EuPhO-2019: Solution of the experimental problem.

Task 1. Sensitivity of receiver.

There are two possible ways to effectively shield emitted ra-
diowaves with given tools. First option is to wrap emitter in-
side aluminium foil. Gradually sealing holes and cavities one
can observe significant drop in measured power of the waves
giving lowest measurable quantity P = —128dBm ~ 1.58 -
10~ mW. However due to possible collisions of wavepackets
some extremely low values might not be observable. Simple
wrapping should give values less than —110dBm. Other pos-
sible option is to insert emitter within any given tube and
observe decay of wave power.

Task 2. Wavelength in water.

One possible setup is shown in problem text. Measure-
ments are made by placing receiver on top of box lid. Such
configuration allows to measure interference pattern created
from two semi-transparent surfaces (air-water interfaces as
well as reflection from aluminium foil). By adding water in
stepwise manner and thus increasing layer height the phase
difference between direct and reflected wave is changed giv-
ing water layer height difference Ah = A/2 between adjacent
maxima or minima. Experimental data (shown in Figure 1)
yields wavelength A =~ 4.5cm. Plausible range of values can
fall within (4—5 cm) Here we did not start measurements from
zero thickness layer (water already covered the bottom of the
box since initial results might fluctuate intensively). It is im-
portant to reduce any holes and creases in foil by flattening it
and pressing it closer to plastic bottom. By not doing so the
experimenter is most likely to introduce overpowering back-
ground noise to the results thus eliminating the possibility of
obtaining any meaningful data. Escaped radiowaves creates
complex reflection and interference pattern bypassing water
layer through air without significant power loss. A good in-
dication for a well made setup is 8dB or higher difference in
measured power between adjacent maximum and minimum.
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Figure 1: Interference pattern.

Task 3. Attenuation in water.
In general the electric field vector of propagating wave in
metallic tube filled with medium can be written in form

E —_ E_:()(T, (p)efazei(szwt)

(1)
where in the case of water @ > 0. By solving Maxwell’s
equations it leads to dispersion relation

w? = (k2 + k) c?

(2)

Water has high refraction coefficient for radio waves in emit-
ters frequency range resulting in significantly smaller wave-
length inside water leading to condition w > k.c.

where ¢ stands for speed of light in the medium filling the
waveguide.

Here as well are two possible setups available. The obvious
one is to carefully wrap the tube inside foil. There can’t be
any holes. In order to test how well the tube is sealed one can
insert emitter at the bottom within tube to find out that all
signal has diminished. Since the wavelength is much shorter
in water compared to air, tube acts as a waveguide. However
for &« > 0 there exists attenuation attributed exclusively to
water which can be measured by dipping emitter inside water
and measuring power of the waves. Keep in mind that if water
is not filled up to the same level as foil wrapping, tube stops
acting as a waveguide and therefore not all of decayed power
can be attributed to water attenuation.
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Figure 2: Water attenuation measurements.

This task is prone to many errors and fluctuations because
relative orientation might change during immersion of emit-
ter. To evade this problem it is necessary to repeat mea-
surements, as well as consistently look for highest possible
replicable value achievable for given depth. Data in Figure 2
gives an estimate of about 0.4dB/cm or 2dB per every 5cm.
Over 5¢m the attenuation factor is 1092 ~ 1.6. Careful mea-
surements should yield attenuation rate of 0.35 — 0.5dB/cm
or attenuation factor 1.50 — 1.78 per 5cm.

Task 4a. Decaying modes in air-filled waveguides

The most stable way to measure power of the waves re-
ceived by the receiver is by placing tube horizontally and
using ruler to push emitter inside tube. It can be done ver-
tically using rope but results are expected to be a lot worse
since single relative orientation is not maintained throughout
experiment as well as reading is affected by stretching of rope.

From (3) it is evident that wave power decays logarithmi-
cally (linearity in the dBm units) and is not therefore prop-
agating freely. According to dispersion relation the emitted
wave frequency is less than critical frequency w < ck, yielding
purely imaginary k = iu. Linear fit can be applied to data.
However fitting is not straightforwardly applicable to whole
dataset since decay rate might differ at the nearest measure-
ments compared to those under —65dBm because different
modes correspond to different decay rates. Using furthest
data points guarantees that we are taking into account only
the slowest decaying mode.
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Figure 3: Power decay in 46mm tube.

Slope coeflicient m determined from Figure 3 differs from
u because of different units used. Time averaged electric field
(E) = Epe "*. Since wave power P o E? this leads that
= 0.05-(In10)-m. In case of 46 mm tube, the decay rate y ~
94.6m~'. This part has to be done as precisely as possible.
Otherwise it will almost certainly give imprecise results in
later tasks. Good range for p extends between 93 and 96
mL.

Task 4b.

Constant k., is only dependent from diameter of the tube.
Dimension analysis on dispersion relation tells us that k, =
A/d? where A is dimensionless number. One can experimen-
tally verify that waves are not propagating freely in none of
the given tubes. That leads to imaginary ik = p and suggest-
ing following functional dependence

p? = AJd? -k} (3)

where k2 = w?/c?. By plotting u?(d~2) one should verify
that dependence is linear in nature (Figure 4).
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Figure 4: Functional dependence of decay rates and diameters

Task 5. Wavelength in air and refraction coefficient
in water.

From Figure 4 one can find intercept with u? axis (case
of infinitely large diameter which corresponds to free space).
According to equation (3), wavelength can be found —pu? =

k} = w?/c? = 47? /A%, Experimental data gives wavelength
in air Ao &~ 33cm (actual wavelength is 34 cm). Since pre-
vious tasks has to be done really accurate, other values in
range between 20cm and 40cm are good enough estimates for
wavelength in air.

Now, finding the coefficient of refraction for water becomes
trivial: n = Ag/A = 7.3. Results estimated are the result
of previous tasks. Therefore accuracy is already predefined
previously.
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EuPhO-2019: Solution of the experimental problem.

Task 1. Sensitivity of receiver.

There are two possible ways to effectively shield emitted ra-
diowaves with given tools. First option is to wrap emitter in-
side aluminium foil. Gradually sealing holes and cavities one
can observe significant drop in measured power of the waves
giving lowest measurable quantity P = —128dBm ~ 1.58 -
10~ mW. However due to possible collisions of wavepackets
some extremely low values might not be observable. Simple
wrapping should give values less than —110dBm. Other pos-
sible option is to insert emitter within any given tube and
observe decay of wave power.

Task 2. Wavelength in water.

One possible setup is shown in problem text. Measure-
ments are made by placing receiver on top of box lid. Such
configuration allows to measure interference pattern created
from two semi-transparent surfaces (air-water interfaces as
well as reflection from aluminium foil). By adding water in
stepwise manner and thus increasing layer height the phase
difference between direct and reflected wave is changed giv-
ing water layer height difference Ah = A/2 between adjacent
maxima or minima. Experimental data (shown in Figure 1)
yields wavelength A =~ 4.5cm. Plausible range of values can
fall within (4—5 cm) Here we did not start measurements from
zero thickness layer (water already covered the bottom of the
box since initial results might fluctuate intensively). It is im-
portant to reduce any holes and creases in foil by flattening it
and pressing it closer to plastic bottom. By not doing so the
experimenter is most likely to introduce overpowering back-
ground noise to the results thus eliminating the possibility of
obtaining any meaningful data. Escaped radiowaves creates
complex reflection and interference pattern bypassing water
layer through air without significant power loss. A good in-
dication for a well made setup is 8dB or higher difference in
measured power between adjacent maximum and minimum.
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Figure 1: Interference pattern.

Task 3. Attenuation in water.
In general the electric field vector of propagating wave in
metallic tube filled with medium can be written in form

E —_ E_:()(T, (p)efazei(szwt)

(1)
where in the case of water @ > 0. By solving Maxwell’s
equations it leads to dispersion relation

w? = (k2 + k) c?

(2)

Water has high refraction coefficient for radio waves in emit-
ters frequency range resulting in significantly smaller wave-
length inside water leading to condition w > k.c.

where ¢ stands for speed of light in the medium filling the
waveguide.

Here as well are two possible setups available. The obvious
one is to carefully wrap the tube inside foil. There can’t be
any holes. In order to test how well the tube is sealed one can
insert emitter at the bottom within tube to find out that all
signal has diminished. Since the wavelength is much shorter
in water compared to air, tube acts as a waveguide. However
for &« > 0 there exists attenuation attributed exclusively to
water which can be measured by dipping emitter inside water
and measuring power of the waves. Keep in mind that if water
is not filled up to the same level as foil wrapping, tube stops
acting as a waveguide and therefore not all of decayed power
can be attributed to water attenuation.
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Figure 2: Water attenuation measurements.

This task is prone to many errors and fluctuations because
relative orientation might change during immersion of emit-
ter. To evade this problem it is necessary to repeat mea-
surements, as well as consistently look for highest possible
replicable value achievable for given depth. Data in Figure 2
gives an estimate of about 0.4dB/cm or 2dB per every 5cm.
Over 5¢m the attenuation factor is 1092 ~ 1.6. Careful mea-
surements should yield attenuation rate of 0.35 — 0.5dB/cm
or attenuation factor 1.50 — 1.78 per 5cm.

Task 4a. Decaying modes in air-filled waveguides

The most stable way to measure power of the waves re-
ceived by the receiver is by placing tube horizontally and
using ruler to push emitter inside tube. It can be done ver-
tically using rope but results are expected to be a lot worse
since single relative orientation is not maintained throughout
experiment as well as reading is affected by stretching of rope.

From (3) it is evident that wave power decays logarithmi-
cally (linearity in the dBm units) and is not therefore prop-
agating freely. According to dispersion relation the emitted
wave frequency is less than critical frequency w < ck, yielding
purely imaginary k = iu. Linear fit can be applied to data.
However fitting is not straightforwardly applicable to whole
dataset since decay rate might differ at the nearest measure-
ments compared to those under —65dBm because different
modes correspond to different decay rates. Using furthest
data points guarantees that we are taking into account only
the slowest decaying mode.
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Figure 3: Power decay in 46mm tube.

Slope coeflicient m determined from Figure 3 differs from
u because of different units used. Time averaged electric field
(E) = Epe "*. Since wave power P o E? this leads that
= 0.05-(In10)-m. In case of 46 mm tube, the decay rate y ~
94.6m~'. This part has to be done as precisely as possible.
Otherwise it will almost certainly give imprecise results in
later tasks. Good range for p extends between 93 and 96
mL.

Task 4b.

Constant k., is only dependent from diameter of the tube.
Dimension analysis on dispersion relation tells us that k, =
A/d? where A is dimensionless number. One can experimen-
tally verify that waves are not propagating freely in none of
the given tubes. That leads to imaginary ik = p and suggest-
ing following functional dependence

p? = AJd? -k} (3)

where k2 = w?/c?. By plotting u?(d~2) one should verify
that dependence is linear in nature (Figure 4).
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Figure 4: Functional dependence of decay rates and diameters

Task 5. Wavelength in air and refraction coefficient
in water.

From Figure 4 one can find intercept with u? axis (case
of infinitely large diameter which corresponds to free space).
According to equation (3), wavelength can be found —pu? =

k} = w?/c? = 47? /A%, Experimental data gives wavelength
in air Ao &~ 33cm (actual wavelength is 34 cm). Since pre-
vious tasks has to be done really accurate, other values in
range between 20cm and 40cm are good enough estimates for
wavelength in air.

Now, finding the coefficient of refraction for water becomes
trivial: n = Ag/A = 7.3. Results estimated are the result
of previous tasks. Therefore accuracy is already predefined
previously.
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Correct conversion to mW 0.2
Task 2: 6.0 | Interferometer in water
1.5 Diagram of setup, showing key points: sealing, positions 1.0
of receiver and emitter, showing interference measure-
ment
Equations for physics to measure A (eg Ah = \/2) 0.5
1.0 Table of reasonable measured values:
0.1 For each 4 data points up to 24 0.6
For at least three maxima clearly present OR 0.4
If two maxima clearly present (0.2)
1.5 Correctly plotted graph of data from table showing
peaks and correct structure:
Correct labelling of axes and title 0.2
All data points plotted correctly (0.1 for each 3) 0.8
Positions of maxima / minima clearly marked and de- 0.5
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0.5 Quality: at least 8 dB between transmission maxima 0.5
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Task 4: 7.0 | Decaying modes
4a: 2.0 Dependence of P on z (any sensible z definition ok)
Diagram showing good method (horizontal, pushing de- 0.5
tector)
Sample pitfalls for deduction: rope use, turning of emit- (-0.1)
ter, permanently fixed to stick (each)
Sensible measurements 0.1 per two 0.4
Deduction: if range insufficient (< 70 mm) -0.1
Linear fit to lower region of graph < —65 dBm 0.1
Good value for 93.0m™! < 1 < 96.0m~* OR 1.0
Value for 91.0m™! <y < 98.0m™! (0.6)
4b: 5.0 Dependence of p on d
Dimensional argument to get k, = A/d? 0.5
Correct functional dependence p? = A/d* — k2 1.0
Choosing to plot p? vs d—2 0.3
1.6 Up to 8 sets of measurements for each tube (even if they
appear in part a):
0.1 for each set of measurements with at least 5 points, 0.8
up to max:
0.1 for each set of measurements with range at least half 0.8
of full decay range (data below), up to max:
0.9 0.3 for each of the 3 u values not from part a (data 0.9
below)
0.7 Graph plotted correctly:
Axes, title labelled correctly 0.1
Points plotted correctly 0.1 each 0.4
Fit confirms linear hypothesis 0.2
Task 5: 3.0 | Use of intercept to get ki 0.5
Use of A\g = 27/kg 0.3
Value for 29cm < A\g < 39cm OR 1.0
Value for 24cm < Ay < 44cm (0.5)
Value for n = A\g/A =7.3+£0.5 OR 1.2
Value for n consistent with calculations but outside (0.5)
range
Data:
D (mm) | g (m™!) | Full decay range (mm)
41 109.4 90
46 94.6 105
59 73.1 140
100 42.6 260




