1: There are many solution approaches.. All need to count threads and measure distance. 
For a diagram of a useful setup, 0.2. For example: 

0.2 for measurements and calculations. 

Students should find that  
Δ𝑧 = 0.80 ± 0.02 mm   (0.2) 

If a visual counting technique is used, at least three 
measurements are expected.  If a turn-by-turn method, then 
distance measurements should be taken for at least three 
numbers of turns.  

130



	

C2: Table of measurements: 
turns length	of	lightz	(has	offset) M R z	(corrected) log	z log	R

32.50 20.00 26.00 1.00 #DIV/0! 38.00 1.58 #DIV/0!
31.50 19.00 25.20 0.95 1748.00 37.20 1.57 3.24
30.50 18.00 24.40 0.90 828.00 36.40 1.56 2.92
29.50 18.00 23.60 0.90 828.00 35.60 1.55 2.92
28.50 17.00 22.80 0.85 521.33 34.80 1.54 2.72
27.50 17.00 22.00 0.85 521.33 34.00 1.53 2.72
26.50 17.00 21.20 0.85 521.33 33.20 1.52 2.72
25.50 16.00 20.40 0.80 368.00 32.40 1.51 2.57
24.50 15.00 19.60 0.75 276.00 31.60 1.50 2.44
23.50 15.00 18.80 0.75 276.00 30.80 1.49 2.44
22.50 14.00 18.00 0.70 214.67 30.00 1.48 2.33
21.50 13.00 17.20 0.65 170.86 29.20 1.47 2.23
20.50 12.00 16.40 0.60 138.00 28.40 1.45 2.14
19.50 12.00 15.60 0.60 138.00 27.60 1.44 2.14
18.50 11.00 14.80 0.55 112.44 26.80 1.43 2.05
17.50 10.00 14.00 0.50 92.00 26.00 1.41 1.96
16.50 9.00 13.20 0.45 75.27 25.20 1.40 1.88
15.50 8.00 12.40 0.40 61.33 24.40 1.39 1.79
14.50 7.00 11.60 0.35 49.54 23.60 1.37 1.69
13.50 6.00 10.80 0.30 39.43 22.80 1.36 1.60
12.50 6.00 10.00 0.30 39.43 22.00 1.34 1.60
11.50 6.00 9.20 0.30 39.43 21.20 1.33 1.60
10.50 6.00 8.40 0.30 39.43 20.40 1.31 1.60
9.50 5.00 7.60 0.25 30.67 19.60 1.29 1.49
8.50 5.00 6.80 0.25 30.67 18.80 1.27 1.49
7.50 5.00 6.00 0.25 30.67 18.00 1.26 1.49
6.50 4.00 5.20 0.20 23.00 17.20 1.24 1.36
5.50 4.00 4.40 0.20 23.00 16.40 1.21 1.36
4.50 4.00 3.60 0.20 23.00 15.60 1.19 1.36
3.50 4.00 2.80 0.20 23.00 14.80 1.17 1.36
2.50 3.00 2.00 0.15 16.24 14.00 1.15 1.21
1.50 4.00 1.20 0.20 23.00 13.20 1.12 1.36
0.50 3.00 0.40 0.15 16.24 12.40 1.09 1.21  

  
 

1.0 points for the raw measurements of number of turns and M.  
0.5 points for correct conversion to R.  
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Graph: 1.0 points for a graph allowing the calculation of the exponent.  

 
 
0.5 for fit to correct region 
0.5 for answer n within range 6 to 7 with reasonably estimated uncertainty.  
 
Note: if students do not account for the distance between the surface of the stand and the 
surface of the fluid, the log-log graph will not have a proper linear region as it does not 
follow a reasonable power law.  In this case there will be no credit for the conversion, the fit 
or the answer.  
 
 
 
  

y	=	6.375x	- 7

0

0.5

1

1.5

2

2.5
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3.5

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

log	R	vs	log	z

Data	in this	region	
too	noisy,	
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D1:  Surface tension 𝜎 ≅ 2.3	×	10A1N m-1. 0.5 if within 10%, 0.3 within 20%, else 0. 

D2: Table of sample measurements:  
Spikes Turns z 

1 0 0 
3 3.5 2.8 
4 4.16 3.328 
6 6.33 5.064 
8 7.82 6.256 

10 11 8.8 
10 2 7.2 
8 5.66 4.272 
6 6.5 3.6 
5 7 3.2 
4 9 1.6 
3 11.82 -0.656
1 13.66 -2.128

In this data table, z has been measured to increase closer to the fluid; the question defines z to 
be the distance from the fluid. Students should either show explicitly how their variables are 
defined or transform to z as in the question. Either way, the graph in D3 must be in the 
appropriate direction and hence z transformed as necessary to match the question. In these 
solutions simply inverting z is used as the offset has no bearing on the hysteresis.    
1.0 for at least 6 measurements each way, with conversion to z and a reasonable uncertainty 

estimate. 
Note: this requires time and care to get the points of appearance and disappearance correctly. 
Missing values, or inaccurate jumps in spike number are indicative of sloppy work. Failing to 
use the calibrated screw thread (and instead using a ruler) renders the results significantly less 
accurate.   
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D3: 
 

  
 
0.3 for a correctly plotted graph. 0.2 for each smooth curve fitting points. 0.3 if clear 
hysteresis shown: at least 1.5 mm separation in z between the up and down measurements. 
 
Although the data are quantised they should still follow a reasonable curve.  The curves 
shown above are blue for moving closer to the fluid, and red for moving away.  The dashed 
curve is a likely result of a student joining points on the downward run – there is a waist in 
the data. The solid red curve is a typical averaging curve as seen at the APhO.  
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D4: 

Key features: 
Magnetic energy should decrease at a rapid rate as the magnet moves closer, following a 
power law – as long as it looks reasonable credit should be given without trying to determine 
the power.  There should be small steps at the spike formations as there is a slight release of 
magnetic potential energy from the drawing of fluid along a new unstable surface. 

Surface energy should jump at spike formation points and change much more slowly, 
although still steadily, throughout the rest of the time.  

It is important that the overall energy decrease.  Students should be able to tell this as the 
ferrofluid chamber will attract a magnet from underneath – most of the magnetic potential 
energy goes into lifting the magnet rather than being bound in the internal structure of the 
ferrofluid.   

0.2 for each graph and 0.2 for correct behaviour of total energy. 
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Experiment  
Q2 Wave pulses in a magnetically active fluid 
Solutions 

These quantitative values obtained depend strongly on the depth and other properties of the fluid, including 
how much oil has evaporated. The values mentioned in here correspond to the fluid as used at the APhO in 
Adelaide in May 2019. 
Qualitative aspects of the solutions apply, even where values vary. 

Throughout the light is used in two modes when taking videos. For parts A and D, the light is set up so that 
it is illuminating the ferrofluid surface through the sides of the box. 

This direct lighting is used in Part A and Part F. 

F – box with fluid 
L – light 
W – wooden base 

Diffuse lighting is used for other parts. In this case the light is direction up and away from the box with 
ferrofluid.  
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Part A Plane pulses 

A.1 Direct lighting was used, so see above for diagram. 

A.2 Some example frames from videos are shown below.

Note that the scale on the graticule does not directly measure position. 

A measurement with a ruler of the internal length of the container is !"#$ % &#$'().  
The distance is equivalent to 13.4 graticule squares, so there is a factor of 17.0/13.4 to convert from 
graticule squares to cm. 

 

The images above show two frames from a video of a plane pulse. The videos are recorded at 25 fps by 
default  

Frames Distance (graticule 
squares) 

Distance (m) Speed (m/s) 

8 6.5 0.83 0.26 
7 6.0 0.76 0.27 
9 6.8 0.85 0.24 

This gives * + &#,- % &#&,')./ 

A.3 The uncertainty is estimated from the spread of values. 
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Part B Wave pulses in fluid of varying depth 

B.1
i.

0 + ,& % !')), 1 + !23 % ,')). The latter uncertainty is larger due to difficulty lining up ruler with 
projection of end of the board. 

ii. 
Since the depth varies linearly, 4 + 5'6789. 
Here :;< 9 + =

>
+ &#!&$ % &#&&-, so 4 + &#!&$'5.
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B.2

A – fastest at largest y. 

B – slowest at y=0. 
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B.3 If x=0 when t=0, then ? + *6, however, * + @ 4, so ? + @ 46. 
Hence, ? + @ 5 :;< 9 6, or equivalently, ?A + @A :;< 9 6A5. 
Here :;< 9 + =

>
+ &#!&$ % &#&&-, so ? + @ &#!&$5 B 6.

This approximation will be least valid when the direction of propagation varies the most from the x-
direction, and when the depth is least as there are nonlinear effects. Both of these happen for small y, in 
other words,'5 C D for some constant D. This is shown as the grey shaded region marked V on the diagram 
below. 
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B.4  Diffuse light is more appropriate as the pulses are curved, so it is not possible to get direct reflections 
from the available source from enough of the pulse. See the second diagram on p. 1 for light position. 

Videos of the curved pulses are recorded, with adjustments to the lighting, until a clearly visible pulse is 
observed near where the fastest travelling sections have reached the end. For that single frame the 
coordinates of points along the pulse are recorded. 

 

The 8th frame after the generation of the pulse was used so 6 + E.,3'/' + &#,E'F.  
Here ?Gis the x coordinate of the position where the pulse front is at y=0. This is treated as the new origin, 
and the offset in the ? + & position is ?G + H#3'gr sq. 

?'!"#$%&'$ 5$!"#$%&'$ ? I ?G
A

JK'/L A$ MN ? I ?G
AO$

()*$ *)+$ *)+($ *)*+$
,)*$ *)-$ +)+($ *).($
/)*$ *),$ ,)-$ *)0$
/)1$ .)0$ .*)2$ *),$
1)($ +)+$ .,)*$ *)1$
1)/$ +)1$ ./),$ *)1$
2)*$ 0)*$ +*)-$ *)2$
2)-$ ()*$ +-)*$ .)*$
2)1$ ,)*$ +1).$ .).$

.*)*$ 1)*$ -*)-$ .)+$
2)2$ /)*$ +2)+$ .)+$
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B.5 

Converting to SI units, the slope  m = 0.280 /m. 

P + @A :;< 9 6A 
Hence @ + 3#2 % &#3''PQ.AFRQ, and * 4 + 3#2'S 4. 

Uncertainty was calculated from the slope of the line of worst fit m = 0.331/m. 

3$4$*)-,,(5$6 -),*1.

*

.

+

-

0

(

,

/

1

2

.*

* ( .* .( +* +( -*

3$
!"

#$%
&'

5$7%$?A8$5 T ,8$9:$;<=$1;<$>#?@=$

U? I ?GVA'UJK'/LVA$
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Part C Wave and magnetic effects 

Mechanically driven by pushing glass 

 

Mechanically driven by pushing base

Magnetically driven 

  

A=>#?B;9C:$CD%=#7=E$D3$
F=#;G#D?;9C:$C>$>#C:;$
C7=#$@?":=;%8$
H:;=#>=#=:B=$I<=:$;<=$
>#C:;%$@==;8$
A=>J=B;9C:%$>#C@$=:E)$

6Q C 6A C 6W$

A=>#?B;9C:$?%$I?7=$9%$
F=#;G#D=E$C7=#$;<=$
>#C:;%8$
A=>J=B;9C:%$>#C@$=:E%8$
K?3D=$%C@=$
E9>>#?B;9C:$?>;=#$
F?%%9:"$D=;I==:$;<=$
JG@F%$C7=#$;<=$
@?":=;%)$

6Q C 6A C 6W$
$

A=>J=B;9C:%$>#C@$%9E=$I?JJ%$
?:E$=:E%$
L9>>#?B;9C:$?>;=#$F?%%9:"$
D=;I==:$;<=$JG@F%)
H:;=#>=#=:B=$>#C@$@?:3$
I?7=%$B#C%%9:")
M?B<$J9:=$#=F#=%=:;%$;<=$
FC%9;9C:$C>$?$FGJ%=$>#C:;$9:$
?$F?#;9BGJ?#$>#?@=)$
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Part D Internal properties of ferrofluid within a strong magnetic field 
D.1 

 
Magnetically driven pulses are not planar, so there is resulting reflection from the sides of the container. 
Note the multiple lines demonstrate the same pulse at different times. 

D.2 Direct lighting, as in the first diagram on p. 1. 

Speed measurements of the magnetically driven waves are around the same, to somewhat faster than small 
amplitude mechanically driven waves. Students should find that pulses are around 0.1-0.4 (gr sq)/m faster 
than in A2/3. 

Data and sketches should look similar to A2/3 otherwise. 

 
Measurements of the y position at two times, and the difference in the times allow calculation of the speed. 

The height of the lump can be estimated by observing from the side, or more accurately by using the 
limiting value from E1 Part C. 
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D.3 The light was placed in the diffuse light set up. See the second figure on p.1. 

 
The black represents observed pulses over the magnet x. The blue represents the expected positionsing of 
the pulseafter travelled that distance.  

D.4 The diffuse lighting set up was used again.
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D.5 
A wave front was observed to travel as additional 0.8 gr sq over 8 frames. The extent of the lump is assumed 
to be 3cm in diameter and  the additional distance in the time all occurs over the lump. The wave crossed the 
lump in around 2 frames This means that the wave travels at a speed of around 0.35 m/s over the lump. 

 
The two wavefronts shown above are only 2 frames apart. 
Measurements of position were taken when the wavefronts where further apart. 

D.6  The height of the lump can be estimated by observing from the side, or more accurately by using the 
limiting value from E1 Part C. 
The best estimate of the height of the lump is found to be 5mm. The expected speed of fluid of depth 9mm, 

compared to fluid of depth 4mm is X
Y
+ W

A
 times larger, which is W

A
S&#,-Z

[
+ &#$2'P.F.  

As these are estimates they are close enough that we cannot conlcude that the change in wave speed is due 
to anything other than the additional depth of the fluid. 
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E1.	Static	response	of	a	magnetically	active	fluid	 	 		
Marking	scheme.	Version	1.5a	
	

Question	
part	

Total	
marks	

Partial	marks	 	Explanation	for	partial	marks	and	special	cases	

A.1	 0.8	 0.1	 Diagram	of	a	useful	setup	
	 	 0.5	

(0.2)	
	Full	marks	for	𝑧	within	range	(0.070 ± 0.003)m	
For	𝑧	within	range	(0.07 ± 0.01)m	

		 	 0.2	 	Uncertainty	estimate	(reasonable,	<=	35%);		if	2mm	0.1	
	

A.2	 0.8	 0.3	
(-0.1)	

	
(-0.1)	

Correct	formula	Δ𝜌𝑔 = 3𝜒𝐵12𝑎4𝑙2/(8𝜇9𝑧:)	
If	measured	a	or	l	incorrectly	instead	of	using	given	value	(if	good	measurement	of	
a	or	l,	give	full	points)	
If	Δ𝜌	out	by	~10	but	dimensionally	correct	
No	marks	if	dimensionally	incorrect	(eg.	no	g)	

	 	 0.3	 Value	of	Δ𝜌=4.1	kg⋅ m->	(e.c.f.	full	marks	for	wrong	𝑧	in	A.1	–	see	figure)	
	 	 0.2	 Uncertainty	estimate	(1.2	kg⋅ m->)	
		 	 	 	
B.1	 0.6	 0.2		 Value	for	𝑧?1@A = 41 ± 1mm		(or	22	±	1mm	full	points	using	small	magnet)	
		 	 0.1	 Uncertainty	for	𝑧?1@A	at	most	2mm	
	 	 0.2	 Value	for	𝜆 = 10 ± 1	mm	
		 	 0.1	 Uncertainty	for	𝜆	at	most	2mm	

	
B.2	 0.6	 0.3	 Value	for	𝜎 = 1.0 ⋅ 10E4	𝑁 ⋅ 𝑚EH,	correct	with	an	order	of	magnitude	

(e.c.f.	-0.1	for	wrong	Δ)	
		 	 0.2	 Uncertainty	estimate	IJ

J
= :IK

K
+ 	2IM

M
	

		 	 0.1	 Relative	uncertainty	less	than	70%	
	

C.1	 0.6	 0.2	 Diagram	of	a	useful	setup	–	needs	to	show	clearly	the	measured	quantity	and	the	
setup	

		 	 0.2	
	

Measurements	(at	least	3)	and	calculations	
(0.1	for	1	measurement	giving	good	value	of	for	Δ𝑧)		

		 	 0.1	 Value	for	Δ𝑧 = 0.80 ± 0.02	mm	
		 	 0.1	 Uncertainty	estimate	<3%	
		 	 	 	
C.2	 3.5	 1.0	 Raw	measurements	for	#	of	turns	and	𝑀		

(1.0	for	18+	data	points,	0.2	per	4	data	points	if	<18,	no	points	for	changing	𝑙)	
	 	 0.5	 Correct	conversion	to	𝑅	
	 	 0.3	

0.7	
Graph	shows	both	regions	
Graph	has	18+	correct	data	points	
(or	if	not	18+,	0.2	per	6	data	points,	plotted	correctly)	

	 	 0.5	 Good	fit	to	correct	region	
		 	 0.5	 Answer	𝑛	with	range	6	--	7	with	uncertainty	

	
D.1	 0.5	 0.5	 Value	for	𝜎 = 1.1 ⋅ 10E2𝑁	𝑚EH	
		 	 	 • Full	mark	if	within	30%,	0.2	–	within	50%,	else	–	0	
		 	 	 	
	D.2	 1.0	 0.9	

(0.6)	
(0.4)	

5+	up,	6+	down	
5+	up,	5+	down	
4+	up,	4+	down	
No	points	if	only	in	one	direction	

		 	 0.1	 Reasonable	uncertainty	estimate		
		 	 	 	
		 	 	 	
D.3	 1.0	 0.3	

(-0.1)	
(-0.1)	

Correctly	plotted	graph	
No	error	bars	if	uncertainty	in	D2	large	enough	to	plot	
Only	one	direction	
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0.2	 One	smooth	curve	fitting	points		
0.2	 Second	smooth	curve	fitting	points	
0.3	 Clear	hysteresis	shown:	at	least	1.5	mm	separation	in	z	(0.1	if	separated	by	less,	0	

if	lines	cross)		

D.4 0.6	 0.2	 Correct	graph	for	surface	energy	
0.2	 Correct	graph	for	magnetic	energy	
0.2	 Correct	step	behavior	for	both	graphs	
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Experiment  
Q2 Wave pulses in a magnetically active fluid 
Marking Scheme 

TOTALS	
A1	 0.3	 0.1	 Ferrofluid	in	container	

1.3	

0.1	 Light	position	and	direction	shown	
0.1	 Incudes	at	least	one	of	camera,	wooden	base	and	hand	to	drive	pulses	

A2	 0.8	 0.2	
Sketch	at	least	one	pair	of	frames	with	important	features	and	
measurements	

0.2	 3	data	points,	raw	data	(0.1	for	2	data	points)	

0.2	
Calculate	speed	in	m/s	-	including	converting	from	whatever	units	were	
measured	in	the	video	

0.2	 𝑣 = 0.25 − 0.30	m/s	
A3	 0.2	 0.1	 Reasonable	approach/formula	

0.1	 Up	to	15%	and	consistent	with	method	used.	
B1	 0.3	 0.1	 Diagram	

3.4	

0.1	 Measurements	of	ℎ	and	𝑙	-	no	uncertainties	no	mark	
0.1	 𝑑 𝑦 = 	𝑦 tan 𝜃	in	terms	of	measured	value	of	tan 𝜃	

B2	 0.3	 0.1	 A	+	B	marked	
0.1	 Curve	shape	
0.1	 Origin	and	axis	orientation	indicated	somehow.	

B3	 0.3	 0.2	 Relationship	
0.1	 V	marked	on	B2	diagram	

B4	 1.2	 0.2	 Diagram	including	set	up	for	diffuse	lighting	
0.2	 Choosing	to	fix	t,	as	there	is	higher	resolution	in	𝑥	and	𝑦	

0.4	
At	least	10	coordinate	pairs	(0.2	for	6	coordinate	pairs,	0.1	4	coordinate	
pairs)	

0.2	 Uncertainties	on	data	
0.2	 Sketch	of	key	frame	with	curve	and	coordinates	marked	

B5	 1.3	 0.1	 Convert	to	SI	units	
0.1	 Choice	of	origin	-	𝑥 = 0	is	not	the	edge	of	the	container	
0.1	 Calculations	of	values	to	graph	

0.4	
Useful	graph,	accurate	plotting,	suitable	labels	(0.2	if	𝑡	is	not	fixed	on	
graph)	

0.2	 Uncertainties	calculated	and	graphed	
0.2	 𝜅 = 4 − 7	𝑚;/<s=;	
0.1	 Calculation	of	uncertainties	
0.1	 Uncertainty	less	than	15%	
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C1	 1.8	 0.2	
Sketch	-	showing	two	pulses,	one	catching	the	one	in	front,	with	
perturbations	around	magnets	

1.8	

0.3	 2. over	magnets,	6D.	when	fronts	catch	each	other,	1.	reflection	off	ends
0.2	 Sketch	-	one	pulse	being	refracted	by	two	magnets	
0.3	 2. over	magnets,		1.	reflection	off	ends,	5.	diffraction	through	gap

0.4	
Sketch	-	sidewall	reflection,	lump	refraction,	interference	everywhere,	
diffraction	between	lumps	

0.4	 1,	2,	5,	6d	
D1	 0.2	 0.2	 More	circular	shape,	and	reflection	off	walls	

3.5	

D2	 0.8	 0.1	 Diagram	of	set	up,	similar	to	A	

0.1	
Sketch	at	least	one	pair	of	frames	with	important	features	and	
measurements	

0.2	 3	data	points,	raw	data	
0.1	 Calculations	
0.1	 Uncertainty	in	speeds	
0.2	 Speeds	in	range	0.26-0.31	m/s	

D3	 0.4	 0.2	
Sketch	with	similar	form	to	D1	before	where	the	pulse	crosses	the	region	
with	the	magnet	

0.2	
In	region	where	it	has	crossed	the	magnet	pulse	should	be	ahead	of	
where	it	would	otherwise	be	

D4	 0.3	 0.1	
Diffuse	lighting	(or	direct	lighting,	but	only	if	the	sketches	of	frames	
demonstrate	it	was	appropriately	aligned).	

0.1	 Graticule	aligned	with	wave	propagation	direction.	
0.1	 Wooden	base,	fluid	and	magnets	marked.	

D5	 1	 0.2	 Sketches	of	frames	with	magnet	lump	region	identified.	
0.2	 At	least	3	data	sets.	
0.1	 Calculations	of	time	from	frames	
0.4	 Time	is	in	range	0.06	to	0.12	s	
0.1	 Uncertainty	in	time	

D6	 0.8	 0.1	 Simple	model	of	lump,	e.g.	cylinder.	
0.3	 Good	estimates	of	dimensions	of	lump	and	depth	of	bulk	fluid,	
0.2	 Calculation	
0.2	 Conclusion	-	probably	ambiguous.	

TOTAL:	 10	
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https://doi.org/10.1093/mnras/stz348
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NOT-TO-BE-MISSED PERFORMANCES AT THE OPENING CEREMONY

STAGE IS SET

NEWSLETTER
NAME

1

Here's one you'll hear pretty often. It is

an Aussie way of saying ‘well done’! Try

it out and give your friend an Aussie

compliment next time he/she does a

good job!

AUSSIE
WORD OF
THE DAY

'GOOD ON YA'

JOIN THE
CONVERSATION

High 19° Low 11°

Sunny
and clear

apho2019.asi.edu.au

In Australia, the good old Land Down

Under, we have a reputation for having

some of the oddest slang words that may

be downright confusing. But we love 'em

and we reckon you will too. So while

you're immersing yourself in Adelaide's

sights and sounds during the APhO 2019,

why not pick up a few words?

The Asian Physics Olympiad Committee

acknowledges that we are meeting on the

traditional country of the Kaurna people of the

Adelaide Plains. We recognise and respect their

cultural heritage, beliefs and relationship with the

land. We acknowledge that they are of

continuing importance to the Kaurna people

living today.

ACKNOWLEDGEMENT
OF COUNTRY

Kaurna miyurna, Kaurna yarta, ngadlu tampinthi

We hope you are as excited as 

we are about the chance to live

and breathe physics for a whole

week. 

 

Like you, we are on a quest to

understand the world around us,

the world inside us and the world

beyond us through physics. 

 

Our world-renowned scientists are

experts in their fields and their

ground-breaking discoveries

capture international attention in

the world's best research

journals. 

We are ranked in the top 135 in the world for physics and astronomy.* We collaborate with national

and international partners on cutting-edge global physics projects. 

 

In fact, we were one of three universities in the world to be involved with finding the Higgs boson at

CERN, astrophysical neutrinos by IceCube, as well as the Nobel Prize-winning discovery of

gravitational waves by LIGO. And University of Adelaide students were part of all three projects. 

We are finally here: the Asian Physics Olympiad 2019, a year in the making, right from the bidding

process to organising and guest arrivals, today Adelaide is hosting some 250 visitors from 

22 countries at this coveted event.

 

The stage is set to welcome all international delegates today, highlighting South Australia at its

best, starting with the showcase of Adelaide’s cultural heritage and local dancers. 

 

Following this, guests will hear from distinguished speakers, some of whom have been called

more than experts in the field of physics. 

WEATHER

*Times Higher Education, 2019

IceCube neutrino detector at the South Pole processes signals

TODAY'S
SNEAK
PEEK

ADELAIDE INSIDER
Brought to you by The University of Adelaide

Physics at The University of Adelaide 

We are active across a wide range of research areas, with our researchers at the forefront of

discovery in astronomical and space sciences; atomic, molecular, particle and plasma physics

and optical physics. So good luck for this week. We look forward to sharing the wonder that this

fundamental science has to offer this week.

Copyright © APhO 2019

@apho2019

Photo credit: Adelaide Convention Centre

159



ADELAIDE, AUSTRALIA
APhO 2019  NEWSLETTER

VOL. 2         7 MAY 2019
STRALIA

019 NEWSLETTER

9

160



161



162



JOIN THE
CONVERSATION

apho2019.asi.edu.au

@apho2019
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The Sapphire Clock, is the result of more than two

decades of research and is 1,000 times more

precise than any other commercial system; it is so

precise it gains or loses only one second over 

40 million years. 

 

Developed by the University of Adelaide’s Institute

for Photonics and Advanced Sensing, and start-up

company Cryoclock Pty Ltd, the Sapphire Clock

generates an incredibly pure ultra-low noise signal. 

 

The Sapphire Clock offers the potential for an

upgrade of the Jindalee Over-The-Horizon Radar

Network (JORN) system, which monitors aircraft

and ships off Australia’s northern approaches.

WEATHER

High 17° Low 11°

Partly
cloudy

2

ACKNOWLEDGEMENT OF
COUNTRY

Kaurna miyurna, Kaurna yarta, ngadlu tampinthi

Accurate frequency and 

timing signals are used in 

most electronic systems we use 

every day, including radar and GPS for

navigation.

TODAY'S
SNEAK
PEEK

ADELAIDE INSIDER
Brought to you by The University of Adelaide

SAPPHIRE CLOCK 

Sapphire Clock

If JORN has access to better signals then it will be able to see smaller objects, travelling

slower, at much greater distances – and that means keeping Australia safer.

 

This is a perfect example of fundamental research in universities leading to high technology

advances that benefit our nation. Be sure to keep an eye out on it when visiting the campus

today!

 

AUSSIE

WORD OF

THE DAY 

A TASTE OF 
ADELAIDE

From Chilean empanadas and German mettwurst, to sweet Turkish delights and savoury South

Korean pancakes, the touring group indulged in some of the best delicacies one could find in

the iconic Adelaide Central Market. 

 

“I really enjoyed it. It made me feel like a local. I’ve had a taste of the life here, the local shops

and its delicious food. It’s kind of rejuvenating after last night,” said China’s Team Leader Jiang

Shuo.

 

Apart from the food, the group was also introduced to the rich history and culture behind the

market, which celebrated 150 years of establishment last year. Many patrons are migrants from

all over the world whose humble beginnings date back decades, creating a diverse atmosphere. 

 

With fresh produce available in abundance, specially sourced locally and sold, food operators

themselves have easy access to fresh ingredients. 

 

“It’s nice to see so much fresh produce in one place. Coming from the United Arab Emirates

(UAE), I see more modern kinds of markets where there aren’t more fresh foods in one place so

it’s very refreshing. It is also great to know a lot of them are small business owners,” said

Subramaniam Krishnamoorthy, UAE Team Leader.

'BARBIE'

Short for 'barbecue', here's a term
you'll hear around summertime as we
Aussies love a good barbecue on a
hot day. 
 
E.g. We had friends over on the
weekend for a bit of a barbie. 

JOIN THE
CONVERSATION

apho2019.asi.edu.au

@apho2019

Copyright © APhO 2019

The Asian Physics Olympiad Committee

acknowledges that we are meeting on the

traditional country of the Kaurna people of the

Adelaide Plains. We recognise and respect their

cultural heritage, beliefs and relationship with the

land. We acknowledge that they are of

continuing importance to the Kaurna people

living today.

 

 

After a long night of deliberation

over the APhO 2019 theoretical

examination questions, Team

Leaders and Observers were

treated to a gastronomical

experience that took them across

the continents, from right here in the

heart of Adelaide city.
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Congratulations to all of our young physicists who have successfully completed

the challenging APhO exams. While you continue discovering Adelaide, your

exam papers have now been delivered to the marking team. One of the Head

Markers, Dr Bonnie Zhang, who herself is a former Physics Olympian explained

the next steps.

 

“We have about 30 markers for the theoretical and 20 for the experimental

exams. A number of them are PhD students from leading universities from all

over Australia. We have a few academics on the team as well,” Dr Zhang said. 

 

The marking of the experimental exam is expected to finish by Thursday

evening. "Team Leaders will then get to mark their own team's papers again

and any further discussion will take place on the moderation day,” she added. 

 

“Having almost 170 students with their 5 hours' worth of work, our priority is

being consistent and fair, and our Markers have been taking a lot of care and

putting dedication into that work,” Dr Zhang concluded.

“I found the style of the experimental

exam to be quite different from what

we’ve trained for, which makes it

challenging. Our training focused on

calculation skills, but the difficult part of

this exam was comprehending the

concepts. Once I understood the idea,

the calculations and graph were quite

straightforward for me.”

“I found the first question involving

magnetic properties and optics

quite challenging. The second

question was about investigating

the movement of the ferrofluid

with and without the effect of

magnets. But in general, I felt the

experiment was slightly easier

than the theoretical exam.”

“I think ferrofluid is a deep concept

for almost everybody, but it was

explained very clearly. I also found it

interesting to see the effects, like the

peaks that formed when you put

magnets nearby.”

YUWANZA RAMADHAN

Indonesia

XIAORUI ZHANG

Singapore

ALEXANDER LIN

Australia

"I love the environment and fresh air

in Adelaide and the city feels quite

different from my hometown. I am so

glad I’ve met so many brilliant friends

from different countries here and our

own team has bonded much tighter

than ever before.”

“The best part of APhO 2019 for

me is the exams. That’s firstly

what APhO is about. I really

enjoy challenging myself and

solving physics problems. In the

future, I'd like to study

Theoretical and Advanced

Physics at one of the best

universities back home.”

“I am looking forward to the

upcoming cultural experience

and making more new friends.

We’ve been playing card games

with teams from Macau and

Malaysia. Though we’re not very

familiar with each other yet, I’d

love to know more about them.”

FRANKLIN HOR CHUNG
YEUNG
Macau

ANDREI PANFEROV

Russia

CHIH-CHEN LIU

Taiwan

MARKING STARTS IN FULL FORCE

APhO 2019 SO FAR...
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ARVO AT THE OVAL

The APhO 2019 has seen some of the world's brightest minds and after yesterday, it was clear that some of these talents could even

imagine a future as a professional footy player. 

 

Following the 5-hour experimental exams today and a huge sigh of relief to mark the overall end of the APhO examinations, students

headed over to the magnificent Adelaide Oval yesterday afternoon to learn first-hand the techniques behind Australia’s favourite sport,

Australian Football, popularly known as ‘footy’.

 

In addition to learning the techniques involved in throwing and kicking the egg-shaped football, the students were also treated to a friendly

match of tennis with one another, which certainly seemed like a great way to spend their downtime.

 

Standing tall as Adelaide’s pride for 148 years now, the Adelaide Oval has seen 16 sports played on its grounds including cricket, baseball,

gridiron, hockey, tennis, archery, lacrosse and the popular footy, which begins its season come winter every year.

 

Besides the fun-filled sporting experience, students were taken on a tour of the Oval, being introduced to the history of the coveted

stadium and some of the best cricket and footy players. Interestingly, the Oval has hosted several prominent artists, among them are

Madonna, Michael Jackson, Elton John, David Bowie and Paul McCartney.
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Delegates from 22 countries gathered in a 

star-studded celebration at the Reunion

Dinner, having completed the two 5-hour

exams. Check out some of the best highlights

from last night. 

Short for 'afternoon', this is one word you

will hear almost every day. 

 

E.g. What time shall we meet this arvo for

lunch? 

AUSSIE
WORD OF
THE DAY

WEATHER

JOIN THE
CONVERSATION

High 15° Low 8°

Shower
or two

apho2019.asi.edu.au

ADELAIDE INSIDER
Brought to you by The University of Adelaide

UNI LIFE IN THE HEART OF THE CITY

TODAY'S
SNEAK
PEEK

City living in Adelaide

Adelaide is the safest, cleanest, greenest and most affordable Australian city in which to

study. The city has a population of around 1.3 million people who lead a relaxed but vibrant

lifestyle. 

 

The University of Adelaide’s city campuses are located in the heart of the central business

district; within walking distance of major cultural and sporting attractions and next-door to

emerging technology precincts – the Australian Space Agency, Biomed City (health) and Lot

Fourteen (a hub for innovation). 

 

The University offers managed student accommodation, the largest of which is The

University of Adelaide Village. Situated in Adelaide’s central business district in the dynamic

Central Market and Chinatown precinct, The Village offers students a well-balanced

University lifestyle.

 

The chance to live and study in the city opens up endless possibilities to mix study time with

time out.Copyright © APhO 2019

@apho2019

The Asian Physics Olympiad Committee

acknowledges that we are meeting on the traditional

country of the Kaurna people of the Adelaide Plains.

We recognise and respect their cultural heritage,

beliefs and relationship with the land. We

acknowledge that they are of continuing importance

to the Kaurna people living today.

Kaurna miyurna, Kaurna yarta, ngadlu tampinthi

ACKNOWLEDGEMENT OF
COUNTRY

'ARVO'

A NIGHT OF CULTURAL
CELEBRATION
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Another great thing about Adelaide is our proximity to the white sandy beaches that

Australia is famous for.

 

You can hop on a tram out the front of the University of Adelaide, and 25 minutes later

you will find yourself at Glenelg Beach, Adelaide’s most popular city beach.

 

It’s a great place to relax and immerse yourself in Australian culture. Renowned for its

wide beach, stunning sunsets, rich heritage, charming hotels and bustling shops,

sidewalk cafés and loads of entertainment; there’s no shortage of fun to be had.

ADELAIDE INSIDER
Brought to you by The University of Adelaide

TODAY'S
SNEAK
PEEK

The white sands and blue seas of Adelaide beaches

TODAY'S
SNEAK
PEEK

A TRAM RIDE AWAY TO THE BEACH

AUSSIE
WORD OF
THE DAY

It is an Aussie way to call a kangaroo. 

 

E.g. "The baby roo is still in its mom's

pouch."

'ROO'

WEATHER

JOIN THE
CONVERSATION

High 18° Low 10°

Possible
shower

apho2019.asi.edu.au

Copyright © APhO 2019

@apho2019

The Asian Physics Olympiad Committee

acknowledges that we are meeting on the traditional

country of the Kaurna people of the Adelaide Plains.

We recognise and respect their cultural heritage,

beliefs and relationship with the land. We

acknowledge that they are of continuing importance

to the Kaurna people living today.

Kaurna miyurna, Kaurna yarta, ngadlu tampinthi

ACKNOWLEDGEMENT OF
COUNTRY

BENEATH THE
AUSTRALIAN SKIES

A trip to Australia wouldn't be complete without

a stargazing experience as the country is known

for having low-light pollution. In a must-visit tour

to the Stockport Observatory, students were

greeted by astronomers from the Astronomical

Society of South Australia. The astronomers

pointed out constellations to the students,

including the famous Southern Cross. Students

also seized the opportunity to see the Moon

and its craters, magnified up to 240 times using

the resident telescopes. 
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Every time you see red and yellow flags up, you know Glenelg lifesavers are patrolling

along the coastline to keep beachgoers safe. “I didn’t know much about life saving

before, but now I realise their job is vital. I’ve definitely learnt a lot about how they

rescue people,” said Sze-Chun Lau from Hong Kong. 

 

Yesterday morning, APhO students extended their cultural explorations to the Glenelg

Surf Life Saving Club, a lifesaving organisation of South Australia established in 1931.

Friendly volunteer lifesavers organised an ergo rowing competition for students to

warm up and have a taste of what it’s like to row an inflatable rescue boat. 

 

All the young physicists enthusiastically participated, with Australia's Simon Yung

winning first place. 

 

Following the friendly competition, students took a peaceful stroll along the beautiful

beach when they were pleasantly surprised by several spotted seals swimming under

the Glenelg jetty. 

 

“I was very excited when I saw the seal. It’s a huge fellow. I also love this white sandy

beach as it’s quite different from beaches in my hometown,” said Puth Srey Neath Pich

from Cambodia. 

 

For Saudi Arabian Moaaz Fayumy, the cool weather is something he enjoys. “I really

like it here. Summer in Saudi Arabia is always very hot. Glenelg has a breathtaking

ocean view and I enjoy watching the waves coming towards me with the breeze. I

really wish we could have more time for outdoor activities like this and explore more

about Australia's nature and wildlife,” he said.

GLENELG GETAWAY

SZE-CHUN LAU PUTH SREY
NEATH PICH

MOAAZ
FAYUMY

"It's been wonderful here. We had a

beautiful experience at Cleland

Wildlife Park with the kangaroos and

koalas. It was my first time seeing

them and they were just fascinating.

We also visited the city and did a bit of

shopping so overall it has been a

great experience." 

SUMATHIPALA HALPITA

SRI LANKA

FABIOLA LIP

SINGAPORE

ESSA ALFAIFI

SAUDI ARABIA

“The Australians are very hospitable and

despite the cool weather you just feel

warmth everywhere. They go out of the

way to make us feel very welcome. I

have been involved in the Olympiads for

the last 18 years and always looked

forward to Australia hosting the

Olympiads. It’s finally here now.”

“It’s been a great experience,

especially since the organisers did

such an amazing job. To me,

organising those visits with the

entire group was also nice. This will

truly be a memorable experience." 
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LEADERS AND OBSERVERS... 
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THE APhO 2019 COMPETITION MAY BE OVER, BUT IT SHALL NOT BE FORGOTTEN

Over the past week, all eyes were on Adelaide as Asia's top

physics students came together in a merging of knowledge,

cultures and creation of new friendships. This took place at

the much talked about Asian Physics Olympiad 2019 that

finally came to an end last night after the competition

winners were crowned. 

 

Throughout the week, it had been clear that the competition

was more than an event that put physics knowledge to the

test. Students spent time getting to know one another and

working field investigations together, in turn sharing

knowledge and creating lasting memories.

 

“You being here demonstrates your abilities, and

commitment to learning and challenging yourself with

healthy competition, which sets you up for the future. By

coming here to connect with others and to build a

collaborative skill that are essential for all modern

occupations, you are setting yourselves on excellent paths. 

 

OVERALL WINNER

SPECIAL PRIZE
WINNERS

"The contacts you take away from here are every bit as

important as the academic learning you’ve done to get

here,” said Dr Matthew Verdon, Chair of APhO Academic

Committee in his address at the ceremony.

 

 This year’s competition saw 9 gold, 16 silver and 33

bronze medalists. The ceremony was streamed live on

Facebook, which engaged viewers from all over the world. 

 

Before the ceremony concluded, the host city of the next

APhO was announced and a short video presentation was

delivered by the Taiwanese organiser. 

 

The ceremonious affair ended beautifully with a

captivating performance of Kaurna and Narungga man

Jack Buckskin and the Kuma Kaaru dancers who bid

farewell to the delegates through a special indigenous

dance.

GRIGORII BOBKOV, RUSSIA

THEORETICAL WINNER
RUOYU YAN, CHINA

EXPERIMENTAL WINNER
RASSUL MAGAUIN, KAZAKHSTAN

BEST FEMALE PERFORMER
SHU GE, SINGAPORE

BEST AUSTRALIAN PERFORMER
STEPHEN CATSAMAS

CLOSING CEREMONY
HIGHLIGHTS

BEST MALE PERFORMER
GRIGORII BOBKOV, RUSSIA

BEST FEMALE PERFORMER
SHU GE, SINGAPORE

MOST CREATIVE THEORETICAL SOLUTION
GRIGORII BOBKOV, RUSSIA

MOST CREATIVE EXPERIMENTAL SOLUTION
CHUN-WANG CHAU, HONG KONG

MOST DESERVING MALE
SIMON YUNG, AUSTRALIA

PRESIDENT'S
AWARDS WINNERS

MOST DESERVING FEMALE
ROSEMARY ZIELINSKI
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$$ $
$ $

LOCAL
ECONOMY

CONTRIBUTED  
TO

IMPACT 
SNAPSHOT 

168 STUDENTS SAT 5-HOUR 
THEORETICAL AND 
EXPERIMENTAL EXAMS22 COUNTRIES

AND REGIONS 
PARTICIPATED  

OF EVENTS IN ADELAIDE9 DAYS

@apho2019 apho2019.asi.edu.au

ECONOMIC IMPACT

DELEGATES CHANGED THEIR 
LIKELIHOOD OF FUTHER STUDY 
IN AUSTRALIA AFTER THE EVENT

INTERNATIONAL 
DELEGATES AGREE IT 
WAS A GREAT EVENT

98%1 IN 2

VOLUNTEERS FROM  
ALL OVER THE COUNTRY

109

*ASIAN PHYSICS OLYMPIAD 2019 INTERNAL SURVEY 

41 
LOCAL 

BUSINESSES  
INVOLVED

*Adelaide Convention Bureau

4,458
VOLUNTEER HOURS = VALUE OF 

$632,000

SPECIAL ADDRESS 
BY PROFESSOR 

MICHELLE SIMMONS

VISITS TO LOCAL 
SCHOOLS AND 
UNIVERSITIES

TOP EXPERIENCES

9
GOLD

16 33
SILVER BRONZE

HONOURABLE 
MENTIONS

SPECIAL 
PRIZES

29
13

AWARDS

SUPPORTERS

THE BEST THING WAS...

#APHO2019

TOTAL ENGAGEMENTS

SOCIAL MEDIA

 The people, specifically the 
volunteers and team guides. They not 
only helped us with the scheduled 
activities, but also play a huge role  
in the spirit perspective. 

 We were able to make 
new friends from across 
the Asia-Pacific region 
who shared a similar 
interest in physics. 

 The 
novelty of the 
problems in 
the theoretical 
exam. 

72,000
REACH

61,992
IMPRESSIONS

1,439
LIKES

2,235
VIEWS

58
RETWEETS

CLOSING 
CEREMONY  
FACEBOOK 
LIVE STREAM

2 min AVG WATCH TIME

5,303 REACH 49 SHARES

ORGANISED BY MAJOR SUPPORTER
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http://www.apho2019.asi.edu.au
https://www.facebook.com/apho2019/
https://twitter.com/apho2019
https://www.instagram.com/auscienceinnov/
https://www.asi.edu.au/
https://www.youtube.com/channel/UCyo5KXkrs_02wa3xs9j2f9w/featured

	APhO 2019 Proceedings_cover
	APhO 2019 Proceedings - Website
	APhO 2019 Proceedings_Dr Matthew Verdon
	APhO 2019 Proceedings
	APhO 2019 Proceedings_final Volunteers list
	APhO 2019 Proceedings
	0.exam-theory-G0-english-final
	1.1exam-theory-Q1-english-final
	1.exam-theory-A1-english-final
	2.1exam-theory-Q2-english-final
	2.exam-theory-A2-english-final
	3.1exam-theory-Q3-english-final
	3.exam-theory-A3-english-final
	4.theory-Q1-solutions-final
	5.theory-Q2-solutions-final
	6.theory-Q3-solutions-final
	7.theory-Q1-marking-scheme-final
	8.theory-Q2_marking-scheme-final
	9.theory-Q3-marking-scheme-final
	0.0G0-exam-experiment-english-final
	1.1Q1-exam-experiment-english-final
	1.A1-exam-experiment-english-final
	2.2Q2-exam-experiment-english-final
	2.A2-exam-experiment-english-final
	3experiment-1-solutions-final
	4experiment-2-solutions-final
	5experiment-1-marking-scheme-final
	6experiment-2-marking-scheme-final
	APhO 2019 - Vol 1 Newsletter
	APhO 2019 - Vol 2 Newsletter
	APhO 2019 - Vol 3 Newsletter
	APhO 2019 - Vol 4 Newsletter
	APhO 2019 - Vol 5 Newsletter
	APhO 2019 - Vol 6 Newsletter
	APhO 2019 - Vol 7 Newsletter
	APhO 2019 - Vol 8 Newsletter
	APhO 2019 - Impact snapshot





