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Preface

The Asian Physics Olympiad (abbreviated to APhO) is currently the premier
physics competition held annually for Asian pre-university or senior high school
students. It is modeled after the International Physics Olympiad (IPhO), and
demands a similar level of intellectual capability from the participants. The only
difference between APhO and IPhO is that each participating country can send
eight students at most to compete in APhO instead of five in IPhO. The age of
the participants should not exceed twenty on June 30th of the year of the
competition.

The idea of creating the Asian Physics Olympiad was first proposed in
August 1995 by Dr. Waldemar Gorzkowski, then the President of International
Physics Olympiads who regretfully passed away in 2007 during the 38th IPhO
held in Isfahhan, Iran. The proposal aimed to promote the quality of science
education and attract students to study physics that was much needed in
increasing science manpower for developing the new century information
economy in Asia region. Technically, APhO was proposed to be held two
months before IPhO and it would act as a warm-up competition for the worldwide
IPhO. The idea of APhO was welcomed by many Asian countries.
Unfortunately, the implement of the proposal was deferred by the Asian financial
crisis happened in 1997 through 1998. In 1999, Professor Yohanes Surya with
full support from Indonesia government announced to inaugurate the First APhO
during the 30th IPhO in Italy. Right after this announcement, Chinese Taipei
declared to host the Second APhO in 2001 and was soon followed by Singapore
as the host of the Third APhO in 2002 and Thailand as the host of the Fourth
APhO in 2003. In the ensuing years, the Fifth to the Ninth APhO were organized
smoothly in turn by Vietnam, Indonesia (twice), Kazakhstan, China, and
Mongolia from 2004 to 2008, respectively. The number of participating countries
has grown from original ten to around twenty. The effect of APhO is very fruitful
and conspicuous. The statistical grade data of the past eight years of the global
competition of IPhO shows that close to one half of gold medals were won by the
students from APhO participating countries.

| am pleased to see the publication of the collection of the APhO problems
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and solutions. These problems were deliberately formulated by each of the
organizing countries. Normally, it had to group together about a dozen of
physics professors to form an academic committee and took about one to two
years to accomplish the demanding task. Reading and comprehending these
problems and solutions can greatly help readers in understanding physics laws
deeper and strengthening their analytical and reasoning capability in solving
problems. This book is filled with many good wishes and efforts devoted to
nourishing our new generations.

Professor Ming-Juey Lin, Ph. D.

Secretary of Asian Physics Olympiads
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Minutes of the First Asian Physics Olympiad
Tangerang-Karawaci (Indonesia), April 24 — May 2, 2000

1. The proposals of the Statutes and Syllabus, prepared by the Organizers and
disseminated to all the Asian countries prior to the First Asian Physics Olympiad,
have been unanimously accepted. The delegations willing to make changes in the
Statutes should send their proposals to the President of the APhO’s not later than by
December 31,2000,

2. The following 10 countries were present at the 1st Asian Physics Olympiad.
Australia, China, Chinese Taipei, Indonesia, Kazakhstan, Philippines, Singapore,
Thailand, Vietnam and Uzbekistan. Australia (non-Asian country) participated as a
guest of the Organizers (guest team).

Three countries were represented with observers: Brunei-Darussalam, India and
Malaysia.

3. Results of marking the papers by the organizers were presented:

The best score (44. 75 points) was achieved by Song Jun-liang from China
(Absolute winner of the 1st APhO). The second and third were Kuang Ting Chen
(Chinese Taipei)—42.70 points and Zhang Chi (China)—41.75 points.

The following limits for awarding the medals and the honorable mention were

established according to the Statutes:

Gold Medal: 38 points,
Silver Medal ; 33 points,
Bronze Medal. 27 points,

Honorable Mention; 21 points.

According to the above limits 8 Gold medals, 9 Silver medals. 11 Bronze medals
and 17 honorable mentions were awarded. The list of the scores of the winners and
the students awarded with honorable mentions were distributed to all the
delegations.

4. In addition to the regular prizes a number of special prizes were awarded:

® for the Absolute Winner: Song Jun-liang (China)

e for the best team (prize created by the Director of UNESCO Jakarta Office) .
the Chinese team: Song Jun-liang, Zhang Chi, Chen Xiao Sheng, Wong Fa, and
Dong Shi Ying

e for the best female participant (prize created by the Director of UNESCO
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Jakarta Office) : Dong Shi Ying (China)

e for the youngest participant (prize created by the Director of UNESCO
Jakarta Office) ; Juan Paolo Asis (Philippines).

5. The International Board has unanimously elected Yohanes Surya, Ph.D.,
the head of the Organizing Committee of the First Asian Physics Olympiad, to the
post of President of the Asian Physics Olympiads for five years’ term ( # 15 of the
Statutes). Election of the Secretary of the Asian Physics Olympiads has been
postponed to the next Olympiad, which will be held in Taipei in 2001.

6. Dr. Waldemar Gorzkowski, for his merits in establishing the Asian Physics
Olympiads, has been unanimously awarded the lifelong title Honorable President of
the Asian Physics Olympiads ( # 15 of the Statutes).

7. President of the APhO’s presented a list of the organizers of the competitions
in the future. It is;

® 2001 - Taipei (invitations disseminated during the 1st APhO)

® 2002 - Singapore (confirmed orally).

8. The International Board expressed deep thanks to Yohanes Surya, Ph. D.
and his collaborators for excellent conducting of the competition. The International
Board highlighted all the difficulties occurring when the first event is organized and
congratulated the organizers for successfully solving all of them.

9. The Opening Ceremony was honored by the presence of Mr. K. H.
Abdurrahman Wahid, President of the Republic of Indonesia; Mrs. Megawati
Soekarnoputri, Vice-President of the Republic of Indonesia, honored the Closing
Ceremony. Both Guests were welcomed with standing ovation.

10. Action on behalf of the organizers of the next Asian Physics Olympiad
Prof. Ming-Juey Lin announced that the 2nd Asian Physics Olympiad will be
organized in Taipei on April 22 - May 1, 2001 and cordially invited all the
participating countries to attend the competition.

Tangerang, Karawaci May 2,2000

Dr., Waldemar Gorzkowski Dr. Yohanes Surya
President of the [PhOs, Head of the Organizing Committee
Honorable President of the APhOs of the 1st APhO,

President of the APhOs



Theoretical Competition

April 25, 2000 Time available: 5 hours

Problem 1
Eclipses of the Jupiter’'s Satellite

A long time ago before scientists could measure the speed of light
accurately, O. Romer, a Danish astronomer studied the times of eclipses of
the planet Jupiter. He was able to determined the velocity of light from
observed periods of a satellite around the planet Jupiter. Fig.1 -1 shows the
orbit of the earth E around the sun S and one of the satellites M around the
planet Jupiter. (He observed the time spent between two successive

emergences of the satellite M from behind Jupiter. )

Fig. 1-1. The orbits of the earth E around the sun S and a satellite M
around Jupiter J. The average distance of the earth E to the Sun is Ry =
149. 6 10" km. The maximum distance is Rg,.. = 1. 015R;. The period of
revolution of the earth is 365 days and of Jupiter is 11. 9 years.

A long series of observations of the eclipses permitted an accurate
evaluation of the period. The observed period T depends on the relative
position of the earth with respect to the frame of reference SJ as one of the
axis of coordinates. The average time of revolution is T, = 42 h28m 16 s
and maximum observed period is (T, +15) s.

(a) Use Newton’s law to estimate the distance of Jupiter to the sun by
assuming that the orbits of the carth and Jupiter are circles.

(b) Determine the relative angular velocity « of the earth with respect

to the frame of reference Sun-Jupiter (SJ). Calculate the relative speed of
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the earth.

(c) Suppose an observer saw M begin to emerge from the shadow when
his position was at @, and the next emergence when he was atf,.,, k=1, 2,
3 .... From these observations he got the apparent periods of revolution T
(#,) as a function of time of observations ¢,. According to him the variations
were due to the variations of the distance of Jupiter () relative to the
observer during the observations. Derive the distance of Jupiter d(¢,) as a
function of time #, from Fig. 1 -1 and then use approximate expression to
explain how the distance influence observed periods of revolution of M.
Estimate the relative error of your approximate distance.

(d) Derive the relation between d(#,) and T(¢,). Plot period T(#,) as a
function of time of observation ¢,. Find the positions of the earth when he
observed maximum period, minimum period and true period of the
satellite M.

(e) Estimate the speed of light from the above result. Point out sources
of errors of your estimation and calculate the order of magnitude of the
error.

(f) If the distance of the satellite M to the planet Jupiter Ry =
4,22 % 10° km, the distance of the moon M; to the earth is Rz =
3. 844 X 10° km and we know that the mass of the earth = 5. 98 X 10* kg and
1 month =27d 7 h 3 m, find the mass of the planet Jupiter.

Solution

(a) Assume the orbits of the earth and Jupiter are circles, we can write

the centripetal force equals gravitational attraction of the Sun.

GM:Ms _ Myoi
R Ry’
GM_IMS — M, vk
R} R

where G = universal gravitational constant,
M = mass of the Sun,
Mg = mass of the Earth,
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M; = mass of the Jupiter,
Ry = radius of the orbit of the Earth,
ve = velocity of the Earth,

v; = velocity of the Jupiter.

Hence
R, _ ()
R_E; o ('UJ) )
We know
T, = 2 _ 211'RJ'
wy vy
We get
Re
Te o _ (Re)f
TJ' Ny RJ'
vy

R; = 7.798 X 10° km,

(b) The relative angular velocity is

ey = SR —
w= w5~ = (3~ o385
= (. 0157 rad/day,
and the relative velocity is

v = wRr = 2.36 X 10° km/day
22,73 X 10" m/s.

(c) The distance from Jupiter to the Earth can be written as follows:

d(t) = RJ' _RF;!
d() +d) = (R, —Ry) » (R, — Ry

d() = (R2 +R: —2RR, cos wt)*

mRJ[l—z(%)comw...T

AzRJ(1 —g—fcosm—l-... )



6 Asian Physics Olympiad Problems and Solutions

The relative error of the above expression is of the order

(g—j)z ~ 4%.

The observer saw M begin to emerge from the shadow when his position was
at d(¢) and he saw the next emergence when his position was at d(¢+T1,).
Light need time to travel the distance Ad = d(¢+T,) —d(#), so the observer
will get apparent period T instead of the true period T, .

Ad = Ri[ cos wt — cos w(t— T,) ]

2z~ Ry wT sinwt ,

since wly &= 0.03, sinwly =l +..., coswTy=~=1—...
We can also get this approximation directly from the geometrical relationship
from Fig.1-1.

We can also use another method.

From Fig.1-2, we get

Fig. 1-2. Geometrical relationship to get Ad().

ﬁ: (¢+G‘)1
an T _m
@ +pro=1%,

Ad(1) = anRECOS as

Ad() = wTuRESin(wi + wgu T gﬁ) s

wly 2= 0.03 and ¢ = 0. 19.

; ¢ = velocity of light,

(d) T—T, ~ 24D
C

AdC) _

Tf—-ﬂ ,I,“ + : ”_’_REQ)T“SInQ)t'

c
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The position of the earth when he observed maximum period is at wt = —

? L]
and minimum period is at wt = %1‘: and true period at wz = 0 and =.
(e) From
T = Ty +2e0ls
C
we get
RE («UTH = 15.
C
Hence

c=2.78 X 10° km/s.
We can estimate the relative error that comes from the ratio of spuare of the

; R:\2 . ;
distance ( R—E) is about 4% and the relative error of the measurement of
J

time is about %—59 X 100% = 3.4%, hence the total relative error is about

7.4%. Another error comes from the assumption that the orbits are circles,

actually it is an ellipse. The relative error is about
100% X Reva —Re 4 507

(f) We can calculate the mass of Jupiter by using generalized Kepler’s
law as in (a), use Newton’s law for the moon m circling the earth and the

satellite M circling the Jupiter. Hence we get

- () (.

M, Ty’ R,

Hence we get M, = 316M; = 1. 887 X 107 kg.
Problem 2
Detection of Alpha Particles

We are constantly being exposed to radiation, either natural or
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artificial. With the advance of nuclear power reactors and utilization of
radioisotopes in agriculture, industry, biology and medicine, the number of
artificial radioactive sources is also increasing every year. One type of
radiation emitted by radioactive materials is alpha (o) particle radiation.
(An alpha particle is a doubly ionized helium atom having two units of
positive charge and four units of nuclear mass. )

The detection of ¢ particles by electrical means is based on their ability
to produce ionization when passing through gases and other substances. For
an ¢ particle in air at normal (atmospheric) pressure, there is an empirical

relation between the mean range R, and its energy E
R, = 0.318E° (1)

where R, is measured in cm and E in MeV.

For monitoring ¢ radiation, one can use an ionization chamber which is
a gas-filled detector that operates on the principle of separation of positive
and negative charges created by the ionization of gas atoms by the o« particle.
See Fig.1-3. The collection of charges yields a pulse that can be detected,
amplified and then recorded. The voltage difference between anode and
cathode is kept sufficiently high so that there is a negligible amount of

recombination of charges during their passage to the electrodes.

Pl o I
O Anode % :
alpha "~ 4

source /o hode R signal out
F oot o amplifier
thin
|

window :|I|I|
Fig.1-3. Schematic diagram of ionization chamber circuit.

(a) An ionization chamber electrometer system with a capacitance of 45
picofarad is used to detect o particles having a range R, of 5. 50 cm. Assume
the energy required to produce an ion — pair (consisting of a light negative
electron and a heavier positive ion, each carrying one electronic charge of
magnitude e = 1. 60X 107" C) in air is 35 eV. What will be the magnitude of
the voltage produced by each « particle?
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(b) The voltage pulses such as those due to the « particle of the above
problem occur across a resistance R. The smallest detectable saturation
current (meaning that the current is more or less constant, indicating that
the charge is collected at the same rate at which it is being produced by the
incident o particles) with this instrument is 10°"” Ampere. Calculate the
lowest activity A (disintegration rate of the ¢ emitter radioisotope) of the a
source that could be detected by this instrument if the mean range R, is 5.50
cm assuming a 10% efficiency for the detector.

(c¢) The above ionization chamber is to be used for pulse counting with a
time constant r = 107 seconds. Calculate the resistance and also the
necessary voltage pulse amplification required to produce 0.25 V signal.

(d) The ionization chamber has

cylindrical plates as shown in Fig. 1 - 4.
For a cylindrical counter, the central
metal anode and outer thin metal sheath
( cathode ) have diameters d and D,

respectively. Derive the expression for the

electric field E(r) and potential V(») at a |

Fig.1-4. Ionization chamber with

radial distance 7 ( with % <r f—,j ) from eylindrical geometry.
the central axis when the wire carries a charge per unit length A. Then
deduce the capacitance per unit length of the tube. The breakdown field
strength of air E, is 3 MV m™' (breakdown of air occurs at field strengths
greater than E,, maximum electric field in the substance). If 4 = 1 mm and
D = 1 cm, calculate the potential difference between anode and sheath at
which breakdown occurs.

Data: 1 MeV = 10° eV; 1 picofarad = 10°" F; 1 Ci = 3.7 X 10"

disintegration/second = 10° pCi(Curie, the fundamental SI unit of activity

A);Ji—r =Ilnr+C.

Solution

(a) From the given range — energy relation and the data supplied, we get
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(R \} _/5.50\F
E=(57355) Mev=(33g) =6 69MeV.
Since E,,.. = 35 eV, then
C &
Nowpe = % =1.9X 10°,
We get the size of voltage pulse
— A_Q _ A?\rimruu're
AV C = —*—C ,
withC =45 pF = 4,5 X 10" F.
Hence
C 5 —19
AV:L)X10><1.6><10 V = 0.68 mV.

4,5 X 107"

(b) Electrons from the ion — pairs produced by o particles from a
radiaoactive source of mactivity A ( = number of « particles emitted by the
source per second) which enter the detector with detection efficiency 0.1,

will produce a collected current
I=2 = 0.1 X ANy e
=01XAX1.9X10° X1.6 X107 A,
with I, = 1077 A,

_ _10"disest e
Ama = 1631, 9 1075 20 dis+ 57

Since 1 Ci= 3.7 X 10" dis « s ', then

Ay = 330 i —=8.92x10" Ci.

3.7 X 10"
(c) With time constant

r=RC (with C=45X10"2F) =107 s,

R = (192°)Ma~ 22.22 M@,

For the voltage signal with height AV = 0. 68 mV generated at the anode of
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the ionization chamber by 6.69 MeV q particles in problem (a) , to achieve a
0.25 V = 250 mV voltage signal, the necessary gain of the voltage pulse
amplifier should be

— 250
G = (g = 368.

(d) By symmetry, the electric field

is directed radially and depends only on
distance the axis and can be deducted by

using Gauss’ theorem. If we construct a

Gaussian surface which is a cylinder of

radius r and length [, the charge
contained within it is o/. See Fig.1-5.  Fg. 1-5. The Gaussian surface used to

The surface intcgral is calculate the electric field E.
[E- s = 2mnE.

Since the field E is everywhere constant and normal to the curved surface.

By Gauss’ theorem;

2mrE = &,

E(r) =

27[‘5“}"

Since E is radial and varies only with r, then E =— cé—‘: and the potential V

can be found by integrating E(») with respect to r. If we call the potential

of inner wire V,, we have

vin—v, — A [, &,

Thus
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We can use this expression to evaluate the voltage between the capacitor’s

conductors by setting r = ED » giving a potential difference of

Since the charge Q in the capacitor is ¢/, and the capacitance C is defined by
Q = CV, the capcitance per unit length is

ZREn
In D"
d

The maximum electric field occurs where r minimum, i.e. atr = % If we

set the field at r = —‘2{ equal to the breakdown field E,, our expression for E

(r) shows that the charge per unit length s in the cpacitor must be E,ne,d.
Substituting for the potential difference V across the capacitor gives
_ 1 D
V= 2Edn(7).

Taking E, = 3 X 10° Vm™', d = 1 mm, and D= 1 cm, we have V = 3. 45 kV.

Problem 3
Stewart-Tolman effect

In 1917, Stewart and Tolman discovered a flow of current through a
coil wound around a cylinder rotated axially under angular acceleration.

Consider a great number of rings, each with the radius », made from a
thin metallic wire with resistance R. The rings have been put in a uniform
way on a very long glass cylinder which is vacuum inside. Their positions on
the cylinder are fixed by gluing the rings to the cylinder. The number of
rings per unit of length along the symmetry axis is n. The planes containing
the rings are perpendicular to the symmetry axis of the cylinder.

At some moment the cylinder starts a rotational movement around its

symmetry axis with a constant angular acceleration ¢. Find the value of the
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magnetic field B at the center of the cylinder (after a sufficiently long
time). We assume that the electric charge e of an electron, and the electron

mass m are known.

Solution

Consider a single ring first.

Let us take into account a small part of the ring and introduce a
reference system in which this part is at rest. The ring is moving with
certain angular acceleration . Thus, our reference system is not an inertial
one and there exists certain linear acceleration in it. The radial component
of this acceleration may be neglected as the ring is very thin and no radial
effects should be observed in it. The tangential component of the linear
acceleration along the considered part of the ring is r«. When we speak
about the reference system in which the positive ions forming the crystal
lattice of the metal are at rest. In this system certain inertial force acts on
the electrons. This inertial force has the value mra and is oriented in an
opposite side to the acceleration mentioned above.

An interaction between the electrons and crystal lattice does not allow
electrons to increase their velocity without any limitations. This interaction,
according to the Ohm’s law. is increasing when the velocity of electrons with
respect to the crystal lattice in increasing. At some moment equilibrium
between the inertial force and the breaking force due the interaction with
the lattice is reached. The next result is that the positive ions and the
negative electrons are moving with different velocities; it means that in the
system in which the ions are at rest an electric current will flow!

The inertial force is constant and in each point is tangent to the ring. It
acts onto the eclectrons in the same way as certain fictitious electric field
tangent to the ring in each point.

Now we shall find value of this fictitious electric field. Of course, the

force due to it should be equal to the inertial force. Thus
eE = mraq.

Therefore
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E — mra
a

In the ring (at rest) with resistance R, the field of the above value would

generate a current:

_ 2nrE

I="%

Thus, the current in the considered ring should be:

[ — 2nra
R -

It is true that the field E is a fictitious electric field. But it describes a real
action of the inertial force onto the electrons. The current flowing in the
ring is real |

The above considerations allow us to treat the system described in the
text of the problem as a very long solenoid consisting of » loops per unit of
length (along the symmetry axis), in which the current I is flowing. It is
well known that the magnitude of the field B inside such solenoid (far from

its ends) is homogenous and its value is equal:
B = M:?IIQ

where g, denotes the permeability of vacuum. Thus, since the point at the
axis is not rotating, it is at rest both in the noninertial and in the laboratory
frame, hence the magnetic field at the center at the center of the axis in the
laboratory frame is
B— 2mp nmrza_
eR

It seems that this problem is very instructive as in spite of the fact that
the rings are electrically neutral, in the system - unexpectedly, due to a
specific structure of matter — there occurs a magnetic field. Moreover, it
seems that due to this problem it is easier to understand why the electrical

term “electromotive force” obtains a mechanical term “force” inside.



Experimental Competition

April 27,2000 Time available: 5 hours

Problem 1
Determination of the Density of Qil

Listed below are the only apparatus and materials available for your
experiment

(1) Teat tube with uniform cross-section over most of its length
between its two ends;

(2) Vessel;

(3) Ruler;

(4) Eye dropper;

(5) Graph papers;

(6) Drying cloth/tissue papers;

(7) Rubber band for level marking;

(8) Distilled water with density 1.00 g/cm’ ;

(9) Oil in a plastic cup.

In this experiment, you are to determine the density of the oil without
measuring the dimensions of the tube. You should not put both oil and water
in the tube at the same time.

Include the following in your report:

(a) The theoretical basis for the analysis;

(b) A description of the method and procedure of the experiment;

(c) Final value for the density of oil;

(d) The errors and their sources.
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Solution

Experimental configuration

This experiment is an application of Archimedes’ law. The basic
experimental configuration is accordingly described by Fig.1-6. It is
assumed in this figure that the tube is in an up-right position (perpendicular
to water surface). It is also clear that the same reference point must be used
for measuring the positions of water or oil surfaces.

In order to apply the law accurately to the experiment, one needs to
express the precise volume occupied by the liquid inside the tube, and the
volume of water displaced outside the tube. For that purpose, more detailed
annotation must be introduced on the dimensional features of the test tube as

shown in Fig.1-7.

N
A
external
Cross-section —s=
h
| | section of the tube
internal where the cross-section

Cross-section —e- K is assumed uniform

Ha] Tl

arbitrary fixed
-

point .4 HE
g

Fig.1-6. Experimental configuration Fig.1-7. Specification of test tube.
and experimental quantities
to be measured.

Theoretical formulation

The complete listing of notations to be used in the theoretical formulation
along with their corresponding definitions are given below

S, = internal cross-section of the tube above point A;

S. = external cross-section of the tube above point A;

V, = internal volume of the test tube below point A;

V., = external volume of the test tube below point A

=V, + volume of the glass below point A;
[. = distance between point A and the water surface outside the tube;
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. = distance between point A and the liquid surface inside the tube;
p. = density of the liquid inside the tube
= py for water
= p, for oil;
M = mass of the empty test tube.
At equilibrium, the buoyancy or the Archimedes force F, is equal to the
total weight W of the test tube including the liquid inside it. Referring to
Figs. 1-6 and 1 -7 as well as the notations listed above, we are led to the

following expressions;

FA — (V, + Sziz)‘ﬂk.,g!
W= M+Vp +Slp)g
The equilibrium condition specified by F, =W implies
(V. +S.2)p, = M+ (V, +S.1)p..
This equation can be put into the form:
..=C+D,,
where
D= &S:,
PwS:
C— M+ Vﬂgfﬁ”' V»:Qw.
0.S.

Since the coefficient D does not depend on the zero point of /. and [, ,
the reference point A in this experiment can be chosen at some convenient
point on the tube within its length of uniform cross-section as implied by the
above formulation.

Measurements

In the first part of the experiment, water is used as the liquid filling the

test tube to various levels corresponding to different sets of values for the

pair /. and /.. Plotting /. as a function of /. on the graph paper leads to the

determination of D, ,

D]:

y

v|w

z
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since p. = p,, in this case.
The same measurements are repeated in the second part, replacing

water with oil for the liquid inside the tube. The result is given by

-

- . . ,
Equation S from the two equations results in the relation

Experimental result
The experimental results consist of two parts. The results shown in

Tables 1 and 2 were obtained by using water and the oil as the filling liquids

respectively.
Table 1. Data from experiment 1 (water),
distance from the bottom [, (em) [.(cm)
2.5 3.7 .7
2.0 4.5 12.3
14F 4.9 12.6
1.4 5.2 12.9
1.3 5.3 13.0
1.0 5.7 13.3
Table 2. Data from experiment 2 (oil),
distance from the bottom I, (cm) I.(cm)
1.8 5.7 12.5
1.7 6.0 12.6
1:5 6.0 12.8
1.3 6.4 13.0
1.0 6.8 13.3
0.8 7.2 13:5




The First Asian Physics Olympiad 19

The value of D, determined from the slope of the plot in Fig.1 -8 is

Dy = 0. 8091,
14
135
.//
E e 14
5125 ad 135 e

| - o

11.5 / 12.5 //-

H3 35 4 45 5 55 6 125 55 6 65 7 75 8
[{cm) {(cm)
Fig.1-8. A plot of I, vs {, from Fig.1-9. A plot of /. vs I, from
data in Table 1. data in Table 2.

The value of D, determined from the slope of the plot in Fig.1-9 is
D, = (. 6865.
The final result for p, & Ap, are
po = 0.8484 g/cm’,
Ap, = 0.04%.

Remarks

g is about 0.8 instead of 1.

(2) All water and liquid surface positions to be measured must lie within

(1) For typical test tube, the ratio

the length of the tube with uniform cross-section.

(3) For the determination of D, and D,, one should try to get more
than 5 data points and draw the line with the best fit.

(4) The test tube should be dried before measurement with the oil.

(5) The most crucial problem in this experiment is how to get enough
data (more than two data points) with the narrowly limited range of 2-2.5

cm available for [, variation.

Problem 2

Determination of the Stefan — Boltzmann Constant

Listed below are the only apparatus and materials available for your
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experiment

(1) DC power supply;

(2) Heater mounted on a ceramic base;

(3) Digital voltmeter (labeled V) and ammeter (labeled A);

(4) Caliper;

(5) Aluminum cylinder with polished surface and a hole to house the
heater. The cylinder is fitted with a thermocouple (iron-constant) for
measuring temperature;

(6) Thermally isolated vessel containing water and ice for maintaining
the cold (reference) junction of the thermocouple at the constant temperature of
0C;

(7) Digital mV-meter (labeled mV) to be connected with the
thermocouple;

(8) A table listing the calibrated thermoelectric characteristics of the
thermocouple for converting the mV readings into the corresponding temperatures;

(9) Electric cables;

(10) Candle and safety matches for blackening the cylinder.

A note on the theoretical principle.

The reflective radiation of power by an object with surface area S at
absolute temperature T in equilibrium with its surrounding is given by
the formula

P = eaS(T*—T%),
where ¢ is the Stefan - Boltzmann constant, T, is the absolute temperature
of the surroundings, and ¢ = 1 for an ideal blackbody while ¢ = 0 for an ideal
reflector.

The room temperature will be given.

In this experiment, you are to determine the Stefan - Boltazmann
constant. Include the following in your report:

(a) The theoretical basis for the measurement;

(b) A description of the method and procedure of the experiment;

(c) The final value of the Stefan - Boltzmann constant g;

(d) The error and their sources.
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Warnings:

(1) Be careful in handling some of the clements during the experiment
as they may become very hot (100C) at some stage.

(2) Be sure that the power supply current for the heater never exceeds

2A at all stages of the experiment.

Solution

Theoretical consideration
According to the theory of electromagnetic radiation of solids, the

polished aluminium cylinder which can be regarded as an ideal reflector,
does not absorb nor emit any radiation. On the other hand, the same
cylinder covered by a thin layer of candle’s soot is assumed to behave as an
ideal black body which is a perfect absorber and emitter of thermal
radiation.

Therefore, the hot polished cylinder is expected to lose its thermal
energy by means of non-radiative mechanism, such as thermal conductivity
and convection of surrounding air. In contrast, the hot blackened cylinder
will lose its thermal energy by an additional process of thermal radiation
according to Stefan — Boltzmann law.

Based on the different physical processes described above, 3 different
methods of experiment can be formulated as follows:

(1) Method of constant temperature

Assume that the cylinder is heated to the same temperature T when it is
unblackened (polished) and when it is blackened by the soot. The difference
in the measured electric power neceded to reach that same equilibrium
temperature must be equal to power loss to radiative process. In other

words,
P.(T) =P(T)—P.(D,

where
P.(T) = power loss of the blackened cylinder due to thermal radiation,
P,(T) = total power loss of the blackened cylinder at T,
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P,(T) = power loss of the polished cylinder at T due to nonradiative
processes.
Assuming the same P, (T) in both cases (polished and blackened), one
obtains
_P(M—=P(D
TR =Ty
where T, is the surrounding (or room) temperature.
Alternatively, although less accurately, other methods may also be
formulated by explicitly assuming that P, is proportional to (T-T,),

namely
P AT =kKT—1,),

where £ is a constant independent of T. On the basis of this relation, one
can formulate the following two methods for the determination of .

(2) Method of constant power

In this method, the power of heating P is kept the same in both cases.
Let the temperatures reached in equilibrium for the polished and blackened

cylinder be denoted by Tp and T, respectively. Then,
P — k(TP T(I)!
P=kT,—T,)+P.(T).
Eliminating % yields

(Tp - Tb)

P ==y

Equating this to the radiative power expression of the Stefan — Boltzmann

law, we obtain

— (T{:_Tb)P
S(T}—THO(Ty — Ty’

o

(3) Method of two temperatures

In this case, the measurements are performed for the blackened
cylinder only, but at two equlibrium temperatures T, and T,. Let the
heating powers required to reach T, and T, be P, and P, respectively. Then
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we have
P =ECT, — T5)+eSCL—T3),
Pzzk(Tz_’-r[l)_‘_GS(T;_ 3).

Again, climinating £ from the two equations above leads directly to the

following expression

- (T2_’I10)P[_(T1_T10)P2
S[(Ti—Te(T, —T,) —(Ti—T)(Ty — Ty T

g

Remarks

(1) The formulation of the first experimental method requires the
insurance of the same T in both cases. Since P is proportional to T%. a small
difference in T determined in two cases will result in great error. It is,
however, not easy to satisfy the requirement mentioned above. One way of
overcoming this difficulty is to measure the power P, for heating up the
blackened cylinder at two temperatures in the vicinity of the temperature
reached by the unblackened cylinder, and interpolate the value of P, at the
right T.

(2) It is also worth noting that due to the sensitivity of the
measurement, a slight change in the surrounding of the cylinder is likely to
affect the result significantly. The environment must therefore be kept
constant during the experiment.

Experimental configuration

The experimental set-up is described in Fig. 1 — 10. The heater is
mounted on a porcelain base, and it is connected with a power supply and
the measuring meters. The heater is entirely enclosed by the hollow cylinder
which sits also on the same porcelain plate during the measurement. The
thermocouple is permanently attached to the cylinder and connected to an
mV-meter for the determination of the temperature by using a table listing
the characteristics of the thermocouple. The size of the cylinder is 60 mm by
length and 12.5 mm by its external diameter, leading to a surface area of
S =24. 8 c’. The wall of the cylinder is about 1 mm thick and the thickness

of its base is about 3 mm. All electrical measuring meters are digital
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instruments.
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aluminium

Power

cy]indcr\

Supply
A

™ heater

/

porcelain
base

The power supplied to the heater must be measured separately instead
of being read off the power supply display panel, because the resistance of
the heater varies somewhat with temperature. The reading of V and I
should be done at thermal equilibrium between the cylinder and its
surrounding, which will be reached in about 25 - 30 minutes. In order to

avoid undesirable effects from the surrounding, the whole system should be

1P

watert
ice cube

|

Fig.1- 10.

Experimental set-up.

kept at a distance from other objects in the laboratory.

Results of measurement

In a set of experiment performed at room temperature of 298.8 K., the

results obtained are represented by the sample data given in Table 1.

Table 1. The values of s found in a set of three measurements,
Codc name Surface condition Data
for the data during measurement vV A TK)
a polished 9.8 1.50 485.5
b blackened 9.8 1.50 433.5
€ blackened 11.9 1.82 485.5
Table 2. Results of ¢ obtained by three different methods.
Experimental result
Method used Data used oo (Wi K) Oulo
constant T ate 5.945 X 107" 1.05
constant P ath 6. 087 X 107* 1.07
two T b+ 5,386 X 107° 0.95
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Discussion

While the last two methods are supposed to be less accurate than the
first one, this is not always confirmed by the experimental results, as the
control of experimental condition is not perfect. The major factors affecting
the accuracies of the experimental results are enumerated and discussed as
follows:

(1) The cylinder is not necessarily an ideal reflector when it surface is
polished, nor is it an ideal black body when its surface is blackened by the
candle’s soot. In other words, the absorption coefficient is likely to be larger
than 0 in the first case, and less than 1 for the second case. Both of these
effects leads to lower value of o.

(2) The heat losses via the porcelain base are out of control. Neglecting
these losses will lead to deviation of ¢ from its real value.

(3) The resistivities of the connecting cables have been neglected also,
leading to larger value of o.

(4) The assumption of equal non-radiative loss for the case with
polished and blackened surfaces is at best an approximation. For instance,
the difference between thermal conductivity of the soot and that of
aluminium is neglected in this experiment, leading to lower value of 5. The
equality will also be violated due to uncontrollable heat losses via the
porcelain base.

(5) The influences of air convection in the surrounding of the cylinder
due to motions of the experimentator and other objects are also possible

sources of errors.
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Theoretical Competition

April 24,2001 Time available: 5 hours

Problem 1
When will the Moon become a Synchronous Satellite?

The period of rotation of the Moon about its axis is currently the same
as its period of revolution about the Earth so that the same side of the Moon
always faces the Earth. The equality of these two periods presumably came
about because of actions of tidal forces over the long history of the Earth-
Moon system.

However, the period of rotation of the Earth about its axis is currently
shorter than the period of revolution of the Moon. As a result, lunar tidal
forces continue to act in a way that tends to slow down the rotational speed
of the Earth and drive the Moon itself further away from the Earth.

In this question, we are interested in obtaining an estimate of how much
more time it will take for the rotational period of the Earth to become equal
to the period of revolution of the Moon. The Moon will then become a
synchronous satellite. appearing as a fixed object in the sky and visible only
to those observers on the side of the Earth facing the Moon. We also want to
find out how long it will take for the Earth to complete one rotation when
the said two periods are equal.

Two right-handed rectangular coordinate systems are adopted as
reference frames. The third coordinate axes of these two systems are
parallel to each other and normal to the orbital plane of the Moon.

( I ) The first frame. called the CM frame, is an inertial frame with its
origin located at the center of mass C of the Earth-Moon system.

(11 ) The second frame, called the xyz frame, has its origin fixed at the
center O of the Earth. TIts z-axis coincides with the axis of rotation of the
Earth. Its z-axis is along the line connecting the centers of the Moon and the

Earth, and points in the direction of the unit vector r as shown in Fig.2 - 1.
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The Moon remains always on the negative x-axis in this frame.
Note that distances in Fig. 2 - 1 are not drawn to scale. The curved
arrows show the directions of the Earth’s rotation and the Moon’s

revolution. The Earth-Moon distance is denoted by r.

Earth

Fig.2- 1.

The following data are given:

(a) At present, the distance between the Moon and the Earth is
r, =3. 85 X 10° m and increases at a rate of 0. 038 m per year.

(b) The period of revolution of the Moon is currently T,, = 27. 322
days.

(c) The mass of the Moon is M = 7. 35 X 10” kg.

(d) The radius of the Moon is Ryy = 1. 74 X 10° m.

(e) The period of rotation of the Earth is currently T = 23. 933 hours.

(f) The mass of the Earth is M = 5. 97 X 10** kg.

(g) The radius of the Earth is Ry = 6.37 X 10° m,

(h) The universal gravitational constant is G = 6.672 59 X
107" N » m’ /kg’.

The following assumptions may be made when answering questions:

(i) The Earth-Moon system is isolated from the rest of the universe.

(ii) The orbit of the Moon about the Earth is circular.

(iii) The axis of rotation of the Earth is perpendicular to the orbital
plane of the Moon.

(iv) If the Moon is absent and the Earth does not rotate, then the mass

distribution of the Earth is spherically symmetric and the radius of the Earth
is RE 5
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(v) For the Earth or the Moon, the moment of inertia I about any axis
passing through its center is that of a uniform sphere of mass M and radius
2MR?

5

(vi) The water around the Earth is stationary in the xyz frame.

R, i.e. I =

Answer the following questions.

(1) With respect to the center of mass C, what is the current value of
the total angular momentum L of the Earth-Moon system?

(2) When the period of rotation of the Earth and the period of
revolution of the Moon become equal, what is the duration of one rotation
of the Earth? Denote the answer as T and express it in units of the present
day. Only an approximate solution is required so that iterative methods may
be used.

(3) Consider the Earth to be a rotating solid sphere covered with a
surface layer of water and assume that, as the Moon moves around the
Earth, the water layer is stationary in the xyz-frame. In one model,
frictional forces between the rotating solid sphere and the water layer are
taken into account. The faster spinning solid Earth is assumed to drag lunar
tides along so that the line connecting the tidal bulges is at an angle § with
the x-axis, as shown in Fig.2 - 2. Consequently, lunar tidal forces acting on
the Earth will exert a torque I" about O to slow down the rotation of the
Earth.

’ g Moon

~Nr

Earth
Fig.2 - 2.
The angle ¢ is assumed to be constant and independent of the Earth-
Moon distance » until it vanishes when the Moon’s revolution is synchronous

with the Earth’s rotation so that frictional forces no longer exist. The torque

I" therefore scales with the Earth-Moon distance and is proportional to 1/7°.
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According to this model, when will the rotation of the Earth and the
revolution of the Moon have the same period? Denote the answer as ¢, and
express it in units of the present year.

The following mathematical formulae may be useful when answering
questions;

(M1) For (0 << s << r and = = scos 0

1 C(Loz i)
JrAtstem o ror 2 ‘

(M2) Tfa 5 0 and % = b, then o# (') — & () = (¢ — Dab.

dt
Solution

(1) The total angular momentum L = Lz of the Earth-Moon system with
respect to C can be calculated as follows.

Since all angular momenta are along the =z-direction, only the =2-
component of each angular momentum have to be calculated. The distance

between the center of mass C and the center of the Earth O is

_ M?‘[] _ 3.85 X 10° _ & _
rem = M+M, — 1+ (597/7. 35) 4.68 X 10° m = 0. 735R.

The angular speed of the Moon’s revolution is

— # — —6 . .
@ = 537355 % 86 400 2.6617 X 107° rad/s. (1a)
The orbital angular momentum of the Moon about C is

Ly = M(r, — rf.‘M)zm:
= 7.35X (385 —4.68)2 X 2. 6617 X 10*®
= 2.83 X 10* kg » m*/s,

The angular speed of the Moon’s spinning or rotational motion is
Qv = an = 2. 6617 X 107° rad/s.

The spin angular momentum of the Moon is
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Sy = %I\'TR,ZWQM = % X 7.35 X (1.74)* X 2. 6617 X 10*

= 2.37X10” kg + m*/s = 8. 40 X 107 Ly,.

This is much smaller than the Moon’s orbital angular momentum and
can therefore be neglected.

The orbital angular momentum of the Earth about C is

M

Ly = Myriyw, = L,
E EV Mg M, M
— TN 34

= 597 X 2.83 X 10

= 3.48 X 10" kg » m*/s.
The angular speed of the Earth’s spinning motion is

- 2m 4 5
[0 23.933 X 3600 7.2926 X 10°° rad/s.

The moment of inertia of the Earth about its axis of rotation is

Foms %MERZ — 0.4X5.97 X (6.37)% X 10%

= 9.69 X 10" kg » m*/s. (1b)

The spin angular momentum of the Earth is

Se %MERE Nz =7.07X10® kg « m*/s = 20. 3L.

Thus, the total angular momentum of the Earth-Moon system L is given
by

L= (IJM+LE+SE+SM)

= (2.83+0. 0348 +0. 7074 0. 000 023 7) X 10*
= 3.57 X 10* kg « m?/s. 2)

Note that L == (Ly + Lg + Sg).

(2) According to Newton’s form for Kepler’s third law of planetary
motions, the angular speed « of the revolution of the Moon about the Earth
is related to the Earth-Moon distance » by
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w'r’ = GM; + M), (3

Therefore, the orbital angular momentum of the Earth-Moon system with

respect to C is

M. 2 4
L= (a7 = e (o ) @
(Note: Egi— M(MI\'_T_ER{E)Z. B Mg(ﬁ)zm, so that L = Ly + L,,. )

When the angular speed of the Earth’s rotation is equal to the angular
speed w of the orbiting Moon, the total angular momentum of the Earth-
Moon system is, with the spin angular momentum of the Moon neglected,
given by

~2

ol
(Luy+Lg+Se) = Wg{m} -f—%MERZEw

66. 726 X 66. 726 }‘
(5.97+0. 0735w

X 10" +9.69 X 107w
=3.96 X 1074 " +9.69 X 107w
= 3.57 X 10* kg « m*/s. (5a)

=7.35><5.97><{

The last equality follows from conservation of total angular momentum
and Eq. (2). For an initial estimate of @, the spin angular momentum of the
Earth may be neglected in Eq. (5a) to give

3.96\° _ L

W Ry = (ﬁ) = 1.36 X 107 rad/s. (first iteration)
An improved estimate may be obtained by using the above estimated
value @, to compute the spin angular momentum of the Earth and use Eq.

(5a) again to solve for w. The result is

o (3.96)3 - Bl sl s . b
wxwr= |35, ) =1.38X10"ra /s. (second iteration) (5b)

Further iterations of the same procedure lead to the same value just

given. Thus, the period of rotation of the Earth will be
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_ 2 _ 6. 2832 B
T =, = 138%10° x86a00 02> 7 days

(3) Since the total torque I" is proportional to 1/r°, we conclude

#I" = constant. (6)
F(r<0)
- - 2
"/ Tgf Moon
r /’O O
F(x>0) Earth
Fig.2- 3.

Let the current values of » and I' be, respectively, », and I',. From
Eq. (6), we then have

r=(2)r. @

The torque I' is equal to the rate of change of spin angular momentum I of
the Earth so that

I== =" (8)

By Newton’s law of action and reaction or by the law of conservation of the
total angular momentum. — I" is equal to the rate of change of the total

orbital angular momentum L of the Earth-Moon system so that

| S g
ol g5 (9)
But according to Eq. (3), we have
o'’ = G(M; +M),

and Eq. (4) may be written as

1
3

L= (2, = aavt (5 )
= MM (hﬁf)ﬁw_% (10)
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This implies

dL ¢ d
E_WE(ME_I_M) 21Ld_:
Z_%WE(MifiM)T Ldo__p an

The value of I'; can be determined from Eq. (11) as follows:

CgdLy S d
-5 =(F) = %WW (MEJ(;M)W (d_:)

1 . . 66.7 X 107
7 & LRI X (0.0735 +5.97) X (3.85)
_3.8X10°
3.65 X 8. 64

— 4.5%10° N+ m. (12)

Starting with Eq. (11) in the following form

L _ 1
dt 3

+ dt :_(r”) T

we may use Eq. (3) to express r in terms of « and obtain the following

equations;
? N\ (dw )Ty ¥
M (az ) (&)= ot wre
dw 3(r)'T, B0®
& [WEM[G(MEH\@ﬁ }w' T

where the constant 4 stands for the expression in the square brackets. The

last equation leads to the solution

By =

(awp) &, —0),

where ¢, is the length of time needed for the angular speed of the rotation of
the Earth to be equal to that of the Moon’s revolution about the Earth.

Using the values of w; and w, obtained in Egs. (1a) and (5b) and the
value of I, in Eq. (12), we have
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3 GMM[G(M; +M T

FET - —8
13h 13(r)°(— ) 3.4X107°,

and accordingly

—3, -8 -3
£f=m(wf T ay p)
=3.4X[(1.38)"F —(2.6617)"° ] X 10"
— 3.4 % 10" X (0. 248 — 0. 014 376)
—7.9%10" s

= 2.5 X 10" years.

Problem 2
Motion of an Electric Dipole in a Magnetic Field

In the presence of a constant uniform magnetic field B, the
translational motion of a system of electric charges is coupled to its
rotational motion. As a result, conservation laws relating to the momentum
and the component of the angular momentumn along the direction of B must
be expressed in modified forms different from the usual. This is studied in
this problem by considering motions of an electric dipole formed by two
particles of the same mass m, but opposite chargesg (¢ >0) and—gq. A rigid
insulating thin rod of length / with negligible mass connects the two
particles. Let! = r;, — r, with r; and r, representing position vectors of the
particle with charge ¢ and — g, respectively. Denote by e the angular
velocity of the rotational motion of the dipole about its center of mass.
Denote by rqy and vy the position and the velocity vectors, respectively, of
its center of mass. Relativistic effects, radiation of electromagnetic waves,
and rotation of the dipole about the line connecting the particles may be
neglected.

Note that the magnetic force acting on a particle of charge ¢ and
velocity v is gv X B, where the cross product A, X A, of two vectors A, and A,
is defined, in terms of x, y and =z components of the vectors in a rectangular

coordinate system, by
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(Al ><A3): T (Al)_\.(Ag)g_ (A|)5(A2)y9
(A] XAQ)_-, — (A1 ):(Az)\r_ (A1 )_,—(Az‘).‘.y
(A] XAQ\), — (Al )I(Ag)_y_(Al )_‘,(Az);.

(1) Conservation laws

(a) For the dipole, compute the total force on it and the total torque on
it with respect to the center of mass and write down equations of motion for
its center of mass and for rotation about its center of mass.

(b) From the equation of motion for the center of mass, deduce the
modified form of the conservation law for the total momentum with P
denoting the conserved quantity. Write down an expression in terms of vqy
and @ for the conserved energy E.

(¢) The angular momentum of the dipole consists of two parts. One
part is due to the motion of its center of mass and the other is due to rotation
about the center of mass. From the modified form of the conservation law
for the total momentum and the equation of motion for rotation about the

center of mass, prove that the quantity J as defined by
j - (rCMXP—f—hJ) B

is conserved, where I is the moment of inertia about an axis passing through
the center of mass in a direction perpendicular to ! and B is the unit vector
along the magnetic field.

Note that

Aleg :_Az ><A10
A1 '(AZXA3)=(A‘XA2)'A“
A| X (Az XA?) = (A‘J ‘A_})Az_(A1 'Az)Aas

for any three vectors A, A, and A;. Repeated application of the first two
formulas above may be useful in deriving the conservation laws in question.
(2) Motion in a plane perpendicular to B
Let the constant magnetic field be in the z-direction so that B= Bz with
z denoting the unit vector in the z-direction. In the following, we assume
the dipole moves only in the z = 0 plane so that @ = wz. Suppose initially the

center of mass of the dipole is at rest at the origin such that I points in the +
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z-direction and the initial angular velocity of the dipole is w, z.

(a) If the magnitude of «, is smaller than a critical value w, , the dipole will
not make a full turn with respect to its center of mass. Find w, .

(b) For a general w,> 0, what is the maximum distance d,, in the z-

direction that the center of mass can reach?
(¢) What is the tension on the rod? Express it as a function of the

angular velocity w.

Solution

(1) Conservation laws

(1a) Denote the velocities of the two particles by v, and v,. We have

For = i(r,—i—rz), Vinr = %(V.‘Flﬁ)v I=r—r,l=v—w.

2

To compute the total force F on the dipole, only external forces due to the
magnetic ficld B have to be considered. Hence one obtains

F_'F[ +F2 — q(lﬁ XB)_F('_Q)(Vg XB)
:q(lﬁ _Vg) XB

=gl XB.
The equation of motion for the center of mass is therefore
Mvey =gl XB=q(v, —v,) XB (M =2m). €D

Similarly, the total torque about the center of mass is given by
l —1
r= (5 )X (@ XB + (5 )X (—g xXB

=gl X

(v, —;—vg XB)

= (_{I X (Vc,\.q x B).

Since the dipole does not rotate about the line connecting the particles, the
angular momentum of the dipole about its center of mass is L = I, where T
denotes the moment of inertia about an axis passing through the center of

mass in a direction perpendicular to [ and is given by
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- L\ [\ 1
I—m(j) +m(5) —Emlz. 2)
The equation of motion for rotation about the center of mass is then given by

%:IG}:T:(IIX(”CMXB)‘ (€))

(1b) From Eq. (1), we obtain the conservation law for the momentum;
P=0,P=Mva—d XB. )

The relative velocity of the two particles may be written as =W —w) =
w X L
Therefore from Eqgs. (1) and (3), one obtains
Vou * Myvey +@+ Too = qvey - iXB—!—qm e I X (veyy X B)
=—ql + vou X B+ ql@ X D + (voy X B)
= 0.

The left-hand side may be rewritten as

Miey o lo =+ %(Mvm IRy
% -C%(Mz;m—i— Iw?).

From the last two equations, one obtains the conservation law for the

energy as
I:.—(},E——Mv +—= Icu2 (5)

(1c) Using Eqs. (3) and (4) and noting that P and B are both constant,

one obtains

d s e g e
E(Iw-B)—Im B=B:lo

ZQB‘IX(VCMXB)ZQ(BXI)’(VCMXB)
= (P— Mvgy) » (voy X B)
=P'(VE‘M><B)=(P><V(“M)'B
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_i{(rﬁ\q XP) . B}.

T—— (V(‘M >< P) L df

By transferring the last term to the left side of the equation, one

obtains the conservation law

J=0 J=GmXP+Iw)+B (6)

for the component of the angular momentum along the direction of B.
(2) Motion in a plane perpendicular to B

(2a) Since the dipole remains in the z = 0 plane, we may write
I=1[cos (1) x+sing(t) y], ¢(0) =0, $(0) = a. @)
The angular velocity may be written in terms of ¢ as
0 =wi=g¢ (8)
From Eq. (4), we have
Mvey = P+ glB(singx —cos gy). ()]

Atr =0, we have v, = 0 and ¢ = 0 so that the conserved quantity is given
by

P=qlBy. (10)
Hence from Eqgs. (9) and (10) we have

Tonp = (%B)singo, Yem = (%)(1_005(,6). (GED]

From conservation of energy or Eq. (5), we have

1,.,, (gIB)? sy
—ifgoz +_QI'_\/I—(1 —cos @) = Efwﬁ
or equivalently
#+ et (1—cosg) = uh, (12)

where

m .

_\/ (gB)* _ J4(@B)2 (13)
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(Note that Eq. (12) has the same form as that obtained for a simple
pendulum readily found by employing this analogy. )

In order to swinging in a vertical plane under gravity, answers for
Problems (2a) and (2b) may therefore be able to make a full turn, ¢ can-not
become zero so that from Eq. (12) we have

aﬁ—%aﬁ(l —cos@) = ¢ >0,

When ¢ = =, ¢ reaches its minimum value of wi — o and it follows

b e, [, foway =928 (14

o
The critical value is therefore w, as given in Eq. (13).

(2b) Eq. (10) may be written as P = Py so that P = ¢/B = 0. From
Eq. (6), we have

zemP + Iw = J. (15)
Att =0, xey = 0 andw = ay. Thus | = lw, and Eq. (15) becomes
xemP = Iwy— w). (16)

Since w, >0 as stated in the problem and wi=> ¢’ = ’ by Eq. (12), we have
Wy == w.

Eq. (16) then implies x = 0. Thus zy reaches a maximum d,, when w
is at its minimum value,

If w,<Zw, , the dipole undergoes oscillation about ¢ = 0 and the minimum

value of w is — wy so that

1(2 n) My
dm = j—(;. = (E)IS (1]} <w<.. (17)

If w), = w. » then w will never become zero and must remain positive from

the beginning. The minimum value of w is v/ wi— ! so that

d, = (F{)(wn — Ve —wl) = ﬁ(ce.r(;— Vwi— o)l oy > w,.. (18)

2¢B

If y = w, » theno® = w?H_4§059? = ¢ cos’ —‘Zi and ¢ = w, cos —525 When ¢
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5 . . &
increases and becomes close to =, we let @ = n— 2, Thene = — w,sin "

at

— w, % so thate ~ ¢ * and it will take z—>oco to make e—>() or ¢ — m. Hence

¢ = 0 and the minimum value of w is zero and
I My .
d, = (F)w" = (ﬁ)b W = @, (19)

(2¢) Let positive value of a force correspond to compression on the

rod. The tension on the rod is equal to the sum of the following three parts:

(i) Coulomb force between particles F, = é % )]
(ii) Centrifugal effect as the rod rotates =— J2~ mw’l. 21D

(iii) I-component of the magnetic force as both particles undertake

translational motion with their center of mass
= qvey XB+ (—D) = gvey » I XB.
Squaring both sides of Eq. (4), we obtain
P? = (Moey)? —2Mvey « gl X B+ (glB)*.

Using Eqgs. (10) and (5) in the last equation gives
—%-Mvim = Gl ¢ DXB = —-‘2--1<w§ — ). (22)

Combining the three parts in (i) to (iii), we find the tension on the rod
to be
_ 1 ¢ 1 ,,, 1 2 2
= I 5 mlw® + 1 ml (i — @) (23)
Again, a positive value of T corresponds to compression on the rod.

An alternative way of solution is by using the equation of motion for the

particle with charge g. Its acceleration is given by

dv, _ d Ly 1 d
D=Lt )= bt 5 S@XD

zb[m+%[(d)><l)+(m><l)].
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where we have made use of the relation I = @ X I. The total force on this

particle is

= (T—F) I+q(vu+5 1)XB.

According to Newton'’s second law of motion, we have

or equivalently
Lemboy+75 1+ (@XD =T—Fe+ql +va XB+L1+1XB.

According to Eq. (1), the first and the last terms in the preceding

equation are equal and we have therefore
T=Fe—ql+va XB+ 31+ (@XD
= Fo—ql « vy X B- %(mxn . 1
= Fe—ql * vy XB—Z(@XD + (@XD

= .F‘(‘ + qViy ® I XB— %mfwz.

This is the same answer as given in Eq. (23).

Problem 3
Thermal Vibrations of Surface Atoms

This question considers the thermal vibrations of surface atoms in an
elemental metallic crystal with a face-centered cubic ( fcc) lattice. For the
crystal under consideration, the unit cubic cell of its fcc lattice has one atom
at each corner and one atom at the center of each face of the cubic cell, as
shown in Fig.2-4. We use (a, 0, 0), (0, a, 0) and (0, 0, a) to represent

the locations of the three atoms on the =, y and = axes of the unit cell. The
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lattice constant a is equal to 3. 92 A (i.e. the length of each side of the cube
is 3.92 A).

, L (0.0,a)

Fig.2 - 4.

(1) The crystal is cut in such a way that the plane containing ABCD
becomes a boundary surface and is chosen for doing low-energy electron
diffraction experiments. A collimated beam of electrons with kinetic energy
of 64.0 eV is incident on this surface plane at an incident angle ¢, of 15. 0°.

Note that ¢, is the angle between the incident electron beam and the normal

of the surface plane. The plane containing AC and the normal of the surface
plane is the plane of incidence. For simplicity, we assume that all incident
electrons are back scattered only by the surface atoms on the topmost layer.

(a) What is the wavelength of the matter waves of the incident
electrons?

(b) If a detector is set up to detect electrons that do not leave the plane
of incidence after being diffracted, at what angles with the normal of the
surface will these diffracted electrons be observable?

(2) Assume that thermal vibrational motions of the surface atoms are
simple harmonic. As the temperature rises. the amplitude of vibration
increases. The average amplitude of vibration can be measured by means of
low-energy electron diffraction. The intensity I of the diffracted beam is
proportional to the number of scattered electrons per second. The relation

between the intensity I and the displacement u(z) of a surface atom is given
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by
I = ILexp{—¢[(K'—K) «u*>}. (1)

In Eq. (1), I and I, are intensities at temperature T and absolute zero,
respectively. K and K' are wave vectors of incident electrons and diffracted
clectrons, respectively. The angle brackets () is used to denote average over
time. Note that the relation between the wave vector K and the momentum

p of a particle is K = 2—;}2, where £ is the Planck constant.

To measure vibration amplitudes of surface atoms of a metallic crystal,
a collimated electron beam with kinetic energy of 64. 0 eV is incident on a
crystal surface at an incident angle of 15.0°. The detector is set up for

measuring specularly reflected clectrons. Only elastically scattered electrons

are detected. A plot of In ]—,{ versus temperature T is shown in Fig.2 - 5.

1]

In{ I
1]

0

—0.2

)

—0.6 -\.\
—0.8

500 100 150 200 250 300 350 400 T(K)
Fig.2-5.

Assume the total energy of an atom vibrating in the direction of the
surface normal x is given by £;T, where kp is the Boltzmann constant.

(a) Calculate the frequency of vibration in the direction of the surface
normal for the surface atoms.

(b) Calculate the root-mean-square displacement, i. e. the value of

i G
(<2»)7*, in the direction of the surface normal for the surface atoms at
300 K.

The following data are given:
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Atomic weight of the metal M = 195. 1.
Boltzmann constant 2; = 1. 38 X 10* J/K.
Mass of electron=9. 11 X 10" kg.

Charge of electron=1.60X107" C.
Planck constanth = 6. 63 X 107 J = s,

Solution

(1a) The wavelength of the incident electron is

=k _h
P 2meV

6.63 X 107
v 2K AT K 1. 60X HE = k.0

=1.53X10" m=1.53 A.

(1b) Consider the interference between the atomic rows on the surface

as shown in Fig.2-6.

Fig.2 - 6.

Scattered electron waves from different rows of atoms must interfere
constructively if diffracted electrons are to be observable. Hence, the path
difference A/ between paths 1 and 2 must be integer multiples of the
wavelength so that

A! = &(Sin 96_ Sin ¢U) = nA.
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] C o
Given g = 15.0% A=1.53 A, andb = - = 222 — 5 77 &, the following

2z 2

two solutions are possible.
(i) Whenn =10, ¢ = ¢, = 15.0°.
(ii) Whenn = 1, Al = 2.77(sin ¢ —sin 15°) = 1 X 1. 53, Therefore

1.534-0.72

Sy —0.812  or  $=543"

sin ¢ =
For n = 2, no solution exists as Al = 2. 77(sin ¢ — sin 15°) = n X 1.53
implies

Al 0.72+nX1.53

sin ¢ = sin 15"+

2.77 2.77
0.724+2X1.53 _
> = 136> 1,

(2) We have I = T,exp(— (u+ AK)?).

For elastically scattered electrons, the wavelengths
before and after scattering must be equal so that K’ = K.
Therefore, for the specularly reflected beam, the

triangle in Fig.2 - 7 must be an isosceles such that

AK =K — K= 2Kcosx

surface
where x is the unit vector in the direction of the surface Fig.2-7.
normal. Taking the x-component of u#, we then obtain
I = Ine—mj(;)-m’cus‘m _ Ine—:ufruszﬂ(u:(:)}. (2)

The vibration in the direction of the surface normal of a surface atom is
assumed to be simple harmonic. Taking u, (¢) = Acosw ¢t and computing the

average of the square, we find

T T 2 2
W2 (D) =ij ;fdz:lj Alcoseidi =4 . A
TJd0o TJo T

i S
2 2
This gives

A = 242 (D)).

The total energy E is thus given by
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N BT I S
E—ZCA —2C 2€uz (1))

= Cl (D)) = m'w* (W2()).
Therefore, one obtains

R T
" w

E = m’w2(u_2r(£)) == k]_gTs

where m’ is the mass of an atom. From either of the above two equations,

one then has the following equality

i) = 2L :n%. 3
From Egs. (3) and (2), one obtains
2, bT
I s I[]e—‘ﬂ\;cm 9m
where K = 2—;:‘9 — ZT“ Accordingly,
— (Mt
1=l )T = [ M @
and
ln S MT!
I[J
where the slope M’ is given by
_ 4kycosid
M = R (5)

(a) The slope can be estimated from the plot in Fig. 2 -5 and leads to

the result
M =2.3X102 K,
Using the following data in Eq. (5),

ky = 1.38 X 1077 J/K,
A=1.53X10""m,



The Second Asian Physics Olympiad

m =195.1X107°/(6.02 X 10®) = 3. 24 X 107> kg/atom,

one finds

5 4X1.38 X107 X cos?15°
23X07 = o 177 % XA 53X 107)*

Thus f*= 3.0 X 10* and the frequency is given by
f=1.7X10" Ha.

kBT

2 s
(b) From (2 (1)) = A e

T = 300 K, one finally obtains

1.38 X 107% X 300
(3.24 X 107%) X 4% X 3.0 X 10*

() = =1.1X10%m’

and

J@Y =1.0X 10" m = 0. 10A.
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Experimental Competition

April 26,2001 Time Available: 5 hours

Basic Characteristics of Solar Cells

I . Background description

The purpose of this experiment is to explore the basic characteristics of
solar cells. Solar cells can absorb electromagnetic waves and convert the
absorbed photon energy into electrical energy. A solar cell mainly consists of
a diode, whose forward dark current-voltage relationship (i.e. I -V curve

under no light illumination) can be expressed as
I=[L(e"—1),

where I, and §3 are constants.

The diode is made up of a semiconductor with a band gap of E. -E,
(see Fig.2-8). When the energy of the incident photon is larger than the
band gap, the photon can be absorbed by the semiconductor to create an
electron-hole pair. The electrons and holes are then driven by the internal
electric field in the diode to produce a photocurrent (light-generated
current). There are several important parameters other than light-generated

current involved in a solar cell.

:clc'-‘lm" (conduction band)
E.

photon
[AVAVAVAVAVAVE Enerey gap

|,

N hole (valence band)

Fig.2 - 8.

Brief explanations of the terminologies and basic principles are listed
below
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(1) Short-circuit current (I, ) is the output current of the solar cell
when the external circuit is shorted, i.e. zero load resistance.

(2) Open-circuit voltage (V,.) is the output voltage of the solar cell
when the external circuit is open, i.e. infinite load resistance. V, is also
referred to as photovoltaic voltage.

(3) P, is the maximum output power of the solar cell, i. e. the
maximum value of I X V.

Pm
r.l'.("/uc

important parameter used to evaluate the quality of the solar cell.

(4) The filling factor (FF) is defined to be

» which represents an

(5) Because the photocurrent is produced by photon absorption by the
semiconductor, the spectral response of the photocurrent can be used to
determine the semiconductor band gap. From the band gap value, one can
infer the particular semiconductor material used.

(6) Any incident photon with photon energy larger than the
semiconductor band gap can contribute to the photocurrent (1,,) of the solar

cell, thus
4,
I, ocj NGO ,

where N(A) is the number of electrons per unit wavelength produced by
photons with wavelength A, A, is the cut-off wavelength of the optical filter
(see Fig. 2 - 9~Fig.2 - 11), and A, is the longest wavelength capable of
producing a photocurrent. Here N (A1) is approximately constant in the
visible spectral range, and each optical filter provided in this experiment
cuts off all light with wavelengths shorter than a certain cut-off wavelength
A.- Therefore, the spectral response of I, with an optical filter can be
simplified to be

Iph ec (A —A.).

(7) The photon energy E is related to the photon wavelength as E =

1240 2:0; the unit for A is nm ( 107 m) and the unit for E is eV (electron-volt)

in this equation.
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1.0 T T T T ot § T T
Red fhilter
0.8 A =587 nm
0.6 .
04+ 8
02 .
U C 1 1 1 1 1 1 1 ]
400 450 500 550 600 650 700 750 800
Wavelength (nm)
Fig.2-9.
L0
[ Organge filter
0.8 F A.=557nm
0.6 4
04 1
02 .
t)_n i TR I T | PO SR T U A WY | P TSR
400 450 500 550 600 650 700 750 800
Wavelength (nm)
Fig.2 - 10.
IO T T T T T T T
Yellow filter 1
A.=470 nm

400 450

ial i | R 1 {0 Y
500 550 600 650 700 750 8OO

Wavelength (nm)

Fig.2- 11.
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II. Equipments and materials
(1) A solar cell in a black box with pre-installed electrical connections.

(2) Two digital electrical multimeters.

(3) A set of dry cell batteries (1.5 V X 2).

(4) One precision variable resistor (0 —5 kQ).

(Caution: Do not connect the central connecting lead (the red wire)
of the variable resistor directly to the battery, it may damage the
resisitor. )

(5) A white light source with power supply.

(6) Two polarizers. (Note: These polarizers are less effective for light
with wavelengths shorter than that of yellow light.)

(7) Red, orange, and yellow optical filters, one of each (their spectral
specifications are shown in Fig.2 - 9~Fig.2 - 11).

(8) An optical mount for the optical filters or polarizers. (Note:
Optical filters and polarizers can be mounted together on the same optical
mount. )

(9) One optical bench.

(10) Wire joining devices; 6 small springs.

(11) One 45 c¢m ruler.

(12) Regular graph paper (10 sheets), semi-log graph paper (5 sheets).

(13) Two light-shielding boards.

Note; To avoid deterioration due to heat, polarizers and filters should
be set at a distance as far away from the light source as possible.

II. Experimental steps

(1) Measure the dark I -V characteristic of the forward biased solar
cell.

(a) Draw a diagram of the electrical circuit you used.

(b) Plot the I -V curve and determine the values of 8 and I, using the
I -V data you obtained.

(2) Measure the characteristics of the solar cell, without electrical bias
under white light illumination. (Note: The distance between the light

source and the solar cell box should be kept at 30 cm as shown in
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Fig.2-12.)

light source solar cell box

Fig.2 - 12.

(a) Draw the circuit diagram you used.

(b) Measure the short-circuit current, I,..

(c) Measure the open-circuit voltage, V..

(d) Measure the I vs. V relationship of the solar cell with varying load
resistance and plot the I -V curve.

(e) Determine the maximum output power of the solar cell.

(f) Determine the load resistance for the maximum output power.

Prn
IS(‘VOC ’

(3) Assume that the solar cell can be modeled as a device consisting of

(g) Calculate the filling factor, FF =

an ideal current source (light-generated current source), an ideal diode, a
shunt resistance R, and a series resistance R,.

(a) Draw an equivalent circuit diagram for the solar cell under light
illumination.

(b) Derive the I -V relationship for the equivalent circuit. Express the
result in terms of Ry,, R,, I (light-generated current), and I, (the current
passing through the diode) .

(c) Assuming that R,, = infinity and R, = 0 and can be neglected, find
the I -V relationship and prove that it can be written in the form as given
below:
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V“:ﬁ‘ln(%ﬂ).

where V. is the open-circuit voltage, I, is the short-circuit current, and I,
B are constants.

(4) Find effects of irradiance.

(a) Measure and plot the I, vs. relative light intensity curve., and
determine the approximate functional relationship between I, and the
relative light intensity.

(b) Measure and plot the V,. vs. relative light intensity curve. and
determine the approximate functional relationship between V,. and the
relative light intensity.

(5) Find the wavelength response of the solar cell.

(a) Measure and plot the I, vs. different cut-off wavelengths using the
three optical filters.

(b) Estimate the longest wavelength for which the solar cell can
function properly.

(c) Infer which semiconductor material the solar cell is made of.
(Hint: The band gaps for commonly used semiconductors are InAs;
0.36 eV, Ge: 0. 67 ¢V, Si: 1.1 eV, amorphous Si(a-Si: H): 1. 7eV, GaN:
3.5eV.)

Solution

(1) Measure the dark I -V characteristic of the forward biased solar
cell.

(a) Circuit diagram

=L l N
— \)}/ :
% é’) -} Solar cell

Fig.2- 13.
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(b) Determine the values 8 and I, in the equation of dark current -

voltage characteristic.

? T T T T T T
2 T T - |
6F _of 1 -
< L J 1

E [ 4 .
5F :_2__ / 7] :' -
o E_4Z : - 1
< 4f 8 _/" 2 4

il SR s e TG ey gl T .

E L5 20 25 30 35 1
3t V (V) : i
= |
2 I,=15%107 mA ! 7
p=65V1 ‘ q
1+ i |
o F

-
(| S I ———————— § L S S SN
0 0.5 1.0 1.5 2.0 25 3.0 3.5
V (V)
Fig.2 - 14.

(2) Measure the characteristics of the solar cell, without electrical bias
under white light illumination.

(a) Draw the circuit used.

@ 4 =tSolar cell
e AVAVAVAVAVAVA
incident light
Fig.2 - 15.

(b) Measure the short-circuit current, I
I, = 2.0mA ~ 4.5 mA.

(¢) Measure the open-circuit voltage, V..
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Ve =2.7V~3.2V,

(d) Measure the I vs. V relationship of the solar cell with varying load

resistance and plot the I -V curve.

3.5 T T T - ;
jop-m---= = - SRR - T
)
251 = 7
.
= 20r = .
E .
— I-S | - e
| g
Sk fb.'c-—3.{)3 mA 3 i
ol V=271V ‘
051 &
0 0.5 1.0 1.5 2.0 25 3.0
F(v)
Fig.2- 16.

(e} Determine the maximum output power of the solar cell.

? T T T T
L)
6 A
i s
I 7 .
4 S 1
z “ > Po=64 mW
E 4r ", Ru=0.85 kO .
3 ¥ " _
% . I‘ FF=?6%
A 3t ? . il
; "
-
2+ .-' ey mig E
K e S
1 .
n
1 1 P | R T T
0 I 3 4 5
R(kQ)
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(f) Determine the load resistance for the maximum output power.
0.6 kQ<TR<1.3kQ.

Pm

(g) Calculate the filling factor, FF = v

62% << FF << 81%.

(3) Assume that the solar cell can be modeled as a device consisting of
an ideal current source (light-gencrated current source), an ideal diode, a
shunt resistance R, and a series resistance K.

(a) Draw a correct equivalent circuit diagram for the solar cell under

light illumination.

N
g
il

AVAVA"
>
==

(]

Fig.2 - 18.

(b) Derive I -V relationship for the equivalent circuit. Express the
result in terms of Ry, R,, light generated current I, and current passing
through the diode 1.

Applying Kirchhoff’s loop rule, one obtains

R,+V—U,—1,— DR, =0,

I(1+§j)=f,ﬂ.—

\%

.R_ﬁh_ird.

(¢) Assuming that R, = oo and R, = 0 and can be neglected, find the
I -V relationship and prove that it can be written in the form as given
below

er: =ﬁ_lln(i—t-+1),

where V. is the open-circuit voltage, I is the short-circuit current, and I,



j are constants.
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Proof, WithR. =0, R, = infinity, the equivalent circuit becomes
A =
ToRNE SN
Fig.2- 19,
He“ce 1= fn‘,—Id = Iph_ju(cﬁv_l).

For close circuit

For open circuit

V e 05 I]]h - I:sc'
I1=0,I.—I,(" —1) =0

=~1—-In(‘;—:—|—l).

o VM
B

(4) Find effects of irradiance.
(a) Measure and plot the I, vs. relative light intensity curve, and
determine the approximate functional relationship between I. and the

relative light intensity.

0.6 L B e ) P S | [ S
05| x o
04 | ]

0.3} g i

1(mA)

02| |

0.1 | .

Fig.2 - 20.
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I, is the light intensity when the axes of the two polarizers are parallel.

Because polarizers are less effective for light with wavelength shorter
than that of yellow light as mentioned in the description of “Equipments and
Materials”, in order to obtain correct relative scale of irradiance, the yellow
filter should be used with polarizers.

I, is approximately proportional to light intensity, I, = A TI—

(b) Measure and plot the V. vs. relative light intensity curve, and
determine the approximate functional relationship between V. and the

relative light intensity.

23 T T ——

20 !

VuV)

1.0 ! kgl

Fig.2-21.

V.=A ln%—l—B or V.=A 1nI—‘1+B’.

(5) Find the wavelength response of solar cell under different irradiance.

(a) Measure and plot the I, vs. different cut-off wavelengths using the
three optical filters.

(b) Estimate the longest wavelength for which the solar cell can
function properly.

Ay = 730 ~ 770 nm,

(c) Infer which semiconductor material the solar cell is made of.

(Hint: The band gaps for commonly used semiconductors are InAs:
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0.36eV, Ge;: 0.67 eV, Si; 1.1 eV, amorphous Si (a-Si: H): 1.7 eV,

GaN: 3.5eV).

The solar cell is made of a-Si: H.



Minutes of the Third Asian Physics Olympiad

Present ;

Item

April 12, 2002

A/P Cheah Horn Mun [ Chairman |

Dr Yohanes Surya [ President, APhQO]

Dr Waldemar Gorzkowski [ President, IPhQ]

Leader

Observers

Description

Corrections to tabulated marks

Corrections were made to the following:

® No. 64: Zhang Feng-the correct marks should be 35 marks, hence a
gold medal instead of silvers is awarded

® No. 82: Weerapong Phadungsukanan-was awarded 25 marks, therefore
should be awarded with a bronze medal instead of an Honorable
Mention

All the leaders and observers accepted the corrections.

Prizes

The Best Overall Prize was awarded to Gu Chun Chui (People’s

Republic of China).

The Best Experiment Prize was awarded to Fan Xiangjun (People’s

Republic of China).

The Best Theory Prize went to Agustinus Peter Sahanggamu

(Indonesia) .

The Most Creative Solution Prize went to Thaned Pruttivarsin

(Thailand) .

The Best Newcomer Prize was won by Giga Chkareuli (Georgia).

The total number of participants was 105. All results were accepted by

the leaders and observers through voting.

Guest-of-honour for closing ceremony

Chairman informed that the Minister of Education, Dr Ng Eng Hen,

would be the Guest-of-Honor for the closing ceremony. In addition,

the Thai Deputy Minister for Education would also be attending the
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ceremony.
Australia as member of Apho

IPhO President proposed for the statute to include and recognize the
acceptance of Australia into the Asian Physics Olympiad.

The new statute would read;

By the term “countries of the Asian region” one should understand
countries whose capitals are localized in the region traditionally
recognized as Asia and Australia.

All changes to the statute are to be disseminated to all countries three
months in advance.

The meeting accepts the change in the statute with a total of 26 votes.
Organisers of APhO

APhO President expressed his appreciation to the organizing committee
for organizing APhO 2002.

Future hosts of APhO. based on preliminary agreement, are as follows;
® 2003 - Thailand

® 2004 - Vietnam

® 2()05 - Indonesia

® 2006 - Georgia

® 2007 - People’s Republic of China (tentative)

® 2008 - Australia (tentative)

® 2009 - Uzbekistan (tentative)

® 2010 — Malaysia (tentative)

® 2011 - Israel (tentative)

Equipment for experiment exam

Chairman informed that the equipment used for the experiment exam
would be distributed to the teams as souvenirs. The equipment would be

delivered to the leaders’ rooms on the same night.

As there is no any other matter, the meeting ended at 6.00 p. m.

Recorded by: Miss Nenny Aryanti Noorman.



Theoretical Competition

May 8,2002 Time available: 5 hours

Problem 1
Vibrations of a linear crystal lattice

A very large number N of movable identical point particles (N > 1),
each with mass m, are set in a straight chain with N + 1 identical massless
springs, each with stiffness S, linking them to each other and the ends
attached to two additional immovable particles. See Fig.3 — 1. This chain
will serve as a model of the vibration modes of a one — dimensional crystal.
When the chain is set in motion, the longitudinal vibrations of the chain can
be looked upon as a superposition of simple oscillations (called modes) each

with its own characteristic mode frequency.

(N—Da Na (N+lja=L

Fig.3- 1.

(a) Write down the equation of motion of the nth particle.
(b) To attempt to solve the equation of motion of part (a) use the trial

solution
z,(w) = A sinnka cos(wt +a),

where z,(w) is the displacement of the nth particle from equilibrium, w the
angular frequency of the vibration mode and A, k and « are constants; k and
w are the wave numbers and mode frequencies respectively. For each k,
there will be a corresponding frequency «. Find the dependence of « on £,
the allowed values of &, and the maximum value of w. The chain’s vibration

is thus a superposition of all these vibration modes. Useful formulas.

d 5 dy .
(5) COS g —— @Sl g (d__r) SN gr — qCOS gr . ¢ — constant;
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sin(A + B) = sin Acos B+ cos Asin B;
cos (A + B) = cos Acos B — sin Asin B.

According to Planck the energy of a photon with a frequency of w is hw,
where # is the Planck constant divided by 2x. Einstein made a leap from this
by assuming that a given crystal vibration mode with frequency « also has
this energy. Note that a vibration mode is not a particle, but a simple
oscillation configuration of the entire chain. This vibration mode is
analogous to the photon and is called a phonon. We will follow up the
consequences of this idea in the rest of the problem. Suppose a crystal is
made up of a very large (—~10*) number of particles in a straight chain.

(c¢) For a given allowed w (or k) there may be no phonons; or there
may be one; or two; or any number of phonons. Hence it makes sense to try
to calculate the average energy ( E(w)of a particular mode with a frequency
w. So {E(w)) is the average energy of a phonon with frequency w. Let
P,(w) represent the probability that there are p phonons with this frequency

w. Then the required average is

> tho Py(w)
(E(w)) = =

>V Ped

e
Although the phonons are discrete, the fact that there are so many of them
(and the P, becomes tiny for large p) allows us to extend the sum to p = oo,
with negligible error. Now the probability P, is given by Boltzmann’s
formula

P, o= exp( 252,

where k& is Boltzmann’s constant and T is the absolute temperature of the
crystal, assumed constant. The constant of proportionality does not depend
on p. Calculate the average energy for phonons of frequency w. Possibly

useful formula:

%eﬂx} = geﬂ:).
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(d) We would like next to compute the total energy E; of the crystal.
In part (¢) we found the average energy (E(w)) for the vibration mode w.
To find E; we must multiply (E(w)? by the number of modes of the crystal
with frequency w and then sum up all these for the entire range fromw =0 to
wmax - Take an interval Ak in the range of wave numbers. For very large N
and for Ak much larger than the spacing between successive (allowed) %

values, how many modes can be found in the interval A&7
(e) To make use of the results of (a) and (b), approximate Ak by (%dw

and replace any sum by an integral over w. (It is more convenient to use the
variable w in place of % at this point. ) State the total number of modes of the
crystal in this approximation. Also derive an expression E; but do not

evaluate it. The following integral may be useful:

-3
0 1— 2 2°

(f) The molar heat capacity C, of a crystal at constant volume is
experimentally accessible: Cy = dd%f (T = absolute temperature). For the

crystal under discussion determine the dependence of C, on T for very large
and very low temperatures (1. e. is it constant, linear or power dependent
for an interval of the temperature?). Sketch a qualitative graph of C; versus

T, indicating the trends predicted for very low and very high T.

Solution 1

(a) mz, = S{x —x.) —S(x, — Ty ).

(b) Let &, = A sin nka cos(wt + ¢)» which has a harmonic time
dependence.
By analogy with the spring, the acceleration is &, =— o’ .

Substitute into (a) :
— mAw® sinnka = AS[sin(n+ 1)ka — 2 sin nka + sin(n— 1)ka |

= —485A sin nka sin® %ka
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Hence o® = 4;Ssinzl}zza.

2
To determine the allowed values of %, use the boundary condition
sin(N+1)ka = sin kL = 0.
The allowed wave numbers are given by

F. = Ty 2708 3Ty v v s J‘\IT[ (N in al]),

and their corresponding frequencies can be computed from w = aysin %aﬂaa s

in which wy = @y =2 (%) '~ is the maximum allowed frequency.

D) phwP,(w)
(0) (E(w)) = =

Z phwe = ’] = Phis
FiI‘Si mClhOd: "—="-m— — kBP 2 ..._(__...In E E?.
_pha T =
S ot :
=l
—
The sum is a geometric series and is (1 —e ") 7',
We find (E(w)) = —
& —1

Alternatively: denominator is a geometric series = (1 —e )",
. d . e o
Numerator is kzT* ar (denominator) = e #7(1 — e &7) % and result
C
follows.

A non-calculus method:

Let D=14+e"+e*+e ..., where x = % This is a geometric
B

Let N=e"+2e > +3e 4 .... The result

series and equals D = 1 —1e_“'

. N
we want is D Observe
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D—1=e¢e*+e¥te*+e"+e>4,.,
(D—De*=e*+e*+e+e*+...
(D—1)e¥ =g¥ fagtrfegd .

— — E — —_— — € I — 1
Hence N = (D 1)[)0rD D—1 —e o —1
N
(d) From part (b), the allowed £ values arc -, 2{_:: cissi® ‘]}“.

X, so there are %Ak

Hence the spacing between allowed % values is I

allowed modes in the wave-number interval Ak (assuming D > % ) .

(e) Since the allowed £ are % Y ey NT“, there are N modes.

Follow the problem:

do _ 1 1
1 1w cos 5 ka from parts (a) and (b)
= “;“ﬂv (Ufmx _ﬂb‘z * Wrax — @Wao.

This second form is more convenient for integration.

The number of modes dn in the interval dw is

_ L., _ L dk
S W

- %(%Gm(.cos %ka)_ldm

L 2 1
= T %
T 4 s — @

_2(N+D |
* Vdm—a

dew.

Total number of modes = Jdn — JN“ 2(N~+1) do = N+1==

2 S
0 e W w

N for large N.
Total crystal energy from (c) and dn of part (e) is given by

e gvj haw de
n 0 E,J'%— = 1 v wi\xx _ CUZ
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(f) Observe first from the last formula that E; increases monotonically

ur
with temperature since (e*"— 1)~ is increasing with T.
When T — (), the term — 1 in the last result may be neglected in the

denominator so

)
Er =1, %Vjﬁwe AT

xe " .
(ks T) j —W lies
hew

which is quadratic in T' (denominator in integral is effectively unity) hence

hTwmn

C, is linear in T near absolute zero.

Alternatively, if the summation is retained, we have

_ 2N hw AV
“T ? Z ™ T
o T ] Vom

When T — 0,
N Lhw Aw -
wmlx Tw
2N (kg T)2
% D e yAy.
¥

When T — oo, use e* == 1 + x in the denominator,

IN (e 1 2N, .
B B e e B

kaT

which is linear; hence C, — Nk = R, the universal gas constant. This is the
Dulong — Petit rule.

Alternatively, if the summation is retained, write denominator

M e .
as e ImkﬁTandwhenT oo,

JAY?)
—kT ;
BT o

which is linear in T, so Gy is constant.
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Sketch of C; versus T':

[
R
approaches constant value
/_—linearin T
0 T
Fig.3-2.
®
Problem 2
The Rail Gun

A young man at P and a young lady at Q were deeply in love. These two
places are separated by a strait of width w = 1000 m. After learning about
the theory of rail gun in class, the young man could not wait to construct
such a device to launch himself across the strait. He constructed a ramp of
adjustable elevation of angle # on which he laid two metal rails (the length of
each rail is D= 35. Om ) in parallel, separated by L = 2. 00 m. He managed
to connect a 2424 V DC power supply to the ends of the rails. A conducting
bar can slide freely on the metal rails such that he could hang on to it safely

as it slides.

A skilled engineer, moved by all these efforts, designed a system that
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can produce a B = 10. 0 T magnetic field that can be directed perpendicular
to the plane of the rails. The mass of the young man is 70 kg. The mass of

the conducting bar is 10 kg and its resistance is R = 1. 0 Q.

Fig.3-4.

Just after he had completed the construction and checked that it worked
perfectly, he received a call from the young lady, sobbing and telling him
that her father was going to marry her off to a rich man unless he can arrive
at Q within 11 seconds after the call, and having said that she hang up.

The young man immediately got into action and launched himself across
the strait to Q.

Show, using the steps listed below, whether it is possible for him to
make it in time, and if so, what is the range of # he must set the ramp?

(a) Derive an expression for the acceleration of the young man parallel
to the rail.

(b) Obtain an expression in terms of ¢ for the time spent

(1) on the rails, ¢, and

(i1) in flight, z,.

(c) Plot a graph of the total time T = ¢, + #, against the angle of
inclination 6.

(d) By considering the relevant parameters of this device, obtain the
range of angles that he should set. Plot another graph if necessary.

Make the following assumptions:

(1) The time between the end of the call and all preparations (such as
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setting @ to the appropriate angle) for the launch is negligible. This is to say,
the launch is considered to start at time ¢ = (0 when the bar (with the young
man hanging to it) is starting to move.

(2) The young man may start his motion from any point along the metal
rails.

(3) The higher end of the ramp and Q is at the same level, and the
distance between them is w = 1000 m.

(4) There is no question about safety such as when landing, electric
shocks, etc.

(5) The resistance of the metal rails, the internal resistance of the
power supply, the friction between the conducting bar and the rails and the
air resistance are all negligible.

(6) Take acceleration due to gravity as g = 10 m/s’,

Some Mathematical Notes.

—ar

() [e=de=—5

a

(2) The solution to % = a - bx is given by

() = %(e’“ —1) +2(0)e,

Solution

Proper Solution (taking induced emf into consideration) ;
(a) Let I be the current supplied by the battery in the absence of back

emf.

Let 7 be the induced current by back emf ,.

Sinezes. = Qdf = d(?;x) = BLv, J. i= %
Net current, Iy =I—i=I— BIIQ,U.

Forces parallel to rail are;

Force on rod due to current is
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BLv
F, = BLIy = BL(I— %)
. _ B’y
= BLI R
Net force on rod and young man combined is 'y = F, —mgsin§. (1)
Newton’s law; Fy =ma = -n:i—L:U (2

Equating (1) and (2) . substituting for F, and dividing by 7. we obtain the

acceleration

de _ w h __ BIL : dr— mR
E—a ?,werea—?—gsmﬁan r—BzT.

(b) (i) Since initial velocity of rod = 0, and let velocity of rod at time ¢

be v(z), we have

KD =B CL=8€ 7 2 (3)

Hi’(]_mg

where v, () = ar = BL

Let ¢, be the total time he spent moving along the rail, and v, be his velocity

when he leaves the rail, i.e.

Y

v, =v(t,) = v, (1—e 7) (4)

St =—rn(1—2), (5)

U
(b) (i) Let ¢, be the time in flight:

_ 2y,sin §

ty 3 (6
He must travel a horizontal distance w during ¢,.
w = (v,cos Dis, @)
g w__ 2ysin 63-
' w,cosf g

(8) (from (6) and (7))

From (8), v, is fixed by the angle § and the width of the strait w
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_ | gw
k. sin 20’ <

o =—r1n(1—i ﬁ),

(Substitute (9) in (5))

2sin gw _  [2wtan@

and br= g sin 20 g

(Substitute (9) in (8))

(¢) Therefore, total time is:

ook il )

The values of the parameters are: B =10.0T, I = 2424 A, L = 2. 00 m,
R=1.00, g = 10m/s*, m = 80 kg, and w = 1000 m.

_ mR _ _ (80)(1.0)
B2L* (10, 0)%(2. 00)?

Then T =0.20s.

0 (@) = 202 __( 8010

10.0)(2.00) \! ~ (10,0 (2. 00) (242D *™™ 9)

= 121(1 — 0. 0165sin ).

100 1
1= 30— ) 14.14 /tan0.
e S0 14. 14 /tan @

By plotting T as a function of ¢, we obtain the following graph:

T = 1,41, =—0.20In(

1ls
12|

045 05 055 06 theta/rad
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Note that the lower bound for the range of 4 to plot may be determined

n

% <1 (or the argument of In is positive) , and since B_IE is

by the condition

o

small (0.0165), v, ~ B—HE {—= 131 /8) s we have the condition:din 35510, 65;

i.e. § == 0.37. So one may start plotting from ¢ = 0. 38,

From the graph, for ¢ within the range (0.38~0.505) radian the time
T is within 11 s.

(d) However, there is another constraint, i. e. the length of rail D.

Let D, be the distance travelled during the time interval ¢,

B, f o) de = Umj:’ (1—e¥)de

[}
= v, (t+ re®)
= u,[t,— (1 —e™)]

= vut, — vt )s

o _ 1 [gw Fﬂ]
D_, '{'|i'Um (0)11’1(1 Voo (0) E‘;in2£} )+ sin 20 ’

The graph below shows D, as a function of 4.

. . . ' theta/rad
05 06 07 08 09 1.1

Fig.3- 6.

It is necessary that D, << D, which means # must range between 0.5 and
1.06 radians.

In order to satisfy both conditions, # must range between 0.5 and 0. 505
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radians.

Remarks: Using the formula for ¢,, ¢, & D, we get

At = 0.507, t, = 10.540, ¢, = 0.466, giving T = 11.01 s, D=
34,3 m;

Atf = 0.506, t, = 10.527, ¢,
34. 4 m;

Atg = 0.502, t, = 10.478, t, = 0.472, giving T = 10.95 s, D=
34. 96 m;

At = 0.50, t; = 10.453, t, = 0.474, giving T = 10.93 s, D=
35.2m.

So the more precise angle range is between 0. 502 to 0. 507, but students

are not expected to give such answers.

To 2 sig fig T = 11 s. Range is 0.50 to 0.51 (in degree: 28.6° to 29.2°
or 29°).

Alternate Solution (Not taking induced emf into consideration) :

If induced emf is not taken into account, there is no induced current, so

the net force acting on the combined mass of the young man and rod is
Fy = BIL —mgsinf.

And we have instead

. g
de ’
where a= BIL gsinf.
m
Seolp) = at
and Gew, =0(t) = at,

_ 2vusinf _ 2at,sinf

t
f P, 2
.
Therefore, w = (v,cos Nt; = ‘”%ng’
giving gL of X
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and ty = ,sz—"mﬁ_
g

Hence, T=t,+t,»=l\/gw _|_\/2wtan3
: a N sin 20 g
a
142(=)si 9}
_ ’_wg[ (g)&.m ,
“ +/ sin 20
where a= BlL:. gsin 0.
1

The values of the parameters are; B = 10.0 T, I = 2424 A, L =
2.00m, R=1.0Q, g=10m/s*, m = 80 kg, and w= 1000 m. Then,

100 [1+0.20asin 4]
@ +/sin 26

where a = 606 — 10 sin 4.

T

[ . PR |
/ 0.1 02 03 04 05 06 theta/rad

Fig.3-7.

For @ within the range (0~0.52) radian the time T is within 11 s.
However, there is another constraint, i.e. the length of rail D.
Let D, be the distance travelled during the time interval ¢,

D — &% _ 5000
* 2asin2§ asin20’

which is plotted below
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D./m

40 E

30}
20
10

[fretreorap

. 1 " L . . + theta/rad
02 04 06 08 1 12 14

Fig.3 - 8.

It is necessary that D, << D, which means # must range between 0. 11 and
1.43 radians.

In order to satisfy both conditions, # must range between 0. 11 and 0. 52
radians.

Problem 3
Wafer Fabrication

Wafer fabrication refers to the production of semiconductor chips from
silicon. In modern technologies there are more than 20 processes; we are
going to concentrate on thin films deposition.

In wafer fabrication process, thin films of various materials are
deposited on the surface of the silicon wafer. The surface of the substrate
must be extremely clean before the process of deposition. The presence of
traces of oxygen or other elements will result in the formation of a
contamination layer. The rate of formation of this layer is determined by
the impingement rate of the gas molecules hitting the substrate surface.
Assuming the number of molecules per unit volume is n, the impingement

rate on a unit area of the substrate from the gas is given by
J=—nuv,

where © is the average or mean speed of the gas molecules.
(a) Assuming that the gas molecules obey a Maxwell — Boltzmann

distribution,
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W) = 4x(5p7) deth,

where W(v) dv is the fraction of molecules whose speed lie between v and
v+ dv, M is the molar mass of the gas, T is the gas temperature and R is the
gas constant, show that the average or mean speed of the gas molecules is

given by

Fi— vaW(v)dv
o

[6RT
M’

(b) Assuming that the gases behave as an ideal gas at low pressure, P,

show that the rate of impingement is given by

P
2uemkT

where m is the mass of the molecule and T is the temperature of the gas.

(c) If the residual pressure of oxygen in a vacuum system is 133 Pa, and
by modelling the oxygen molecule as a sphere of radius approximately 3. 6 X
107" m, estimate how long it takes to deposit a molecule-thick layer of
oxygen on the wafer at 300° Celsius, assuming that all the oxygen molecules
which strike the silicon wafer surface are deposited. Assume also that
oxygen molecules in the layer are arranged side by side.

(d) In reality, not all molecules of oxygen react with the silicon. This
can be modeled by the concept of activation energy where the reacting
molecules should have total energy greater than the activation energy before
it can react. Physically this activation energy describes the fact that
chemical bonds between the silicon atoms have to be broken before a new
bond between silicon and oxygen atoms is formed. Assuming an activation
energy for the reaction to be 1 eV, estimate again how long it would take to
deposit one atomic layer of oxygen at the above temperature. You may

assume that the area under the Maxwell distribution in part (a) is unity.



80 Asian Physics Olympiad Problems and Solutions
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Fig.3-9.

(e) For lithography processes, the clean silicon wafer is coated evenly
with a layer of transparent polymer (photo-resist) of refractive index y =
1. 40. To measure the thickness of this photo-resist, the wafer is illuminated
with collimated monochromatic beam of light of wavelength 2 = 589 nm. For
a certain minimum thickness of photo-resist, d, there is a destructive
interference of reflected light, assuming normal incidence on the coating.
Derive an expression for relation between d, x and A. Calculate d using the
given data. In this point you may assume that silicon behaves as a medium
with a refractive index greater than 1.40 and you may ignore multiple
reflections.

The following data may be helpful.

Molar mass of oxygen is 32 g mol™.

Boltzmann constant, £ = 1. 38 X 107 JK,

Avogadro number, N, = 6. 02 X 10* mol™

Useful formula.

J:ﬁe_’”} = Lew (,;_2+%)

Solution

(o) SitcaWie) = 47:[ :"1 ] Fe ¥,
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3

= ‘-WUW(T})CIU Jwa4x(2m)2#e_%dv

= 4n( )%J:'Uje_% do = 4n(2g§r)% L
_ [sRT
<M

(b) Assuming an ideal gas, pV = NkT, so that the concentration of the

gas molecules, #n, is given by

_ 1 -_ 12
Ji=gni=g or p\/mszan
Nnak 1
PAl BTeM = PN kT m
 J2AET

where we have note that R = N,k and m = %’i (N, being Avogadro

IV 4
number) .
(c) Assuming close packing, there are approximately 4 molecules in an

area of 16/ m>. Thus, the number of molecules in 1 m’ is given by

4
16(3. 6 X 107")?

n =

=1.9X 10" m?2,

However at (273 +300)K and 133 Pa, the impingement rate for oxygen is

§'= - F
2mmk T
133
32X10° -
\/2:1 (Zoasciom) (1-38 X 102573

=2.6X10" m?s'.
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LT

J

The calculated time is too short compared with the actual processing.

Therefore, the time needed for the deposition is 0.7 ps.

(d) With activation energy of 1 ¢V and letting the velocity of the

oxygen molecule at this energy is v, , we have

1_ 5
Ny

2
=7, = 2453.57 ms .

=1.6X107"]

At a temperature of 573 K, the distribution of the gas molecules is

32 X107 ) e (_ 32 X107 )
27t X 8. 31 X573 P\ 2X8.31 X573

= 1.39 X 10 exp(— 3. 36 X 107° ¢#).

W () =dx(

We can estimate the fraction of the molecules with speed greater than
2454 ms ',

Using the trapezium rule (or any numerical techniques) with ordinates
at 2453, 2453 + 500, 2453+ 1000. The values are as follows:

Velocity, v Probability, W(w)
2453 1.373 X 107"
2953 2.256 x 107"
3453 6.518 107"

Using trapezium rule, the fraction of molecules with speed greater than

2453 ms™' is given by:
Fraction of molescules = %Q[(L 373 X107 4+ (22X 2.256 X 10™)
+(6.518 X 107™)]
f=3.43X107,

Thus the time needed for deposition is given by 0. 7 ps/ (3. 43 X 107*) that is
20. 4 s.

(e) For destructive interference, optical path difference = 2d = %
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where A’ = %“ is the wavelength in the coating.

\/
\/ /

dI Coating

Silicon

Fig.3- 10.

The relation is given by:

Plugging in the given values, one gets d = 105 or 105. 2 nm.



Experimental Competition

May 10,2002

PART A

Time Available; 2 % hours for Part A

Measurement of Reflectance and Determination
of Refractive Index

1. Background

The aim of this experiment is to measure the angular dependence of
reflection of polarized light and to determine the refractive index of a
semiconductor wafer.

When light falls on a semiconductor surface it will be partially
reflected, partially transmitted and partially absorbed. The relative amount
of light power reflected is called reflectance R, which is defined as the ratio

of the reflected power I, over the incident power I :
R=, (D

The incident light may be resolved into two polarized components. One
component is polarized parallel (labeled as p-polarization) to the plane of
incidence, and the other polarized perpendicular (labeled as s-polarization)
to the plane of incidence. For the red laser wavelength used in this study,
the effects of absorption at the semiconductor surface are negligible. Under
such condition, for an incident light from air onto a material the reflectance
R, and R,, respectively for the p and s components, are given by the Fresnel
equations:

——  ncos f;, —cos G,
+VR, = cos 8, + ncos 4.’ &
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B #; — ncos
i _ cosf, L
+VR, cos {; + ncos @, 3
where »n is the refractive index of the
material, @, is the angle of incidence, 6, : .
is the angle of reflection, and §, is the ' olo '
angle of transmission (or refraction), ——
as shown in Fig.3 - 11. Sample of )
. refractive I
Direct measurements of R, and R,  indexn \

with #; = 0 are practically not feasible.
However, the Fresnel equations allow Fig.3-11.

the calculation of » from R, and R, obtained for any oblique incident angle.
A possible schematic diagram for the measurement is shown in Fig.3 - 12,

and a photograph of the suggested setup is shown in Fig.3 - 13.

Sample }
Glass {
Sample Block

Diode Laser
on Rotary Stage

Sample on
Rotary Stage

i
Polarizer P ;‘
Light On Rulzrr}f Stage
Detector 4 o

Fig. 3-12.

|
I
I
|
|
Y

Laser Power __
Meter

Press this Button __
for measurement

Fig. 3-13.

Note: The reference line for angular setting is on the upper left corner

of the rotary stage.

II. Equipment and Materials
(1) A diode laser mounted on rotary stage together with 3V battery

supply.
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The laser emits a wavelength 650 nm.

Caution: Do not look into the laser beam. Watch out for strayed or
scattered laser light.

Keep the glass and sample surfaces clean with tissues provided.

(2) A linear polarizer of diameter 20 mm mounted on a rotary stage.

Note: The angular setting of 0" of the rotary stage has no bearing on the
polarization axis of the polarizer.

(3) A glass plate (refractive index 1. 57 for light of wavelength 650 nm)
and a semiconductor wafer, fixed on the opposite sides of a rectangular
sample block.

(4) Rotary optical stage with clamp for the sample block.

(5) A digital laser power meter, with light detector head mounted on a
stand that can be revolved about the sample.

(6) One optical bench.

(7) Graph paper for reflected laser power vs angular setting of the
rotary stage for polarizer (2 sheets).

(8) Graph paper for reflectance vs incident angle (4 sheets).

(9) Light-shielding board.

(10) A torch light and a flexible ruler.

Il. Experiments and Calculations

(1) Determine the plane of polarization of the incident laser light.

The diode laser emits partially linearly polarized light at 650 nm. For
best results in your measurements to be performed, the polarization axis of
the polarizer should be aligned with the strongest linear component of the
laser light.

In order to obtain R, or R,, one needs to determine the orientation of
the polarization axis of the polarizer in order to produce polarized light
parallel or perpendicular to the plane of incidence. The axis of polarization
of the polarizer can be inferred from the laser power reflected from the
glass sample of known refractive index 1. 57.

With the optics aligned as accurately as possible,

(a) Determine the relative orientation of diode laser and polarizer
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(difference in degree between the angular settings of the diode laser rotary
stage and the polarizer rotary stage) such that the polarizer is aligned with
the strongest lincar component of the laser light. In the measurements that
follow, treat the polarizer and the source as a single system, rotating both
together as necessary.

(b) Mount the glass sample on the rotary stage at the Brewster angle of
incidence. Measure and plot the reflected laser power vs the angular setting
(in degrees) of the polarizer. Hence determine the orientation of the
polarization axis of the polarizer.

Note: You will have to press the button (as indicated in Fig.3 - 13) on
the laser power meter each time to take a reading.

(2) Measure the reflectance R, and R, of the semiconductor wafer.

Mount the sample block on the rotary stage so that the reflecting plane
of the semiconductor wafer can be rotated about a vertical axis on the path
of the incident light.

With the optics aligned as accurately as possible.

(a) Set the orientation of the incident light onto the semiconductor
wafer such that it is polarized parallel to the plane of incidence.

Measure the reflected laser power and plot the values of R, as a function
of incident angle for a widest range of incident angles permitted by the
experimental setup.

(b) Change the orientation of the incident light onto the semiconductor
wafer such that it is polarized perpendicular to the plane of incidence.

Measure the reflected laser power and plot the values of R, as a function
of incident angle for a widest range of incident angles permitted by the
experimental setup.

(3) Calculate the refractive index of the semiconductor wafer.

a4+ VR)OU+VR)
AFV/R)HA—VR)’

From your graphs or otherwise determine the ranges of the angle of

(a) From the Fresnel equations, show that n =

incidence where the signs of +-+/R, are positive and negative.

(b) Using the graphs obtained in Question (2), obtain six sets of values
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for R, and R, at angles of incidence of 20°, 30°, 40°, 50°, 60° and 80°.
Calculate six values of the refractive index » of the semiconductor wafer
using these six sets of values. Compute the mean value for » and estimate its
standard deviation.
(c) Using the graphs obtained in Question (2), determine R, and R, at
normal incidence by extrapolation. Hence calculate the average refractive

index n of the semiconductor wafer from the results of extrapolation.

Answer

(1) Determine the plane of polarization of the incident laser light.

(a) Relative orientation of diode laser and polarizer (difference in
degree between the angular settings of the diode laser rotary stage and the
polarizer rotary stage).

The difference in the two angles (in degree) = 0° or 180°.

(b) Brewster angle of incidence ¢ for the glass plate = arctan 1.57 =
57.5°.

Graph of reflected laser power versus angular setting of the polarizer

rotary stage

Reflected Laser Power

—31 0 30
Relative Angle of Rotary Stage (in degrees)

Fig.3 - 14.

Angular setting of the polarizer rotary stage for axis of polarization
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parallel to the plane of incidence = 30° or 210°.

(The relative 0° of graph corresponds to 30° or 210°.)

(2) Measure the reflectance R, and R, of the semiconductor wafer.

(a) Reflectance R, (plane of polarization parallel to the plane of
incidence)

Parameters of your instrument.

(i) Angular setting of the polarizer rotary stage = 30° or 210°.

(ii) Angular setting of the diode laser rotary stage = 30° or 210°.

(iii) Measured incidence laser power I,>1. 2(mW).

Measurement, calculation of R, and graph of R, versus incident angle
(see below).

(b) Reflectance R, (plane of polarization perpendicular to the plane of
incidence)

Parameters of your instrument;

(i) Angular setting of the polarizer rotary stage = 120° or 300°.

(ii) Angular setting of the diode laser rotary stage = 120° or 300°.

(iii) Measured incidence laser power I,>>1. 2(mW).

Measurement, calculation of R, and graph of R, versu incident angle

(see below).

1.0 5
093
0.8
0.7
0.6 :
0.5 i
03 F
024
0.0 T i R R — Kb

( 10 20 30 40 50 60 70 80 90

Incident Angle (in degrees)

Reflectance

Fig.3 - 15.
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(3) Calculate the refractive index of the semiconductor sample.

(c) Equation relating the refractive index n to+ /R, and VR, .

Solve the simultaneous equations (2) and (3):

e TR ncos @, — cost?,,
+ VR, cos g, + ncos 6;

- __ cos(; — ncos 0,
R, = cos §; +ncos 6,

—— 2ncos 0, s 2cos {,
1£VR, = cos f, +ncos 0, ' 1oy = cos O, +ncos 6,

. 2ncos b, = 2cos 8
Lt R, = cos 8, + ncos 6, 1 R, = cos §, +ncos 6,

:\/(1—_F«/R,,)(1+\/R_,)
AFV/R)H)U—VR)'

The sign(s) of £ /R, : + /R, angle of incidence less than Brewster
angle;

— /R, angle of incidence larger than Brewster

angle.
(d) Six values of n
angle of incidence 6, R, R, n
20 0. 340 0. 340 3.80
30 0.325 0. 367 3.86
40 0. 225 0. 417 3.61
50 0.175 0. 467 3.60
60 0.108 0. 540 3.60
80 0. 025 0. 780 3.45

Mean and standard deviation g, for n

n (mean) = 3. 65

Z(n,—ﬁ)z
O, =] /.
n

(g, is of the order of 0. 15~0. 20.)
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Note: The value of n for the glancing angle of 80° may be excluded in
the calculation of g, for better accuracy. The calculation above includes the
glancing angle.

(e) Reflectance R, and R, of the semiconductor at normal incidence.

R_, :"‘"34%s
R, =~ 34%.

At normal incidence, R = R, = R,,, from Fresnel equations.

Take average value of R, and R,.

1++R _

Refractive index n = - = 3. 80.

1—+R

PART B

Time Available; 2 '"1,5- hours for Part B

Objective
To study how the frequency of vibration of a tuning fork varies with an equal
mass clamped on each of its prongs (at a definite point near the prong tip),
and hence to determine the pair of unknown masses X similarly attached to
the prongs.
The Stroboscope
The experiment will make use of a stroboscope (strobe) which is a simple
electronic device consisting of a discharge lamp which can be made to flash
for a short duration with a high intensity at highly regular intervals. The
strobe enables the frequency of a rotating or vibrating object to be measured
without the need for any direct physical contact with the moving object.
Caution: The strobe has a finite life time, specified in maximum
number of flashes obtainable. Do not leave it running idly when you are not
using it.
Consider a particle rotating with uniform circular motion being
illuminated by a strobe. If the flash frequency is a multiple or sub-multiple
of that of the motion, the particle will appear stationary. It follows that the

periodicity of the circular motion of the particle can be determined by tuning
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the frequency of the light flash.

Suppose the frequency of rotation of the particle is + Hz, and that of

flashing is y Hz. Then, in the time interval of % s between two successive
flashes the particle would have moved through an angle 2—;3'.

If % is an irrational number so that it cannot be expressed as a ratio of

two integers, then the particle would not appear stationary but would appear

to rotate slowly in the forward or backward direction depending on whether

Y

o is just slightly smaller or larger than some rational number nearby.

If % = —g where p and g are integers, then the strobe would flash g

times for every p complete cycles. Furthermore, if p and ¢ have no common
factors between them (assumed throughout this write-up) . then each flash
would show a different position of the particle. Thus the particle will exhibit
¢ stationary positions under the strobe flashlight.

If ¢ becomes too large, it might be difficult to count the number of
stationary positions displayed by the rotating particle.

The above theory applied to the rotating particle can be similarly
applied to that of a tuning fork vibrating in simple harmonic motion if we
regard the vibrational motion as equivalent to the motion of the projection of
the rotating particle’s position on a given diameter of the circle of motion.
However, in this case, because the vibrating object retraces the same path in
the opposite direction every half cycle, there is a chance, though very
remote, that an image in one half of a vibration cycle coincides with that in
the next half cycle. It would result in only one image (but of double the
intensity) being recorded, instead of two. This freak coincidence should be
guarded against in an experimental observation.

Identification of Fundamental Synchronism
Fundamental synchronism is obtained when the lamp flashes once for every
cycle of rotation or vibration of the mechanism under observation, so that

the object appears to stop at one stationary position. However, it will be
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appreciated that a similar and indistinguishable result will also occur when
the flash frequency is a sub-multiple (%. %. %. etc) of the object
movement frequency. Thus if the object movement frequency is totally
unknown, when adjusting for fundamental synchronism, a safe procedure is
to start at a high flash frequency, when multiple images are obtained, and
then slowly reduce the flash frequency until the first single image appears.
This procedure should be adopted in all measurements to check for
fundamental synchronism.
Multiples of Fundamental Frequency
Multiples of fundamental frequency occur when the strobe is flashing at a
higher rate than the cyclical frequency of the object under observation. The
converse when the strobe flashing rate is lower than that of the moving
object is referred to as sub-multiples of fundamental frequency.

If the lamp is flashed at a frequency g times the rotational frequency of
the particle, multiple images can be seen. In such a situation, a rotating

particle will appear as several stationary images spaced equally around the
circumference. Twice this frequency, or —;f = 2, will produce two such
images at = radians apart, and three times this frequency, or ;)—1 = 3, will
vield three images at %ﬂ radians spacing, etc. The particle rotational
frequency is then given by the flash frequency divided by the number of
images seen. In general, if ¢ = p = 1, then the strobe would flash g times
for every p cycles of the particle motion, and so there will still be ¢
stationary positions.

Sub-multiples of Fundamental Frequency
Here, jg- is less than one. If the strobe frequency is exactly 1; times that of

the object movement, where p > 1, then the object would have moved
through p cycles for every flash, and only one stationary image is seen. If
p =g > 1, then the strobe would have flashed g times for every p full cycles

of the object movement, and the number of stationary images seen would
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be q.

The Tuning Fork

A tuning fork is designed to vibrate at a fundamental frequency with no
harmonics after it is struck. The two prongs of the fork are symmetrical in
every respect so that they move in perfect anti-phase and exert, at any
instant, equal and opposite forces on the central holder. The net force on
the holder is therefore always zero so that the holder does not vibrate, and
hence holding it firmly will not cause any undesirable damping. For the same
reason the prongs of a tuning fork cannot vibrate in like phase as this will
result in a finite oscillatory force on its holder which would cause the
vibration to dampen away very quickly.

It is possible to lower the fundamental frequency of the tuning fork by
loading an equal weight on each arm. The loading on the arms has to be
symmetrical in order to minimise damping of vibration.

For such a loaded tuning fork, the period T of vibration is given by:

T =Alm+B),

where A is a constant depending on the size, shape and mechanical
properties of the tuning fork material and B is a constant depending on the
effective mass of each vibrating arm.

Items of Apparatus provided:

1. A stroboscope with digital readout.

2. A mini-torch light.

3. A tuning fork with a 31. 6g weight loaded symmetrically on each
prong and with the centre-of-mass of the weight coinciding with the point P
marked clearly on each prong.

4. Two paper clamps with two detachable levers. The levers are used
only to open the clamps, and they should be removed when you are doing the
experiment.

5. A pair of equal unknown masses X.

6. A series of the following known masses (in pairs): 5 g, 10 g, 15 g,
20 g, 25 g.

7. Regular graph papers (5 sheets).
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Experimental Steps
Step 1. Fundamental synchronism and measurements of multiple frequencies.
(a) Obtain fundamental synchronism between the strobe flash and the
vibrating tuning fork loaded with the original 31. 6g mass on each prong. By
dislodging the mass temporarily, check to make sure that the mass is pre-
clamped with its centre-of-mass located at the point P (which is marked on
the prong but hidden by the mass). Record its fundamental flash
frequency.
(b) Keeping the flash frequency above the fundamental frequency, try
to discover as many readings of flash frequencies as possible which yield

observable stationary images of the (31. 6g-loaded) tuning fork frequency.
Identify their different ;f values.
(c) Tabulate your data (in the order of increasing -)%) as follow,

g

keeping —- as a rational fraction:

q
Strobe Reading Number of Stationary Images 7 value

Plot a straight-line graph of all the observed strobe flash frequencies

against the corresponding multiple of the tuning fork frequency. Identify
cach data point on the graph with its —3 value.

Step 2. Measurements of sub-multiple frequencies.
(a) Keeping the strobe frequency below the fundamental frequency of
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the (31. 6g-loaded) tuning fork, obtain readings of all observable strobe
frequencies which vyield stationary images.
(b) Tabulate your readings as in question 1, but in the order of decreasing

4.
P

the corresponding sub-multiple of the (31. 6g—loaded) tuning fork frequency.

» and plot a straight-line graph of all the observed strobe frequencies against

Identify each data point on the graph with its —g value.

Step 3. Determination of the pair of unknown masses X.

(a) Remove the 31. 6g loading mass from each prong (which would also
reveal the point P marked on the prong) and obtain the resulting vibrational
frequency of the unloaded tuning fork.

(b) Next, obtain the vibrational frequencies of the tuning fork with
each prong loaded with known masses m of 5 g, 10 g, 15 g, 20 gand 25 g
respectively. Ensure that in cach case the centre-of-mass of the load
coincides with the point P. Note that the value of m as labelled on the mass
is the total mass of both the mass itself and that of the given paper clamp
(with both its levers removed) used to clamp it.

(c) Tabulate your results using your data obtained in (b) and plot a
graph of 1° against m. Obtain the slope, and the intercept on the m-axis.

(d) Replace the known loading masses with the unknown masses X,
and obtain the vibrational frequency under this loading. Deduce X. Again,
note that X also includes the mass of the paper clamp (with both its levers

removed) .

Solution

Step 1. Fundamental Synchronism and Multiple Frequencies

Strobe reading (Hz) No. of stationary images % value

65.1 1 1

81.7 5 1

=
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Strobe reading (Hz) No. of stationary images % value
87.2 4 1 1
T 3
98. 1 3 1 ¥
: 2
109. 0 5 1 2.
. 2 3
130. 8 2 2
163.5 5 25
196. 2 3 3
261. 4 4 4
Multiples of Fundamental Freq.
300
4
250 //"
= 200 3|,/
g oL
i) =2
£ 150 - //
; Lk
£ 100 2
@ 1
« 13
50 113
% 1 1 1 2 1 3 1 4 1
7 3 ] I 151
Multiple
Fig.3- 16.
Step 2: Sub-multiple frequencies
Strobe reading (Hz) No. of stationary images —g— value
65. 1 1 1
3
49.0 3 vy
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Strobe reading (Hz) No. of stationary images % value

2

2 =

43.6 2 3

39.2 3 -'?—

b ]

1

32:7 1 >

2
26.2 2 =

2

1

21.8 1 3

1

16.3 1 1

13.0 1 —I.

)

Sub-Multiples of Fundamental Freq.

70.0

/
I
60.0 //
g 500 V;
o 3 4
2 400
5 1 /3
£ 300 L7 G
2 1 /'/2
£ 200 310
= 1|1
10.0 /5/ i
0.0
0 i 2. 3 4 @& qi
5 5 5 5 5

Sub-Multiple

Fig.3- 17.




The Third Asian Physics Olympiad

Step 3: Determination of X

Weight (g) Frequency (Hz) Period ( T') (ms) T? (ps*)
0 128.3 7.794 60. 8
5 106. 6 9. 381 88.0

10 94.0 10. 64 113
12.8 87.5 11.43 131
15 83.2 12.02 144
20 76.0 13.16 173
25 70.1 14.27 204
31.6 65. 1 15. 36 236
256
L
20
Z S
LI" 150 /
™ v
3 131
3 7
X e 2
3 //
£
W
a, ‘f}')
7
/ 0

=15 =10 =5 0 5 10X 15 20 25 30 35
Mass, m (2)

Fig.3 - 18.
Intercept on m-axis =— 10. 5 g.

Best fit slope = 230/40.5 = 5.7 us*/g.
Value of X = 12.8 g,



Minutes of the Fourth Asian Physics Olympiad
Bangkok (Thailand), April 20 - 29, 2003

1. The following 10 countries were present at the 4th Asian Physics Olympiad:

Australia (8 students+ 2 leaders) , Indonesia (8 students+ 2 leaders) , Israel (8
students+ 2 leaders), Kyrgyzstan (5 students + 1 leader), Laos (8 students + 2
leaders) . Pakistan (2 students + 1 leader), Philippines (1 student 4 1 leader),
Chinese Taipei (8 students + 2 leaders + 1 observer). Thailand (8 students - 2
leaders+ 1 observer) and Vietnam (8 students -+ 2 leaders -+ 10 observers).

This year Laos and Pakistan participated in the APhO for the first time.

2. The Opening Ceremony was honoured by presence of Her Royal Highness
Princess Galyani Vadhana Krom Luang Naradhiwas Rajanagariondra. The
Respected Guest was welcomed with standing ovation.

3. Results of marking the papers by the organisers were presented:

The best score (45.90 points) was achieved by Pawit Sangchant from Thailand
(Absolute Winner of the [V APhO). The second and third were Widagdo Setiawan
(Indonesia) — 44. 60 points and Kang-Hao (Chinese Taipei) — 44. 10 points. The
following limits for awarding the medals and the honourable mention were

established according to the Statutes:

Gold Medal: 40 points,
Silver Medal; 34 points,
Bronze Medal: 29 points,
Honourable Mention: 22 points.

According to the above limits 14 Gold Medals, 13 Silver Medals, 11 Bronze
Medals and 12 Honourable Mentions were awarded. The list of the scores of the
winners and the students awarded with honourable mentions were distributed to all
the delegations.

4. In addition to the regular prizes a number of special prizes were awarded.

e for the Absolute Winner: Pawit Sangchant (Thailand)

e for the most creative solution in the theoretical part of the competition: Tse-

Yu Chen (Chinese Taipei)
e for the most creative solution in the experimental part of the competition:

Rangga Perdana Budoyo (Indonesia)
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® for the best score among female participants: Veronika Ulychny (Israel)

® for the best result among the “new” countries: Sara Ijaz Gilani (Pakistan)

5. Dr. Colin Taylor (Australia) and Dr. Waldemar Gorzkowski (Honorary
President of the APhOs), acting on behalf of all the Members of the International
Board, expressed deep thanks to Dr. Sirikorn Maneerin, Deputy Minister of
Education and Chairman of the Advisory Committee, Professor Sakda Siripant,
Chairman of the Organising Committee, Dr. Wijit Senghapant, Chairman of the
International Board Committee, Dr. Wudhibhan Prachyabrued, Chairman for the
Examination Papers, and Associate Professor Suwan Kusamran, Execcutive Secretary of
the Organising Committee, for excellent organisation and execution of the [V APhO.

6. The Israeli delegation provided the Permanent Secretariat of the APhOs with
the letter from the Isracli Ministry of Education. According to the letter, the
APhO2011 will be organized in Isracl. Thus, the last version of the list of the
organizers of the next APhOs is:

Vv 2004 Hanoi Vietnam April 26 - May 4(9)
W 2005 Lingga Island, Riau Indonesia confirmed orally

VI 2006 not decided yet Georgia not reconfirmed

VI 2007 not decided yet China preliminary contacts
IX 2008 not decided yet Australia preliminary contacts
X 2009 not decided yet Uzbekistan preliminary contacts
Xl 2010 not decided yet Malaysia preliminary contacts
XI 2011 not decided yet Israel confirmed

The Permanent Secretariat will ask the Georgian leaders (not present this year)
for written reconfirming willingness of Georgia (expressed orally last year) to
organise the competition in 2006 by end of July 2003.

7. Acting on behalf of the organisers of the next Asian Physics Olympiad Prof.
Phan Hong Khoi announced that the V Asian Physics Olympiad will be organised in
Hanoi (Vietnam) from April 26th to May 4th, 2004 and cordially invited all the

participating countries to attend the competition.

Assoc. Prof. Suwan Kusamran Prof. Ming-Juey Lin Dr. Yohanes Surya
Executive Secretary of the Secretary of the APhOs President of the APhOs
IV APhOs

Bangkok, 30.04.2003



Theoretical Competition

April 23,2003 Time available: 5 hours

Problem 1
Satellite’s Orbit Transfer

In the near future we ourselves may take part in launching of a satellite
which, in point of view of physics, requires only the use of simple mechanics.

(a) A satellite of mass m is presently circling the u
Earth of mass M in a circular orbit of radius R,.
What is the speed (#,) of mass m in terms of M, R,
and the universal gravitation constant G?

(b) We are to put this satellite into a trajectory
that will take it to point P at distance R, from the

centre of the Earth by increasing ( almost

instantaneously) its velocity at point Q from u, to u; . QN
What is the value of w, in terms of u,, R,, R, ? u,
(¢) Deduce the minimum value of «, in term of Fig.4-1.
u, that will allow the satellite to leave the Earth’s influence completely.
(d) (Referring to part (b).) What is the velocity (u,)of the satellite at
point P in terms of u,,» Ry, R,?
(e) Now, we want to change the orbit of the satellite at point P into a
circular orbit of radius R, by raising the value of x, (almost instantancously) to ;.
What is the magnitude of u, in terms of u,, R,, R, ?

(H)

mean orbit of —=
radius R, \
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If the satellite is slightly and instantaneously perturbed in the radial
direction so that it deviates from its previously perfectly circular orbit of
radius R;, derive the period of its oscillation T of r about the mean
distance R, .

Hint: Students may make use (if necessary) of the equation of motion

of a satellite in orbit;
| d2 d 3 ~Mm
m| —r— (_to ) ril= G — (.1 )

and the conservation of angular momentum:

mr? %0 = constant, (2)

(g) Give a rough sketch of the whole perturbed orbit together with the
unperturbed one.

Solution

(x )mm. _ GMm _ |GM
2 7 R, "

ﬂ [i]

(b) Conservation of angular momentum: mu, R, = mu,R,.

Conservation of energy: —;*mué — (_;_}I;/I_@ = —;—muf — (Jgfm
1 1]

[(%)z Ju,_z(,M(I%I 1%)

(Rn R‘J)(Ru FR]) Ri] Ri
RnR|

“’_*\/ R, R+Rn R.+R.,

(C) R?imlﬁ = '\/:Eun.

w = 2GM ="

R(I \/§Rn
@D w, = uy = thy ——e—
“ “ R5 “ A/ R (RI +Rn

©u— [CM_ [ R _  [R
’ R, R, R, R,
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_ R RRFR),
R, ﬁRu v
R1 +Ru
Uy —Us TR[;

(f) Combining equations (1) and (2):
& C GM

e i
3 3 37
dt mr r

and for the circular orbit of radius R, we haveg = GMR, ,

2 ~ ~
hence d—zr— 12—%’1,
de r r
putting r = R, + 5, where p<< R,
: & GMR_____ GM
e d£2 s j_ 3 , 2
Rl(H-Rl) R,(1+R1)
&£ _GM(, ) GM(,_,1
71T R (1 3;3,)’“" R? (1 QRT)
& oM
A2 R

The frequency of oscillation about mean distance is f =

: A [ Ri
The period T = f—21r M

Note that this period is the same as the orbital period.
(g)

: - \f./perturbed orbit

K R 20

3
unperturbed orbit—s, N 2

1 G

2
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Problem 2

Optical Gyroscope

In 1913 Georges Sagnac (1869 — 1926) considered the use of a ring
resonator to search for the aether drift relative to a rotating frame.
However, as often happen, his results turned out to be useful ways that
Sagnac himself never dreamt of. One of those applications is the Fibre -
Optic Gyroscope (FOG) which is based upon a simple phenomena, first
observed by Sagnac. The essential physics associated with the Sagnac effect
is due to the phase shift caused by two coherent beams of light being sent
around a rotating ring of optical fibre in the opposite directions. This phase
shift is also used to determine the angular speed of the ring,.

As shown in a schematic diagram in Fig. 4 - 4, a light wave enters a
circular optical fibre light path of radius R at point P on the rotating
platform with a uniform angular speed (2, in the clockwise direction. Here
the light wave is split into two waves which travels in the opposite
directions, clockwise (CW) and counter clockwise (CCW), through the

ring. The refractive index of optical fibre material is s.

Optical fibre
light path

Fig.4 - 4.

(a) Practically, the orbital speed of the ring is much less than the speed
of light such that (RQ)*<¢*, find the time difference At = ¢t'—¢ where ¢'
and £ denote the round-trip transit time of the CW and CCW beam
respectively. Give your answer in term of area A enclosed by the ring.

(b) Find the path difference, AL, for the CW and CCW beams to

complete one round-trip of the rotating ring.
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(c) For a circular fibre-optic of radius, R = 1 m, what is the maximum
value of AL for the rotation of the earth?

(d) In part (c), the measurement could be amplified by increasing
number of turns in fibre-optic coil, N, find the phase difference, A, for
lights to complete the turns.

The second scheme of the Optical Gyroscope is Ring Laser Gyroscope
(RLG). This could be accomplished by the inclusion of active laser cavity
into an equilateral triangular ring, of length L, as illustrated in Fig.4-5.
The laser source here will generate two amplified coherent light sources
propagating in the opposite directions. In order to sustain the laser
oscillation in this triangular ring resonator, the perimeter of the ring must be
equal to the integer multiple of wavelength A. Etalon, additional component
inserted into the ring, is possible to cause frequency selective losses in the

ring resonator, so that the undesired modes can be damped and suppressed.

|aser tube
Fig.4-5. Schematic illustration of the Fig.4 - 6. [Illustration of the Ring Laser
Ring Laser Gyroscope. Gyroscope discussed in this

problem.

(e) Find the time difference of the transit in clockwise and
counterclockwise, At, for the case of the triangular ring as shown in
Fig.4-5. Give the answer in terms of (2 and the area A enclosed by the
ring. Show that this result is the same as that of the circular ring.

(f) If the ring is rotating with an angular frequency  as shown in
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Fig.4 -5, there will be frequency difference between CW and CCW
measurements. What is the observed beat frequency, Av, between the CW
and CCW beams in terms of L, 02, A7

Solution

The light wave moves with speed ¢ = i in the medium having
refractive index .
Wavelength of light in medium A" = i, where A is the wavelength of
M

light in vacuum.

(a) Transit time for the CW beam:

+_ 2xR+ROt' _ 2R R\
_2aRERQ 2aR(; _RO)”,

c [ [

s

transit time for the CCW beam;:

r_EQTtR—(R.Qt_ @(1_}_}3_{2)'1;

C C
2
the time difference betweent' andt ; At = @ ;thg“ﬂz ;
since (R2)* < %,
__4xR’Q
At == )

(b) The round-trip optical path difference, AL, is given by

() AL = 6.9 X 107" m.
Indication that the gyroscope has to be placed at the north/south pole.
(d) The corresponding optical phase difference A is

)p. where 2’ = &,
H

. 2wAL,. (Sﬂszﬂ

o4 A cA

For N turns of fiber optic ring,
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BCRND _ (8x°RIND)
C!A! cA £

M:

(e) The figure shows the triangular ring
rotating about the centre O with the angular
speed 2 in the clockwise direction. Without
loosing generality, let us first consider the
velocity of light along AC in the CW and
CCW direction,

v, = ¢ ERQcos = c+=0h,

where h is constant.

where z. is the time taken for light traveling along AC in the CW and CCW.

L L I(1:|:'Qh),

= 'Lr__ c+0h

where L is the perimeter of the triangular ring.
Therefore, the time difference of light traveling in one complete cycle.

o= HLh 302y, ) 404,

where A is the area of the triangular ring.
(f) The resonance frequencies associated with L. corresponding to the

effective cavity lengths seen by CW and CCW propagating beams

respectively is

Li=ct'== L(1 —%),

L =ct "’L(1 +ﬂh)
where L. is the perimeter of the equilateral triangle in the CW (+) and

CCW (—) and we also use the fact that A2 < c.

Therefore,
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Nh

e

AL=L —L =2L
The condition to sustain the laser oscillation (given in the problem) ,
'Z_L\L:ﬂl‘.'s m=1,2,3,...

Ly
m m AL AL
7

AMNN=1v—v =1t CcC—7CcR=n 5 =V

I I L7

The approximation arises from L, L_== L*, where L is the perimeter of the
triangular ring.

Hence, Av = aL, — ‘}ﬂtﬂ =1 Q.Q.

L Le 3/3 A

Problem 3
Plasma Lens

The physics of the intense particle beams has a great impact not only on
the basic research but also the applications in medicine and industry. The
plasma lens is a device to provide an ultra-strong final focus at the end of the
linear colliders. To appreciate the possibilities of the plasma lens it is quite
natural to compare this with the usual magnetic and electrostatic lenses. In
magnetic lenses, focusing capability is proportional to the magnetic field
gradient. The practical upper limit of the quadrupole focusing lens is in the
order of 10> T/m, while for plasma lens having density of 107 cm™, its
focusing capability is equivalent to a magnetic field gradient of 3 X 10° T/m
(about four orders of magnitude more than that of a magnetic quadrupole
lens) .

In what follows, we will illuminate why the intense relativistic particle
beams could produce self-focusing beams and do not blow themselves apart
in free space.

(a) Consider a long cylindrical electron beam of uniform number
density # and average speed v (both quantities in laboratory frame). Derive
the expression for the electric field at a point at distance » from the central

axis of the beam using classical electromagnetics.
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(b) Derive the expression for the magnetic field at the same point as in
al.

(c) What is then the net outward force on the electron in the electron
beam passing that point?

(d) Assuming that the expression obtained in (c¢) is applicable at

relativistic velocities, what will be the force on the electron as v approaches

9

1
A Ep ‘

(e) If an electron beam of radius R enters into a plasma of uniform

the speed of light ¢, where ¢ =

density n, << n (The plasma is an ionized gas of ions and electrons with equal
charge density. ), what will be the net force on the stationary plasma ion at
distance »' outside the electron beam long after the beam entering the
plasma. You may assume that the density of the plasma ions remains
constant and the cylindrical symmetry is maintained.

(f) After long enough time, what is the net force on an electron at
distance »r from the central axis of the beam in the plasma, assuming v—>¢
provided that the density of the plasma ions remains constant and the

cylindrical symmetry is maintained?

Solution

(a) From Gauss’s law, E =— %
=)
(b) From Ampere’s law, By, =— @

(¢) The net Lorentz force is

F = (%—‘w—']mzzmz)r=%(1 —%)r

1
W Eo fln ’

(d) F,—0 as v—c, this implies the electric force and magnetic force

where c=

cancel each other out.

(e) The stationary plasma particles have v = 0, hence F;, =+ ¢€E,,



where

for positive ion

for electron

and there is no cancellation from the magnetic force.
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neR?  nyer’
E, —_ 7 L]
2er 2e
4
. 'R me'r
Ff‘ = ﬁ s r— L]
2€nf' 2E‘n
14
e’ R né'r
B e MET
2eyr 2g;
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As a result the plasma electrons will be blown out, and the ions are

pulled in.

(f) The net force on the electron beam in plasma medium is given by,

in the limit v—c, F m~—

2 ] 2
ne’r nyer
F= 1— q)r— e &
2St|( 3 2€n !
]
nye rr

2€|>



Experimental Competition

April 25, 2003

I . Determination of Capacitance

Background

It is known that capacitors play a significant role in the electrical
circuits. There are several methods of measurements of the capacitance of a
capacitor. In this experiment you are required to perform the experiment in
order to determine the capacitance of an AC capacitor using a simple
electrical circuitry.

In Fig.4 - 8, a capacitor of capacitance C and a resistor of resistance R

arc connected in series to the alternating voltage source of mains frequency.

The electrical power which is dissipated at J_
the resistor R depends on the values of g, , C
C, R and frequency of the mains f.

£, sin af
Graphical analysis of this relationship can

be used to determine C. Fig.4- 8. AC Circuit for determination

Materials and apparatus of capacitance C.
1. Capacitor.

c
2. Three resistors of known valueswith —
+ 5% errors ( Ry, = 680 Q, Rz = 1500 0 and % D
Rc = 3300 Q) as shown in Fig.4-9. EH %
o 220 VAC
3. Step-down isolation transformer for 50 Hz
R. R, R,
alternating voltage source of f = 50 Hz. r

4. Digital voltmeter. Fig.4-9. A schematic diagram of
5. Electrical connectors. the equipment used.
6. Linear graph papers.
Warning: The digital multimeter in this experiment will be used for
measuring the rms voltage (V) across R only. Do not use it to measure in

other modes.
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Instructions

(a) Derive the expression for the average power dissipation P in resistor
R in terms of &,, R, C and w.

(b) Deduce the condition for which P is a maximum.

(c) Convert the dependence found in (a) into a linear dependence of
certain quantities ¢ and S,

(d) Measure the root mean square (effective) voltage V across R for
each of all possible combinations of R;, R; and R...

(e) Plot P versus R and from this graph compute the value of
capacitance C.

(f) From (c), draw the graph of « versus 3 and determine capacitance
C:

(g) Estimate the uncertainties in the values of C obtained in (e) and

(.

Solution

1,
~ €0

2

(a) P = PR=—0R,
R+ ()
(b &%EZ“’
1,
d—_ d 2%
Lp-=- R
dR dRR2+(;uLC)2
R+ (L) —reR
=1g (“"J)I s
[+ () ]
condition for I_JW: R = wlc.
5 5 _ %sﬁ - %eﬁR
| 2
R+() Rl+(ge) ]
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R[l+( )]
1T 2 1
~zp s TR ze)
S 1 5% 1
Rﬁ_vz_eﬁ :(2e) =
Note: The linear graph will be Rfj or ‘;2 VErsus o3 Rz If a is the slope and

L @1 1B
aﬁcl_b_:’c wN a’

b is the intercept with the Y axis,

An alternative method:

leg
v_ 29
R + (w_C)

v =[R+() 15
h-[ @) 31

2
b3
R = La(B) - ()

2
Note: The graph will be R* versus (%) and C is determined from the

Y-intercept.

(d)
No. Resistor(s) R (Q) V (V) P= %(W)
1 R, 680 9. 86 0. 144
2 Rp 1500 17. 36 0. 202
3 Re 3300 22.81 0. 159
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Cont.
No. Resistor () R () vV P=%w
4 Ry + Ry 2180 20. 49 0. 193
5 Ry // Ry 468 7.28 0. 111
6 Rs+Rc 4800 23.98 0.122
7 Ry // Re 1032 13.78 0. 186
8 Re+Ra 3980 23. 66 0. 141
9 Re // Ra 564 8. 42 0.126
10 Ri+Ry+Re 5480 24. 40 0. 109
11 (Rs // Ry) +Re 3768 23,43 0. 147
12 (Ry // Re)+Ra 1712 18. 63 0. 202
13 (Re // Ra)+Ry 2064 20.15 0. 195
14 (R // Rs) // Re 410 6.22 0. 094
15 (Rs+Rs) J/ Re 1313 16. 18 0. 200
16 (Rs +Re) // Ra 596 8. 82 0. 131
17 (Re+Ry) // Ry 1089 14.36 0.190

(data points = 17; 2.5, >>13; 2.0, =>9; 1.5>3; 1.0, =3; 0.5)

(e)

P(W)

0.25

0.10

0.05

0.00

RatP,.. = 1600 =>C = = =

] 1000

2000 3000

4000 5000 6000

RQ)

Fig.4 - 10

1
w. 27t X 50 X 1600
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=1.9X10° F = 1.9 4F.

(f) Linear graph.

R(Q) VV) P= % (W) R—lﬁmW)“ I—;;(x 107 a™)
410 6.22 0. 094 0. 0259 5.948
468 7.28 0. 111 0.0193 4.565
564 8. 42 0. 126 0. 0141 3.143
596 8. 82 0. 131 0.0128 2.815
680 9. 86 0. 144 0.0102 2. 162

1032 13.78 0. 186 0. 0052 0.938

1089 14. 36 0. 190 0. 0048 0.843

1313 16. 18 0. 200 0. 0038 0.580

1500 17.36 0.202 0. 0033 0. 444

1712 18. 63 0. 202 0. 0029 0.341

2064 20. 15 0. 195 0. 0025 0. 234

2180 20. 49 0. 193 0. 0024 0. 210

3300 22. 81 0.159 0. 0019 0. 091

3768 23.43 0. 147 0. 0018 0. 070

3980 23. 66 0. 141 0.0018 0. 0631

4800 23.98 0.122 0.0017 0. 0434

5480 24. 40 0. 109 0.0017 0.0333

L qew)
RP
0.030,
0.025} 2

0.020¢
»=0.004.:10.0015
0.015}
0.010¢

0.005¢

O 100 200 300 400 500 600 7.00
(<1070

Fig.4- 11.



Graphical analysis: slope

0. 0015(OW) ' ;

1

b
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a e
p €=

a = 0.004 X 10° Q/W, Y-intercept = b

1 /6 —q95%10¢F= 1.95 yuF.
7] a

An alternative method of linear graph

117

R(Q) 8% P=Yw | (2)av | rxice
410 6.22 0. 094 4345 0.17
468 7.28 0. 111 4133 0.22
564 8.42 0.126 4487 0. 32
596 8. 82 0.131 4566 0. 36
680 9. 86 0. 144 4756 0. 46
1032 13.78 0. 186 5609 1.07
1089 14. 36 0. 190 5751 1:19
1313 16. 18 0. 200 6585 1.72
1500 17. 36 0. 202 7466 2.:25
1712 18. 63 0.202 8445 2,93
2064 20.15 0.195 10 492 4.26
2180 20. 49 0.193 11320 4.75
3300 22,81 0. 159 20930 10. 89
3768 23.43 0. 147 25 863 14.20
3980 23. 66 0.141 28 297 15. 84
4800 23.98 0.122 40 067 23.04
5480 24,40 0. 109 50 441 30.03

2
Graphical analysis: Y-intercept = (wLC)

1
wC

= 2.5428 X 10°

=1.595 X 10° 0=>C = 1. 99 X 107¢ F = 1. 99 ,F,
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RAH(>X 100 Q%)
35.00

30.00
25.001
20.00+
15.00+

y=644 r—2.54 X 108

10.00
5.00+

0.00 < : . : : '
10000 20000 30000 40000 50000 60 000
—5.00" RV
(%) @vy

Fig.4 - 12.

(g) Estimation of the uncertainty in the values of C obtained in (e).

Estimation of the uncertainty in the values of C obtained in (f).

II. Cylindrical Bore

Background

There are many techniques to study the object with a bore inside.
Mechanical oscillation method is one of the non-destructive techniques. In
this problem, you are given a brass cube of uniform density with cylindrical
bore inside. You are required to perform non-destructive mechanical
measurements and use these data to plot the appropriate graph to find the
ratio of the radius of the bore to the side of the cube.

The cube of sides @ has a cylindrical bore of radius 4 along the axis of
symmetry as shown in Fig.4 —13. This bore is covered by very thin discs of
the same material. A, B and C represent small holes at the corners of the
cube. These holes can be used for suspending the cube in two configurations.
Fig. 4 - 14(a) shows the suspension using A and B; the other suspension is by
using B and C as shown in Fig.4 - 14(b).
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(a)

Fig.4 - 14. Two configurations of cube’s suspension.

Students may use the following in their derivation of necessary formulae;

For a solid cube of side a

|

|
= %Ma2 about both axes, i X

|

|

c.m. = centre of mass. JEsmEiaes f=5

For a solid cylinder of radius & length a

T imb2 ;

2
1

— 1 2 1 .,
Iy 1574 + 4mb.
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Materials and apparatus
1. Brass cube.

2. Stop watch.
3. Stand.
4. Thread.
5. Ruler/centimeter stick.
6. Linear graph papers.
Experiment

(a) Choose only one of the two bifilar suspensions as shown in
Fig.4—-14 and derive the expressions for the moment of inertia and the
period of oscillation about the vertical axis through the centre of mass in
terms of /, d, b, a and g where [ is the length of each thread and d is the
separation between threads.

(b) Perform necessary non-destructive mechanical measurements and
: ; b
use these data to plot an appropriate graph and then find the value of e

The value of g for Bangkok=9. 78 m/s".

Solution

(a) Derivation of moment of inertia I,
For configuration in Fig.4 - 14(a),

1

=K g
1,—6Ma 5

mb? = —é—(pa3)a2 — 5 (prb )t

= % P %p:mb*.

For configuration in Fig.4 - 14(b),

I, = iM'a2 - imaz - imbz

6 12 4

1 1 1
= E(pa")az2 — E(pn’bza)az — E(pnbza)bz

= %pa'r’ — 112pﬂa36‘2 = %pnaf)“.
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Derivation of period of oscillation T.

For both configurations;

The restoring torque r=Fd,
w o RS et B
where F Mg and " N d,
2
1
Fa S ME %0,
2
net mass m,=pa3(1—=té*5)=pa"(1—nx2)wherer=ﬁ,
a a
Lgd
{l
since Y P ek
I
1 d?
,_daw_ AET
== 1
0 4wl _ ( 16::2:')g
lm,gdz m[]gdz ’
4

For configuration in Fig.4 — 14(a)

3 SR g
Ti= [161:26'0“ 2"”‘““’},
gd® pa’(1—nx?)

T2 — 8_:{_(1)2 1 —3:::.*{,

! 3g\d 1 —x?
o 2:‘_1£21_3?|.’R.“
and ford =+2a, T3 P E—

For configuration in Fig. 4 - 14(b),

1 s(1—xb _3nb
i F(’“z (1" 3a " %a
)

121
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and ford = a, Ti= ="

3g 1— qz
(b) For configuration in Fig.4 —14(a), d = 7. 0 c¢m,

I{cm) T, for 40 oscillations(s) T, (s) (Ty)*(s")
16.5 20. 60 20. 50 20.70 0.515 0. 265
17.9 21.35 2135 21.30 0.533 0. 284
22.6 24,05 24. 00 24. 00 0. 601 0.362
27. 4 26.55 26. 45 26. 55 0. 663 (. 440
29.0 27. 40 27. 40 27. 40 0. 685 0. 469
34.2 29.75 29.70 29.65 (. 743 0. 551
36..1 30. 60 30. 60 30. 50 0. 764 0. 584
43.0 33. 40 33.35 33.50 0. 835 0. 698
3 sets of » oscillations n == 20,
number of lengths [=5.

T3(s%)
0.80r
0.701
0.60}
0.50F
040}
030
020
0.10F
0.00
0.0 10.0 20.0 30.0 40.0 50.0 fem)
Slope of graph:
0. 698 — 0. 265 (0. 433

5 =

= 1. 634 s*/m,

T (43.0—16.5) X102 26.5X 102
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= b = (. 25,
a

For configuration in Fig.4-14(b), d = 4.9 cm.
{(cm) T, for 50 oscillations(s) T, (s) (T,)*(s")
43.8 46. 95 46. 90 46. 80 (). 938 (). 880
36.0 42.70 42.45 42.50 0. 851 0.724
30.9 39. 60 39. 40 39.35 0. 789 0.623
26.5 36. 40 36. 30 36. 45 0. 728 0. 530
19.5 30. 80 30. 85 30.75 0. 616 0. 379

T!{s?.)

1.40

1.20F

100+

0.80+

0.60F

0.40

0.20

0 10.0 20.0 30.0 50.0
f{cm)
Slope of graph:
5 = 0,88 — 0,93 = 0::35 =2.02 ¢ /m,

7 (43.8—26.5) X102 17.3X 107

b

T = = 0. 22.



Minutes of the Fifth Asian Physics Olympiad
Hanoi (Vietnam) April 26 — May 4,2004

Present ; Prof. Tran Van Nhung (Chairman)
Prof. Waldemar Gorzkowski (President of the IPhO)
Prof. Yohanes Surya (President of the APhQO)
Prof. Ming-Juey Lin (Secretary of the APhO)
Prof. Phan Hong Khoi (Honourable President of the APhO5)
Prof. Dam Trung Don (President of the APhO5)
Mr. Phan Duy Nga (Secretary)
Leaders
Observers
Members of Organizing Committee
1. The total number of participants in the 5th APhO is 148. Among them there
arc 97 official competitors, 6 guest (unofficial) competitors, 9 female competitors,
27 leaders (including two leaders of the guest team), 16 observers and 2 visitors.
These participants come from the following 13 countries and territories: Australia,
Cambodia, Chinese Taipei, Indonesia, Israel, Kazakhstan, Malaysia, Mongolia,
People’s Republic of China, Singapore, Thailand, Turkmenistan, and Vietnam.
Cambodia and Turkmenistan are participating APhO for the first time. Indonesia
sends two teams: one official team with 8 students (Team A) and one guest team
with 6 students (Team B). The Turkmenistan team consists of 4 students, the
Kazakhstan team — 5 students. The youngest participant comes from Indonesia.
2. The opening ceremony of the 5th APhO was honored by presence of H. E.
Mr. Tran Duc Luong, President of the Socialist Republic of Vietnam. The Vice
Premier of the Socialist Republic of Vietnam, Dr. Pham Gia Khiem will be the
Guest of Honour for the closing ceremony.
3. The results of the marking papers are as follow:
The best score (45.10 points) was achieved by RUITIAN LANG from People’s
Republic of China.
The second score (44. 80 points) by ZHEN LI from People’s Republic of
China.
The third score (42. 40 points) by YALI MIAO from People’s Republic of
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China.
According to the statutes of APhO, the following limits for awarding medals

and honorable mentions were established:

Gold medal; 39 points,
Silver medal: 34 points,
Bronze medal: 28 points,
Honorable mention: 22 points.

According to the above limits, 6 Gold medals, 7 Silver medals, 9 Bronze
medals, and 23 Honorable mentions were awarded for the competitors of the 5th
APhO (see an attachment list).

4. In addition to the regular prizes, a number of special prizes are awarded:

® for the Absolute Winner (4510 points) ; Ruitian Lang from People’s Republic
of China

® for the best score in theory (27. 90 points): Ruitian Lang from People’s
Republic of China

® for the best score in experiment (19. 75 points): Yeming Shi from People’s
Republic of China.

A number of special mentions will be awarded:

® for the best female participant; Veronika Ulychny from Israel

® for the youngest participant: Yongki Utama from Indonesia

® for the best participant from the new participating countries:

(1) Ear Socheat from Cambodia

(2) Rustam Durdyyew Halmuhammedowic. from Turkmenistan.

5. The International Board agreed to publish the best or the most creative
solutions in the APhO proceeding without asking the student’s permission.

6. Chairman Tran Van Nhung informed that the equipment used for the
experiment exam would be distributed to the teams as souvenirs.

7. A list of the Hosts of the APhO in the future is as follows:.

® 2005 - Indonesia

® 2006 - Kazakhstan

® 2007 - People’s Republic of Chine (tentative)

® 2008 — Australia (tentative)

® 2009 - Uzbekistan

® 2010 - Malaysia (tentative)
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® 2011 - Israel.

8. Acting on behalf of the organizers of the 6th APhO, the Indonesian
delegation announced that the 6th APhO would be organized in Pekanbaru (Riau
province Indonesia) in April 2005 and cordially invited all participating countries to
attend the competition.

9. Prof. Yohanes Surya (President of the APhO) and Prof. Waldemar
Gorzkowski ( Honourable President of the APhQ). acting on behalf of all the
members of the International Board, expressed deep thanks to Prof. Tran Van
Nhung, Deputy Minister of Education and Training of Vietnam, Chairman. and
members of the 5th APhO Organizing Committee, for excellent organization and

execution of the 5th APhO.

Hanoi, May 2,2004

Mr. Phan Duy Nga, Prof. Ming-Juey Lin Prof. Yohanes Surya,
Executive Secretary of Secretary of the APhO President of the APhO
the 5th APhO



Theoretical Competition

April 28,2004

Problem 1

Measure the Mass in the Weightless State

In the spacecraft orbiting the Earth, there is weightless state, so that
one cannot use ordinary instrument to measure the weight and then to
deduce the mass of astronaut. Skylab 2 and some other spacecrafts are
supplied with a Body Mass Measurement Device, which consists of a chair
attached to one end of a spring. The other end of the spring is attached to a
fixed point of the spacecraft. The axis of the spring passes through the
center of mass of the craft. The force constant (the hardness) of the spring
isk = 605.6 N/m.

(1) When the craft is fixed on the pad, the chair (without person)
oscillates with the period T, = 1. 281 95 s

Calculate the mass m, of the chair.

(2) When the craft orbits the Earth the astronaut straps himself into
the chair and measures the period T of the chair oscillation. He obtains
T  =2.330 44 s, then calculates roughly his mass. He feels some doubt and
tries to find the true value of his mass. He measures again the period of
oscillation of the chair (without person), and find T, = 1. 273 95 s.

What is the true value of the astronaut’s mass and the craft’s mass?

Note; Mass of spring is negligible and the astronaut is floating.

Solution

(1) Formula for period of oscillation:

n

2—“2211

F.J:w“ 5

(€]

One can deduce
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ke

(2) When the craft orbits the Earth, oscillating system is the spring
with one end attached to the chair of mass m, and the other end attached to
the craft with mass M. This system oscillates like an object with mass

r o omyM

mﬂ_mr;—FM (3)

attached to an end of the spring, the other end of the spring is fixed () is
the reduced mass of the system craft-chair). The period T, of the system is

also given by (1) and (2). We can deduce

2= ()= 25
The mass M of the craft can be calculated from (3)
_ _my __ 25 221
wor () -
(%1)2 = = 2001 kg. (5)

Let m be the mass of astronaut and chair, the coressponding reduce mass

. '
1Ism :

v mM
v i (6)
the expression of m is then
r
m
M= —,
11—
M

The reduce mass 72’ can be calculated from the oscillation period T’ by using
formula (2);

r__605.6 (2. 330 44
m _— -

2
4 s daie) —BiBike
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the true value of the mass m is
83. 31

w = 86. 93 kg'
2001

the true value of the mass of astronaut:
86.93 —25.21 = 61. 72 kg.

Problem 2
Optical Fiber

”F

Fig.5- 1.
An optical fiber consists of a cylindrical core of radius @, made of a
transparent material with refraction index varying gradually from the value

n =n, on the axis ton = n, (with 1 <Zn, <_n, ) at a distance a from the axis,
according to the formula

n=nlz) =m V1 —o2’

where x is the distance from the core axis and « is a constant. The core is
surrounded by a cladding made of a material with constant refraction index

n,. QOutside the fiber is air, of refractive index n,.

Let Oz be the axis of the fiber, with O the center of the fiber end.
Giverny, = 1.000; 7, = 1.5003 n, = 1. 460, a = 25 [Tia:8

(1) A monochromatic light ray enters the fiber at point O under an
incident angle @;, the incident plane being the plane xOz.

(a) Show that at each point on the trajectory of the light in the fiber,
the refractive index n and the angle @ between the light ray and the Oz axis

129



130 Asian Physics Olympiad Problems and Solutions

satisfy the relationship ncos # = C where C is a constant. Find the expression
for C in terms of n, and 4,.

(b) Use the result found in (1) (a) and the trigonometric relation

cos § = (1 +tan’@) ? , where tanf = j—; = 2’ is the slope of the tangent to the

trajectory at point (x, z), derive an equation for z'. Find the full
expression for ¢ in terms of n,, n, and a. By differentiating the two sides of
this equation versus z, find the equation for the second derivative z".

(¢) Find the expression of x as a function of z, that isz = f(z), which
satisfies the above equation. This is the equation of the trajectory of light in
the fiber.

(d) Sketch one full period of the trajectories of the light rays entering
the fiber under two different incident angles ;.

(2) Light propagates in the optical fiber.

(a) Find the maximum incident angle 6, under which the light ray
still can propagate inside the core of the fiber.

(b) Determine the expression for coordinate = of the crossing points of
a light ray with Oz axis for @, - 0.

(3) The light is used to transmit signals in the form of very short light
pulses (of negligible pulse width).

(a) Determine the time r it takes the light to travel from point O to the
first crossing point with Oz for incident angle 6, = 0 and §; << 0,,,.

The ratio of the coordinate = of the first crossing point and r is called
the propagation speed of the light signal along the fiber. Assume that this
speed varies monotonously with 4.

Find this speed (called v,,) for @, = 8...

Find also the propagation speed (called ) of the light along the axis
O=.

Compare the two speeds.

(b) The light beam bearing the signals is a converging beam entering
the fiber at O under different incident angles ¢; with 0 << 0, << ;. Calculate
the highest repetition frequency f of the signal pulses, so that at a distance

z =1000 m two consecutive pulses are still separated (that is, the pulses do
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not overlap).
Attention
1. The wave propertics of the light are not considered in this problem.
2. Neglect any chromatic dispersion in the fiber.
3. The speed of light in vacuum is ¢ = 2. 998 X 10° m/s.
4. You may use the following formulae:

The length of a small arc element ds in the xOz plane is

ds = dzaf1+ (E)

J‘L = l.r’\n:::sin @;
Va: — Bt b a
a’ Arcsin be
22dx _. i Va—Ey a o a
JE—B2 26 26° :

Arcsin x is the inverse function of the sine function. Its value equals the

less angle the sine of which is . In other words, if y = arcsinax, siny = .,

Solution

(1) (a) At both sides of the point O (outside and inside the fiber),

according to Snell law, we have
mysinf;, = nysind, , (1)

where ¢, is the value of angle ¢ at point O inside the fiber.
The light trajectory lays in the zOz plane. Because the refraction index
n varies along x direction, we divide Ox axis into small elements dz, so that

in cach of these elements n can be considered as constant. We have, then
nsini = (n+dn) » sin(:i +di), (2
where i is the angle between the light trajectory and x direction. Because 0+

.
S ’
2

ncos = (n+dn) « cos(§- di). (3
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Thus, at each point of coordinate x on the light trajectory, we have

ncos @ = n, /1 —a’ 2’ cos @ = n,cos 6.

Because
cos 0y = /T—wid; = [1— 3L,
we have
ncos@ = ncosh =n, /1 — Si:;ﬁ? = /i —sin’ 4,.
Then

ncos @ = C = /n} — sin®f, .

(1) (b Becauscj—; = 2’ = tan§, from (6) we have:

m V1—dPcos=m /1—2 (1 +tan26)_% e
Squaring the two sides, we obtain

CZ

(1—e22)(1+tan’ ' =
n

and

n

1+I’2:(1-—a2f)@.

After derivating the two sides of (8) versus z, we get

" azﬂz
x + C211‘=U.
Because n = n, v/1—o?2* and
n=matz=10,
n=m,alxr=a,
we get
n—n

(4)

(5)

(6)

N

(8)

()]
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Finally, we get the equation for z";
2 2
#” n — n . i
x —|—a—2 o2 —sid) | " 0. am
(c) The equation for the light trajectory is obtained by solving (10).
This is an equation similar to that for an harmonic oscillation, which

solution can be written right away

x = xysin(pz +q) (D
with

The parameters p and g are determined from the boundary conditions:

atz =0, 2 =0, hence g = 0;

gte= 0 nside e fiver, & =% = wndy, ten

dz
__tan§,
Ty =T
P
a * sinf,
= ———. (12)
Vni —n
The equation for the trajectory of the light inside the fiber is
asin @; i n—n z
FT=  ——"""-—= § —_—— . — ], 1
= T ) Y

(d) Here is a sketch of the trajectories of two rays entering the fiber at

O, under different incident angles.

X—r |

Fig.5- 2.

(2) (a) The condition for the light to propagate along the fiber is that
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xy = a. This means

asin §;
w7
or
sinf;, << v/n} —nj. (14)
Thus the incident angle ¢; must not exceed &, with
sin @, = v/} —n = 0.344 (14a)
or

0, < 0,,, = aresin(/n7 —n3 ) = arcsin 0. 344
= (). 351rad = 20. 13°.

(b) The crossing points of the light beam with Oz axis must satisfy the

condition pz = kx, with £ — an integer. The z coordinates of these points

zz%"zkmfini _51%8' (15)

arc

except for g, = 0.

(3) (a) The rays entering the fiber at different incident angles have
different trajectories. As a consequence, the propagation speeds of the rays
along the fiber should be different.

The light trajectories are sinusoidal as given in (13). Let us calculate
the time r it takes the light to propagate from point O to its first crossing point
with Oz axis. This is twice the time it takes the light to
propagate from point O to its position most distant from Oz
axis.

The time required for the light to travel a small segment

ds along its trajectory is

SN (L Q= s = S TN
Fa c c dx
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_n 1 3?2 _on, dx
=2 14l ) vae=ta iR,
From (6), we have
dp = n (1 —d*2%) e
¢ /sin'0, —mod 2
and
T & _ﬁ J*r dr B 2J"T“ Jldx
ZJ-udI_C(tl \/W &l W)
2
where
- - -
I, = HIQAICSIH sind, | o W ’ a7
ny o

w ;
- sin®@; » Arcsin
— x /50’0 — nld )

2 2
2

Ty

i sing; |

3 3
(1] 2?21 o 0

Izz

__ msin®f,
e (18)

Using (16), (17), (18), we obtain

Tta'nz, (1_Siﬂ25,-)
€ J/n:—nk 2m; )

(19

e

The propagation speed along the fiber is v = f, where z is the

coordinate of the first crossing point, which is determined by (15) for
k = 1. Because z and r depend on the incident angle §;, v also depends on §;.

For §; = ..., from (14a), we get

o — T 2cy/ni—n (1+ﬁ)_1 =2t (20)
m m n-an? ??f H% +n§
and
— 2X2.998X10° X 1.460 _ 4 995 3¢ 10% /s, (20a)

e 1. 5007 + 1. 460°
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The propagation speed of the light along the Oz axis is
v=— 2D

because the refraction index is n, on the axis of the fiber.

The numerical value 1s

O 8
o — % — 1.999 X 10° m/s. (21a)

(3) (b) If the beam of the light pulses is formed by rays converging at
O, then the rays with different incident angles has different propagation
speeds. The two rays of incident angles §, = () and 6; = 8,y arrive to the plane
z with a time delay

&z _ % () —n,)?

At =
Um Uy c 2”2

(22)

This means that a very short light pulse becomes a pulse of finite width Az
given by (22) at the plane z. If two consecutive pulses enter the fiber with a
delay greater than Az, then at the plane z. they are separated. Hence the
repetition frequency of the pulses must not exceed the maximal value

2ecem,

fa=A) = 2k (23)
2z (ny —ny)

If z = 1000 m , then

_ 23X 2.998 X 10" X 1. 460

— = = - M 5
1000 X (1. 500 — 1. 460)° il Bkl

S

Problem 3

Compression and Expansion of a Two Gases System

A cylinder is divided in two compartments v, N oV, A
with a mobile partition NM. The compartment B 7,
in the left is limited by the fond of the cylinder T T
and the partiton NM (Fig.5-3). This 7 %

compartment contains one mole of water vapor. Fig.5-3
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The compartment in the right is limited by the partition NM and a mobile
piston AB. This compartment contains one mole of nitrogen gas (N,).

At first, the volumes and temperatures of the gases in two
compartments are equal. The partition NM is well heat conductive. Its heat
capacity is very small and can be neglected.

The specific volume of liquid water is negligible in comparison with the
specific volume of water vapor at the same temperature.

The specific latent heat of vaporization L is defined as the amount of
heat that must be delivered to one unit of mass of substance to convert it
from liquid state to vapor at the same temperature. For water at T, =
373 K, L = 2250 k] /kg.

(1) Suppose that the piston and the wall of the cylinder are heat
conductive, the partition NM can slide freely without friction. The initial
state of the gases in the cylinder is defined as follows:

Pressure p;, = 0.5 atm.; total volume V, = 2V,,; temperature T, =
373 K.

The piston AB slowly compresses the gases in a quasi-static (quasi-
equilibrium) and isothermal process to the final volume Vi =V, /4.

(a) Draw the p (V) curve, which is the curve representing the
dependence of pressure p on the total volume V of both gases in the cylinder
at temperature T,. Calculate the coordinates of important points of the
curve.

Gas constant: R = 8.31 J/(mol » K) or R = 0. 0820 (L. » atm. )/(mol «
K); 1 atm. = 101. 3 kPa;

Under the pressure p, = 1 atm., water boils at the temperature
T, =373 K.

(b) Calculate the work done by the piston in the process of gases

compressing.
dv

(c) Calculate the heat delivered to outside in the process.

(2) All conditions as in (1) except that there is friction between
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partition NM and the wall of the cylinder so that NM displaces only when
the difference of the pressures acting on its two opposed faces attains 0.5
atm. and over (assuming that the coefficients of static and kinetic friction
are equal).

(a) Draw the p (V) curve representing the pressure p in the right
compartment as a function of the total volume V of both gases in the
cylinder at a constant temperature T, .

(b) Calculate the work done by the piston in compressing the gases.

(c) After the volume of gases reaches the value Vp = V, /4, piston AB
displaces slowly to the right and makes a quasi-static and isothermal process
of expansion of both substances (water and nitrogen) to the initial total
volume 2V,,. Continue to draw in the diagram in question (2) (a) the curve
representing this process.

Hint for (2)

Create a table like the one shown here and use it to draw the curves as
required in (2) (a) and (2) (c).

—_— Left compartment Right compartment Total Pressiite ok
Volume Pressure Volume Pressure | volume piston AB
initial | Vo - 0. 5 atm. I Vo I 0. 5 atm. I 2Va I 0.5 atm.
2
3
final 2V,

(3) Suppose that the wall and the fond of the cylinder and the piston are
heat insulator, the partition NM is fixed and heat conductive, the initial state
of gases is as in (1). Piston AB moves slowly toward the right side and

increases the volume of the right compartment until the water vapor begins
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to condense in the left compartment.
(a) Calculate the final volume of the right compartment.

(b) Calculate the work done by the gas in this expansion.

The ratio of isobaric heat capacity to isochoric one y = C—P for nitrogen

d'd

; 7 8
i8N =3 and for water vapor y, = G-
In the interval of temperature from 353 K to 393 K one can use the

following approximate formula:
_ el 1
p=new~ (77

where T is boiling temperature of water under pressure p, p its molar mass.

Pos Ly and T, are given above.

Solution

(1) (a) The isotherm curve is shown in Fig.5 - 4.

platm.)

Fig.5-4.

_RT, _ _ 8.31X373

- 5 3 3
o = Tt ot oo — 00612 = 61.2 dun’.

E‘:I

(b) The process of compressing can be divided into 3 stages:

(p,» 2V,) — 2p,. V) — (2)@)] . %) s (4p” %)

(D (2 3 €))
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The work in each stage can be calculated as follows:

v, v, qv
A =—J pdV=2RT1J v = 2RT In2 = 4297],
v,

v,
Aza :2P1 (Vn_%):RTl = 31007,

v,

, +v,
Aw =4, v =RT,[;, ¥ = RT\In2 = 21491,

The total work of gases compressing is
A=A, +A»s+ Ay = 9545 ] == 9.55 k]. (D

(c) In the second stage 23, all the water vapor (one mole) condenses.
The heat @ delivered in the process equals the sum of the work A and the
decrease AU of internal energy of one mole of water vapor in the condensing

process.
Q’ = AU+A12 +A23 +A34-

One can remark that AU + A,; is the heat delivered when one mole of

water vapor condenses, and equals 0. 018 X L. Thus

Q =AU+A,+A,+A, =0018XL+A,+A,
= 46. 946 ] = 47 kJ. [@))

(2) The process of compression (2) (a) and expansion (2) (c) of gases

can be divided into several stages. The stages are limited by the following

states:
Left compartment Right compartment
St Total Pressure on
Valinie Pressure Voliine Pressure volume | piston (atm.)
(atm.) (atm. )}
1 Vi 0.5 Va 0.5 2V, 0.5
2 Vo 0.5 0.5V, 1 1. 5V, 1
3 0.5V, 1 VT 1.5 2v, 1.5
. Vi Vo
4 0 1 3 1.5 3 1.5
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Cont.
Left compartment Right compartment
State Total Pressurc on
Volume Pressure Valiitia Pressure volume | piston (atm.)
(atm. ) (atm.)
; Ve " v
5 0 1.5 n 2 2 2
: 2 Vo
6 0 1.5 3 1.5 3 1.5
7 0 1 Vi 0.5 Va 0.5
8 0.5V, 1 Vo 0.5 1.5V, 0.5
2
9 (Z—ﬁ)Vr. ﬁ:_ ﬁvu \% 2V, TZ == (). 35

(a) See Fig.5 -5 below.

A platm.)
sl___5
I
s |
1.3F=———4
I
|
T TS O . YN ..
|
|
|
(7 SO (0[O [ = DS g 1
035F———A~F——F———==d—= s e 9
Il | I | [ |
I | ] | | |
L | | 1 1 I 1 -
(} Vﬂ VO ]’]il ‘VO VII l 5."!II 2‘":I V
4 3 2 6
Fig.5- 5.

(b) The work A, done by the piston in the process of compressing the

gases equals the sum of the work A calculated in (1) and the work done by

the force of friction. The latter equals 0. 5 atm, X V|, = p,V, (the force of

kinetic friction appears in the process 234 during which the displacement of

the partition NM corresponding to a variation V, of volume of the left

compartment). Then, we have:

A, =A+pV, =9545+8.31 X373 = 12645 ] == 12. 65 kJ.
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(c) In process 89 the pressure in the left compartment is always larger
than the pressure in the right one (with a difference of 0.5 atm.). If p
denotes the pressure in the right compartment, the pressure in the left one
will be p+ 0.5 atm.

Let V be the total volume in process 89, we have

RT, . RT,
5 TpFes v

. L _21(111 ’ - 1 @
W"hv_zv“__n.S . p can be defined by » +},}+ﬂ_5— 0.5

RI. _BRC

This is equivalent to.
pFH0.5+p=4p- (p+0.5),

1 _v2 _,
= — =YY= — (). 35 atm. .
PTE T4

The pressure in the right compartment is p = (. 35 atm., ,

The volume of the right compartment is 2V .
The pressure in the left compartment is p+ 0. 35 = 0. 85 atm. .
The volume of the left compartment is (2 —+/2)V,.
(3) (a) Apply the first law of thermodynamic for the system of two
gases in the cylinder:

8q = dU -+ 8A. (3)

In an element of process in which the variations of temperature and

volume are respectively dT and dV'.

dq = 0; dU = (Gy, +Cy)dT = (y. 1)dT;
A = p - dV.
On the other hand, pV = RT. (4

One can deduce the differential equation for the process;

(254555 )aT+p - av =

or
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dT" | (n— D —2) dV _
RINEE e T 2
By putting
_h—DG;—-1D _ 2
B= ntrn—2 11 -
after integrating (5), we have
TVX = const. N

The condensing temperature of water vapor under the pressure 0.5 atm. is
also the boiling temperature T' of water under the same pressure. By using

the given approximate formula, we obtain

- — %'Z(—i)lnﬁ

e [f we consider p approximatively constant (with relative deviation

about 3w5/) T' can be easily found. and

T = 354K,

The volume V ' of the right compartment at temperature T' can be

calculated as follows:

o (T\Y o, 373\ _ -
v =V, (3 ) =V(35) =133Ve=1.3V,
=81.6dm’ = 0.0816 m* =~ 0. 08 m>.

(b) The work done by the gas in the expansion is

A=—AU= (G, +G)(T,—T"

= (5 _1+—)(373 354)

- (‘ERJr—éR)x 19 =868 J = 9 X 107 .
e If we consider the dependence of water vapor pressure p on
temperature T, we must resolve the transcendental equation

1_1:(_R)1 17 Ry, R T T’

= 0 P2 ST T T ALl Tl
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This equation can be reduced to a numerical one:

11 . 4 L
T 373 1.422 X 10 2.052 X 10%n 373"

By giving T different values 354, 353, 352 and choosing the one which
satisfies this equation, we find the approximate solution:

T’ =353 K,

With this value of temperature, the volume of the right compartment is

V' =V,(32)" = 1.35V, = 0.082m" == 0.08 m’.

(c¢) The work done by the gas in the expansion is

A= %szuztmjﬁfﬂxmz i



Experimental Competition

April 30, 2004

Problem 1
Hall Effect and Magnetoresistivity Effect

Apparatus and materials

(1) Three digital multimeters.

(2) A Hall sensor with four pins MNPQ (M in black wire, N yellow wire,
P red wire, Q green wire), fixed on a printed circuit, a pair of conductors
leading to M, N; another pair of conductors leading to P, Q.

(3) A permanent magnet in the shape of a disk, of radius »= 14 mm, of
thickness + = 4 mm. The magnetization is perpendicular to the surface of the
disk. The value B, (in Tesla) of the magnetic ficld at the surface of the
magnet is written on its surface.

During the experiment, keep the magnet far away from the Hall sensor
whenever you do not use it.

(4) A coil of N turns is wound on a core having the shape of a toroid,
made of a ferromagnetic material. The average radius of the core is p =
25 mm. The toroid has a gap of widthd = 3 mm,

(5) A box with two independent 1.5 V dry cells. The cell connected in
series to a 10 k() variable resistor, called battery 1, is used to supply the
current to the Hall sensor. The second cell, called battery 2, is used to
supply the current to the coil only during the measurement.

(6) A protractor with a small hole at its center.

(7) A piece of plexiglass with a small needle fixed on it.

(8) A holder for the printed circuit with the Hall sensor.

(9) A small piece of plastic used to fix the sensor on the needle.

(10) Conductors with negligible resistance.

(11) Graph papers.
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10 k€2
variable

Fig.5- 6.

Experiment
I . Introduction

The magnetoresistivity effect and the Hall effect.
Consider a conductor sample in the

shape of a parallelopiped of length a, width

b and thickness ¢ (see Fig. 5 — 7). The e a M /'\3
current I flows along the direction of a. If P 2

the sample is placed in a magnetic field B, b / i o T-
The magnetic field affects the resistance R B < X

of the sample. This effect is called magneto -
resistivity effect ( MRE). Let AR the
increase of the resistance R of the sample, R,— the value of R in the

Fig.5-7.

absence of magnetic field, then the magnitude of the MRE is defined by the

ratio AR
RU :
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Assume that the applied magnetic field is uniform and the magnetic
induction vector B is parallel to the top face of the sample as shown in
Fig.5-7. If the charge carriers in the sample are electrons, the Lorentz
force will bend them upward., and the top face of the sample will be charged
negatively. This effect is called the Hall effect. The voltage appearing
between electrodes M (on the top face) and N (on the bottom face) is called
the Hall voltage. This can be measured by use of a voltmeter.

The potential difference measured between the electrodes M and N is
given by

U = Uy +Vay» (D

where Uy, is the Hall voltage. Vi, is the potential difference in the absence
of magnetic field due to some undesired effects (the electrodes M and N
being not exactly opposite to each other. etc.).

Normally. the Hall voltage Uy is proportional to IB « sin 6, and the
magnitude of the MRE is proportional to B® sin°d, where @ is the angle

between vector B and the current direction. But when the sample has a non
regular shape, the dependence of Uy and % on B sin # may be more

complicated.
The Hall effect is used to fabricate a device for measuring the magnetic
field. This device is called the Hall sensor. For Hall sensor. the expression

of Uy is given by
L‘rH:C(' I'B‘Sinﬁs (2)

where a is. by definition, the sensitivity of the Hall sensor.
II. The measuring sample

The measuring sample in this experiment is a commercial Hall sensor. It
consists of a small thin semiconductor plate covered with plastic, with 4

ohmic electrodes, leading to the pins M. N. P. Q M — p

(see Fig.5 - 8). It is used in this experiment to @
study both the MRE and the Hall effect. Fig.5-8.

Place the sensor in the magnetic field and use an ohmmeter to mesure
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the resistance between pins M and N, we can deduce the magnitude of the
MRE. Set a current (I ~ 1 mA) flowing from P to Q, we can study the
Hall effect by measuring the voltage between M and N with a milivoltmeter.
. Experiment

(1) Determination of the sensitivity o of the Hall sensor.

Set the current through the sensor I~1 mA. Keep the distance between
the sensor and the centre of the surface of the magnet y = 2 ecm. Adjust the
orientation of magnet for obtaining maximal value of Hall voltage. Measure
the Hall voltage with some values of I and determine the sensitivity « of the
Hall sensor.

For a magnet having the shape of a disk of radius r, thickness ¢, the
magnetic field at a point situated on its axis at a distance y from the center
of the disk surface with y > ¢ is given by the expression
y+t

s Yy
GO +7 WJ

where B, is the magnetic induction at the surface of the magnet. The value

=3
B(y) = 23:,[ )

of B, is given on the surface of the magnet.

(2) Study of the dependence of Uy on angle @ between B and the current
direction

Set the current through the sensor I ~ 1mA. Keep the distance
between the sensor and the centre of the surface of the magnet y =2 cm. Put
the magnet on the protractor so that the plane of the magnet is
perpendicular to the line connecting the sensor and centre of the magnet.

(a) Draw a sketch of the experimental arrangement.

(b) Tabulate the values of Uy for 4 in the range of — 90° < < 90°.

(c) Verify the proportionality between Uy and sin ¢ by using a graph
plotted in an appropriate way.

(3) Study of the dependence of %R on B, for B perpendicular to the

sample plane.
The MRE is significant only at sufficiently strong magnetic field. So it

is recommended to use a magnetic field as strong as possible.
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(a) Draw a sketch of the experimental arrangement and explain the
principle of the measurements.

(b) Perform measurements and tabulate the data.
(c) Assume that %RMB*, determine the value of 2 by using a graph

plotted in an appropriate way. Estimate the maximal deviation of the
obtained value of k.

(4) Determination of the relative permeability p of the ferromagnetic
materials of the core of the toroidal coil

Determine the relative permeability 2 of the core material at the
measured current intensity I by following this guidance step by step:

e Put the Hall sensor into the gap on the core.

e Connect the coil and an ammeter to battery 2. Use only the inputs
“COM” and “20 A” of the ammeter in this case.

® Measure the current [ in the coil and the magnetic field B in the gap.

® Calculate the value of 4.

You can use the following relation:

BGrp~d) | By — 4n107 NI
f_l

The average radius of the core p = 25 mm; N = number of turns; the
width of the gapd = 3 mm,
Appendix
Instruction for the digital multimeter

(1) Press the Power On/Off button before use.

(2) When the multimeter is used as a milliammeter, the inlets are COM
and A. Turn the Function Dial to DCA (2 m to 200 m).

(3) When the multimeter is used as an ammeter, the inlets are COM
and 20 A. Turn the Function Dial to DCA (20 m).

(4) When the multimeter is used as a millivoltmeter, the inlets are
COM and V(. Turn the Function Dial to DCV (200 m to 1000 m).

(5) When the multimeter is used as an ohmmeter, the inlets are COM
and V). Turn the Function Dial to {) (200 m to 200 m).
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Power On/OfT

W S Voltage & resistanccl

Current port Common port

Fig.5-9.

Solution

(1) Determination of the sensitivity « of the Hall sensor

The current I; supplied by battery 1 and flowing through the
miliammeter and the sensor via the pins P and Q is maintained unchanged.
Use the variable resistance to maintain I;~ 1 mA. The Hall voltage Uy, is
measured across the pins M and N with a milivoltmeter.

In the absence of a magnetic field, we obtain — 1.3 mV << Vi <<
1.3 mV.

Put the magnet on the protractor at a distance y =2 ecm =2 X 10° m
from the sensor.

Rotate the protractor to obtain the maximum value of U,;. We find the
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position of the magnet, in which the line joining the magnet and the sensor
is perpendicular to the surface of the sensor. In this position of the magnet
the axis is perpendicular to the surface of the sensor and B is perpendicular
to the current Iy, and § = 90°.
Measure U,y and calculate the value of Uy :Uy = Uy — Vg
Calculate the value of B by using Eq. (1).

Use the relationa = % to calculate the value of a.

Repeat the measurement to obtain 4 — 5 different values of «, and
calculate the mean value of « and the deviation Aa.

(2) Study the dependence of Uy on 4.

(a) Keeping y unchanged. y = 2 cm. By rotating the protractor, we
change the angle § between B and the current direction.

(b) At each angle @ , measure Uy (always with the same I;;). Vary the
angle in the range —90° << § << 90°.

Tabulate U}, versus 4.

For Ll'r“ = ')’Sirl g, then:
InUy = Iny+m+ In(sin @ (2)

Plot InUj; versus In(sin @), we get m and the error.
We find that the graph of In Uy versus In(sin &) is a straight line. From

the graph we can deduce m = 1.

[ y=+1.09.r43.35. max dev: 0.0462. r>=0.999,

In(sin €)

Fig.5 - 10.
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(3) Study the dependence of %R on B.

The Hall sensor, with its sensitivity ¢ obtained from part (1), is used to
measure the magnetic induction B. It serves to study the magnetoresistivity
as well. Because the resistance between N and M does not change during the
experiment (and equals about 350 ) we can study the dependence AR

instead of ‘?—f on B.

(a) Keep the axis of the magnet perpendicular to the surface of the
sensor by the procedure described in part (1). Provide a current I = 1 mA to
the Hall sensor and measure the intensity of the magnetic field (at the
sensor) .

Turn off the current, and switch the multimeter from the milivoltmeter
regime to the chmmeter regime.

Measure the resistance between N and M and calculate the value of AR.

Vary the distance y from the sensor to the magnet from 2 cm to 0.6 cm

and repeat the above measurement. Tabulate the values of %R or AR

versus B.

(b) Assuming %I_? = B+ B, we have
in(45) = Ing-+ ki B. M

Plot In(%) versus In B.

Draw a straight line passing as nearly the experimental points as
possible. The slope of this line gives the value of £. One can find the value
k~2, The deviation of % can be estimated from the graph by using eye-
balling method.

The student may use the less square method to determine £ and the
error.

(4) Determination of the permeability x of a ferromagnetic core in a

toroidal coil.



The Fifth Asian Physics Olympiad 153

y="1.74.0'—1.87. max dev: 0.0156, r2=0.9¢

In(AR)

16 18 20
In( )

Fig.5- 11.

Put the Hall sensor into the gap. Keep the current through the sensor
constant, ] = 1 mA. The sensor is used to measure B in the gap.

Connect the coil to battery 2 via an ammeter. Note the value I of the
current flowing in the coil. I. varies from 3 to 4 amperes. Turn off
immediately the current I after reading its value, to avoid the variation of
the temperature of the sensor.

Count the number N of turns of the coil. From the values of Uy, a,

determine B. From the values of B, p, d and N, using the relation:

Blo=d 4 By —4r-107 - N- 1,

M

we obtain the value of p.

Problem 2
Black Box

Apparatus and materials

(1) A double beam oscilloscope.

(2) A function generator capable to generate sine, triangle and square
waves over the (0. 02 Hz to 2 MHz range.

(3) A “Black Box” with two groups of connectors: the ABCD group
and A'B’C’D’ group. Besides, there are also two connectors for the standard

resistor R, = 5 k), which is isolated from the two groups.
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(4) Conductors of negligible resistance.

(5) Graph paper.

Warning: You are not allowed to open the black box.
Experiment

In the black box, there are two groups of passive elements (that are
elements of the types: resistor R, capacitor C or inductor (induction coil) L).
The first group consists of three elements Z,, Z,, Z; connected in a star
circuit as shown in Fig.5 - 12. The elements are led out to the connectors A,
B, C and D, with A — the common connector of the ABCD group. The
second group consists of three elements Z;, Z>, Z, connected in the same
manner to connectors A", B', C' and D', with A" — the common connector
of the A'B'C'D’ group (see Fig.5-13).

Fig.5- 12. Fig.5— 13.

(1) By using the oscilloscope and the function generator. determine the
type and the parameter (that is resistance of R, capacity of C, inductivity of
L) of each of the elements Z,, Z,, Z, and Z|, Z;, Zi.

(2) Connect five points B, C, B', C' and D' together. We obtain a
new black box with terminals DD'A" (called DD'A").

(a) Draw the electric circuit of this black box.

(b) Apply a sine wave from the generator to connectors D and A'.

Plot a graph of the ratio of the voltage amplitudes K = %’—"— and the
DA’

phase shift ¢ between these voltages as functions of the frequency f of the
signal.
(¢) The graphs possess a particular point at a certain frequency f.

Upa
UDA'

Determine the value of the frequency f,, the ratio K = and the phase
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shift ¢ at this frequency.

(d) Derive the relation between f;, and the parameters of the elements

in the black box and calculate the values of f.

Appendix

Instruction to instruments
1. Oscilloscope

(1) Power ON/OFF Button
(2) CH2 or Y IN connector

(3) CH1 or X IN connector

(4) CH2 VOLTS/DIV switch

(5) (7) VARIABLE controls

For applying an input signal to vertical
amplifier CH2, or the Y-axis ( Vertical)
amplifier during X - Y operation.

For applying an input signal to vertical
amplifier CH1, or the X-axis (Horizontal)
amplifier during X - Y operation.

To select the calibrated deflection factor of
the input signal fed to CH2 vertical amplifier.
Provide continuosly variable adjustement of
deflection factor between steps of the VOLTS/
DIV switches.

VOLTS/DIV calibration are accurate only
when the VARIABLE controls are click-
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(6) CH1 VOLTS/DIV switch

(8) FOCUS control
(9) INTEN control

(10) X5 MAG switch

(11) CH1 Position control

(12) V MODE switch

(13) CH2 INV switch

(14) CH2 Position control

stopped in their fully clockwise position.
To select the calibrated deflection factor of
the input signal fed to CH1 vertical
amplifier.
To obtain maximum trace sharpness.
Adjusts the brightness of the CRT display.
Clockwise rotation increases brightness.
The sensibility of vertical axis will become
5 times if the switch selected at X5 MAG.
That's to say, the measuring voltage will be
1/5 of indicator value of VOLTS/DIV.
For vertically positioning the CH1 trace on
the CRT screen, clockwise rotation moves
the trace upward. counterclockwise rotation
moves the trace down.
To select the vertical amplifier display
mode. CHI1 position displays only the CH1
input signal on the CRT screen.
CH2 position displays only the CH2 input
signal on the CRT screen.
DUAL position displays the CH1 and CH2
input signal on the CRT screen.

If trigger Source is selected CH1, CHOP

mode: TIME/DIV 0. 2 s~1 ms

ALT mode: TIME/DIV 0.5 ms~0. 2 ps

If Trigger Source is selected VERT,

ALT mode: TIME/DIV 0.2 s~0. 2 pis
ADD position displays the algebraic sum of
CHI1 and CH2 signal.
Select switch at INV the signal added to
CH2 will be turned over.

For vertically positioning the CH2 trace on
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(15) Trigger LEVEL control

(16) Trigger Slope switch

(17) Horizontal Position control

(18) X 10 MAG switch

(19) VARIABLE control

(20) VARIABLE control
(21) Trigger MODE switch

the CRT screen, clockwise rotation moves
the trace upward, counterclockwise rotation
moves the trace down.

To select the trigger signal amplitude at which
triggering occurs. When rotated clockwise,
the trigger point moves toward the positive
peak of the trigger signal. When this
control is rotated counterclockwise, the
trigger point moves toward the negative
peak of the trigger signal.

To select the positive or negative slope of
the trigger signal (on LEVEL control) for
initiating sweep. Pulled in., the switch
selects the positive (+) slope. When
pushed, this switch selects the negative (—)
slope.

To adjust the horizontal position of the
traces displayed on control the CRT.
Clockwise rotation moves the traces to the
right, counterclockwise rotation moves the
traces to the left.

Placing the switch on X 10 MAG sweep
time will be expanded to 10 times and in
this instance sweep time becomes 1/10 of
TIME/DIV indicator value.

Provides continuously variable adjustment
of sweep rate between steps of the TIME/
DIV switch. TIME/DIV calibrations are
accurate only when the VARIABLE control is
click-stopped fully clockwise.

To select the sweep triggering mode.
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(22) TIME/DIV switch

(23) Trigger Source switch

2. Function generator

Output

connect

AUTO position selects free-running sweep
where a baseline is displayed in the absence
of a signal.

This condition automatically reverts to
triggered sweep when a trigger signal of 25
Hz or higher is received and other trigger
controls are properly set.

NORM position produces sweep only when
a trigger signal is received and other controls
are properly set. No trace is visible when
the signal frequency is 25 Hz or lower.

TV -V and TV - H positions are used for
observing composite video signals. They
are not used in our case.

To select cither the calibrated sweep rate
of the main timebase, the delay time range
for delayed sweep operation or X - Y operation.

To conveniently select the trigger source.

In our case, set it to CH1.

[ Power ON/OFF button ]Frequency adjustin” Frequency rangcl Waveform | |Output amplitude

Fig.5 - 15.

e The Power button may be pressed for “ON” and pressed again for
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“OFF”.
® Sclect the Frequency Range and press the proper button.
e The frequency is shown on the digital display.
® Use the Frequency adjusting knob to tune to the proper frequency.
® Sclect the Waveform (sine wave, triangle wave or square wave) by

pressing the appropriate button.

Solution

(1) The type of the elements Z.

Adjust the oscilloscope to obtain the same gain for the two channels.
Use the sine wave from the generator.

Use the circuit in Fig.5 - 16 to determine the type of the elements.

We find finally.

Z,» 7, and Z, are resistors and Z', = Z,= 27, = (10. 0+ 0. 5) kQ,

Z,, Z, and Z; are capacitors, and C, = C, = %C’g = (47 + 2) nF.

Oscilloscope

L] I

Q CH2

Generator

20=F

Fig.5- 16. Fig.5- 17.

(2) (a) The electric circuit of the black box DD’ A’ is shown in
Fig.5 - 17.

(b) Apply a sine wave signal to connectors D and A’. Connect D and A’
to channel 1 (CH1) and D' and A’ to channel 2 (CH2).

The ratio K = E,”"’" is determined from the amplitudes of the signals
N
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Upa vaUpy . The phase shift ¢ can be determined directly from the traces of
the signals (or from the Lissajous patterns).

Tabulating K and ¢ versus f, we get for example:

f 100 150 200 300 330 400 600 800
K 0.29 .30 0.32 0.33 0.32 0.3 0.28
(o] 44 28 16 2 0 —8 —24 — 38

The experimental error of f is+ 1 Hz, of ¢ is-£5° and of K is+0.02.
Here are the plots of K and ¢ as functions of f.

0.32

0.28
i
0.24
0.20
0 300 600 900
Frequency (Hz)
Fig.5 - 18.
60— — T
40—
B 20— : :
&l : ! } :
= : o i
s T S
—204— . S
ETERER REEER.S
0 300 600 900
Frequency (Hz)

Fig.5- 19.
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(¢c) The graphs possess a particular point at f, = 330 = 1 Hz, at
which ¢ equals zero and K has a maximum of K = 0.33 4+ 0.01. ¢
changes its sign from positive to negative with increasing of the frequency
[ across f,.

The value of f;, may vary from 325 Hz to 335 Hz depending on the set
of experiment, due to the deviation in the value of the resistance and
capacitance in the set.

(d) The phasor diagram for the circuit is shown in Fig. 5 - 20, where
u, is the instantancous voltage between D and D' , and U,— its
amplitude.

1

2
We have tanq, = LandU, =1 (%) 4

wCR 4C* "
IR
2 -
al
II
2Cw
U,
Fig.5—20. Fig.5-21.

For the D'A' parallel cicuit, I, = I, + I,, and the phasor diagram is
shown in Fig.5 - 21. U, is in phase with I;.

tan @, = ;2 =w+2C- —g"_ = wCR. Let U, the voltage between D' and A',
3

we have I; = I, =U, » 2C » w. Hence

U
E
2

1

=
2
J(3)

By combining Fig. 5 — 20 and Fig. 5 — 21, we obtain Fig. 5 — 22, with

U2=I|'

U = U, +U, being the instantaneous voltage between D and A'.
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IR
I, 2
% Ja,
f] J{
20C
U U
U
Fig.5 - 22.

Forw = 2xnf = f,‘%' tana; = ;(%E = tana; = wCR. In this condition,

U;s U, and U are in phase, so that ¢ = a; —a; = 0. Hence K = %}H‘”‘r =
.
L Substituing w = == into U, and U, , we obtain K = 4
U, +U,’ CR ‘ 3
That is, for f, = 2 1 1 — 331 Hz, K =

2x  2xRC  2;+ 10" + 48 + 107

% =0.33, ¢ = 0, which is observed in the experiment.

1

For w+# R’ U, and U, are out of phase. and K has values smaller than

| =



Minutes of the Sixth Asian Physics Olympiad
Pckanbaru (Riau, Indonesia), April 24 - May 2, 2005

1. The following 16 countries were present at the 6th Asian Physics Olympiad:

Azerbaijan (6 students + 2 leaders), Cambodia (8 students + 2 leaders + 3
observers), China (8 students + 2 leaders + 1 observer), Indonesia (8 students - 2
leaders) , Jordan (7 students + 2 leaders) , Kazakhstan (8 students + 2 leaders + 2
observers) , Kyrgyzstan (2 students—+ 1 leader), Laos PDR (2 students+1 leader) .
Malaysia (8 students + 2 leaders + 1 observer), the Philippines (2 students + 1
leader) , Qatar (6 students—+ 2 leaders) , Singapore (8 students—+ 2 leaders) , Chinese
Taipei (8 students + 2 leaders + 1 observer), Tajikistan (2 students + 1 leader),
Thailand (8 students—+2 leaders—+ 1 observer) and Vietnam (8 students—2 leaders+
3 observers).

Two countries were present as observers, i.e. the United Arab Emirates (2
persons) and Turkmenistan (1 person).

Indonesia was represented by the regular team and by two guest teams:
Indonesia B (4 students + 1 leader) and Indonesia C (8 students from Riau + 2
leaders) .

In addition to the above 16 countries a team from Russia (7 students and two
leaders) participated as a guest team.

This year Azerbaijan. Qatar and Tajikistan participated in the APhO for the
first time.

2. The Opening Ceremony was honoured by the presence of His Excellency
Vice-President of the Republic of Indonesia Mr. Jusuf Kalla. At both Opening and
Closing Ceremonies His Excellency the Minister of National Education of the
Republic of Indonesia, Prof. Dr. Bambang Sudibyo and His Excellency Mr. Rusli
Zainal, the Governor of Riau were present.

3. Results of marking the papers by the organisers were presented as the
following ;

The best score (45.60 points) was achieved by Li Fang from China (the
Absolute Winner of the 6th APhO). The second score (45. 15 points) by Han-Hsuan
Lin from Chinese Taipei. The third score Ming-Jie Dai (44. 60 points) from China.

The following limits for awarding the medals and the honourable mention were
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established according to the Statutes:

Gold Medal. 40 points,
Silver Medal 35 points,
Bronze Medal: 29 points,
Honourable Mention; 22 points.

According to the above limits 14 Gold Medals, 6 Silver Medals, 13 Bronze
Medals and 19 Honourable Mentions were awarded. The list of the scores of the
winners and the students awarded with honourable mentions were distributed to all
the delegations.

4. In addition to the regular prizes the following special prizes were awarded:

e for the Absolute Winner with 45. 60 points; Li Fang (China)

e for the best result in the theoretical part of the competition with 29. 00
points; Yin-Hsuan Lin (Chinese Taipei)

® for the best result in the experimental part of the competition with 19. 15
points: Han-Hsuan Lin (Chinese Taipei)

® for the best female participant: Charmaine Sia Jia Min (Singapore)

e for the best participant in the foreign guest team: Ivan Kiselev (Russia)

e for the best participants from each new country (Prize created by the
President of APhOs)':

Azer Eyvazov (Azerbaijan)
Mukhtordzhon Soliev (Tajikistan)
Turki Obaid N. M. Jamaan (Qatar)

e for the best participant from the host Province (Riau): Bambang Dwiputra
(Indonesia C)

® for the youngest participant: Alexander Afanas’ev (Russia)

5. Prof. Yohanes Surya presented the last version of the list of the organizers
of the next APhOs:

7th 2006 Almaty Kazakhstan invitation done

8th 2007  not decided yet  China not reconfirmed yet
9th 2008 not decided yet  Australia preliminary contacts
10th 2009  not decided yet  Uzbekistan

11th 2010  not decided yet = Malaysia preliminary contacts
12th 2011  not decided yet  Isracl confirmed

13th 2012  not decided yet ~ Chinese Taipei preliminary contacts
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14th 2013  not decided yet  Cambodia preliminary contacts

As the Secretariat of the APhOs has lost contacts with Uzbekistan, certain
changes in the above table are possible.

6. The International Board has unanimously re-elected Prof. Yohanes Surya to
the post of President of the Asian Physics Olympiads for the next five years, i.e. to
May 2010. The re-election was welcomed by applause.

7. Acting on behalf of the organisers of the next Asian Physics Olympiad in
Kazakhstan, the Kazakhi delegation announced that the 7th Asian Physics Olympiad
would be organised in Almaty (Kazakhstan) from April 23rd to May 1st, 2006 and
cordially invited all the participating countrics to attend the competition.
Appropriate brochure was disseminated to all the delegation leaders and observers.

8. Dr. Waldemar Gorzkowski (Honorary President of the APhOs), acting on
behalf of all the Members of the International Board, expressed deep thanks to the
Organizers and all other people involved in the works at the Olympiad in Pekanbaru

for excellent organisation and execution of the 6th APhO.

Pekanbaru, January 5,2005

Dr. Rachmat Widodo Adi Prof. Ming-Juey Lin Prof. Yohanes Surya
Chairman of the 6th APhO'’s Secretary of the APhOs President of the APhOs
Organizing Committee

I For a mistake not all of these Prizes were mentioned at the Closing Ceremony. The missing
diplomas were sent to the students by regular post.



Theoretical Competition

April 27,2005 Time available: 5 hours

Problem 1A
Spring Cylinder With Massive Piston

Consider n = 2 moles of ideal Helium gas at

a pressure P, . volume V and temperature T;, = —
™ o " j
300 K placed in a vertical cylindrical container

(see Fig.6-1). A moveable (frictionless

~PISTON

horizontal piston of mass m = 10 kg (assume

g =9.8m/s* ) and cross section A = 500 cm?

compresses the gas leaving the upper section |[.-". GAS- - - - .

of the container void. There is a vertical

spring attached to the piston and the upper

wall of the container. Disregard any gas Fg-671-

leakage through their surface contact, and neglect the specific thermal
capacities of the container, piston and spring. Initially the system is in
equilibrium and the spring is unstretched. Neglect the spring’s mass.

(a) Calculate the frequency f of small oscillation of the piston, when it
is slightly displaced from equilibrium position.

(b) Then the piston is pushed down until the gas volume is halved, and

released with zero velocity. Calculate the value(s) of the gas volume when

the piston speed is, fﬁté’ri.
rA

Let the spring constant 2 = "5, All the processes in gas are adiabatic.

o

Gas constant R = 8.314 JK 'mol'. For mono-atomic gas (Helium) use

Laplace constant y = %
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Solution

(a) Gas Volume
At the initial condition, the system is in equilibrium and the spring is

unstreched; therefore

P,A=mg or P, = % (1

The initial volume of gas

Vn = nf;rn = nRTnA. (2)
[ mg
The work done by the gas from é‘ VotoV
s [I* _ [V BV 4y PuVEa’[ (Vo ‘_’]
Wo = [ Pav = [, Bltay 2ilye— ()7 @

Eq. (3) can also be obtained by calculating the internal energy change

(without integration)

WW :'_'A,E:_' nCV(T‘—' T’n)g (4)
where T} is the temperature when the gas volume is Yi'i
The change of the gravitational potential energy
v—1ly,
_é ]
ﬂEp =mgAh=mg T (5)
The change of the potential energy of the spring
l ] 1 2
Mg — ?kl — E o
— () (G V) L (me) | Vg |
2V YV, A 2\VY, A

J(1—%)2—%(mgv"). )
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The kinetic energy

E, = l?}wl o lm. 48V, = ngVu_

2 27 5A 5A
By conservation of energy, we have

Wg\&q - &Ep + Aspring + Ek ]

v_Ye
PyVi My "i ]_T}: 2 __]__»mgvvn _
1—}'[V (2) me = vt A (1
_lfngvu g Vo
8§ A 5 A’
Vo
mgVo [V (1) V=3 | meV,
ta—plvp—(3)  J-me g+ (-
‘}..ﬂ”fgvﬂ
0 A
Let s = - so the above equation becomes

With y = % we get

oo

Lo Ly ST (L)
0—2s+40+2[s (2) :
Solving Eq. (12) numerically, we get

s; = 0.74 and 5, = 1. 30,

nRT,A

D

(8)

©)]

(10)

(1D

(12

ThereforeV, = 0.74V, = 0.74 —— = 1.88 m’ or V, = 1.30V, =

mg
3.31m’.
(b) Small Oscillation

The equation of motion when the piston is displaced by x from the

equilibrium position is
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mx =—kxr — PA +mg, (13
P is the gas pressure
p— PVi _ PV}
W (Vu _AI)?‘
14)
PE] (
Ax 7"
(1 —v“)

Since Axr <V, then we have P = P, (1 + y‘%,—l ) , therefore

mx ~— ke — PA(1 -l-y‘?,—f)-i—mg.

mx c~— [k-l—P[,A()f‘-/,!}-)]x, (15)
mx ==— [”IéTT + T;l{g—/\ (7%)]3&

mx+(1+y) oo,
]

The frequency of the small oscillation is

ol 4 A
f= e U-p V.

1 feqay mg
o (+y WRT," (16)

Numerically f = 0. 114 Ha.

Problem 1B
The Parametric Swing

A child builds up the motion of a swing by standing and squatting. The
trajectory followed by the center of mass of the child is illustrated in Fig.6 —
2. Let r, be the radial distance from the swing pivot to the child’s center of
mass when the child is standing, while r, is the radial distance from the

swing pivot to the child’s center of mass when the child is squatting. Let the

ratio of », to r, be 2‘—’0 = 1. 072, that is the child moves its center of mass by
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Fig.6- 2.

roughly 7% compared to its average radial distance from the swing pivot.

To keep the analysis simple it is assumed that the swing be mass-less,
the swing amplitude is sufficiently small and that the mass of the child
resides at its center of mass. It is also assumed that the transitions from
squatting to standing (the A to B and the E to F transitions) are fast
compared to the swing cycle and can be taken to be instantancous. It is
similarly assumed that the squatting transitions (the C to D and the G to H
transitions) can also be regarded as occurring instantaneously.

How many cycles of this maneuver does it take for the child to build up
the amplitude (or the maximum angular velocity) of the swing by a factor of

two?

Solution

(1) The conservation of angular momentum (CAM) from A to B, C to
D, EtoFandG to H.

L=168=wm"0, (1)

m = mass of the child,

r = distance of the child’s center of mass to the swing’s pivot P,

0 = the swing’s angular velocity with respect to P.

A to B:

Let 8, and @, are the angular velocity at point A and B respectively,
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then according to CAM,
Ly =m0, =L =mr;0,, 2
so that

ﬁ;sﬂ, 3)
d

Bd:
r

hence each time the swing repeat moving upward (A to B or E to F) its

2
angular speed increases by factor of (:—d) :

u

(2) The Conservation of Mechanical Energy (from B to C)

1

EB:EC:K+V: 2

mr’ 0% — mgr,(1—cos @), (4)

The change of the potential energy (from B to C) is the same as the

rotation energy at point B,

mgr,(1 —cos ) = %Wﬁ .. (5)

Using the similar method, we could get the following equation for the

transition from D to E,

mgr,(1—cos @) = %mff} 0:.

From equations (3), (5) and (6) we have

2 2
Lo (B (@) - g
For half a cycle we have 8, = (;—‘:)2 0, = (?._j)“ 6.. (8)

For n complete cycles. the growth of angular velocity amplitude as well as

3n
the angular amplitude @, increases by a factor of gy, , = (:—d) ;

For ps,, = 2 then with ? — 2% one gets (2%)" =2, son = %{)

Alternate Solution

The moment of inertia with respect to the swing pivot
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I = M, (D

Since the A to B transition is fast one has by conservation of angular

momentum,
L\wn — TBGJB- (2)
The energy at point A is
= 1 2
EA T EIA(.UA. (3)
The energy at point B is
Ey = & T} + Mgh, 4)

where h = r;, — r, is the vertical distance the child’s center of mass moves.

The energy at point C (conservation of energy)
Ec = Ey = o I} + Mgh. (5

As the child squats at the C to D transition, the swing losses energy of the
amount Mgh, so

Ep = LI}, ©
Energy at point E is equal to energy at point D (conservation energy)
Er=Ep, = ~2—Iw§. (7
But we have also
Er = = Liut. (8)
From equation (7) and (8) we have

e 9
i

Using equation (2) this equation yields
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whk = hwfp (1m
Ig

where we have used I; = I,.

Using equation (1) one obtains from equation (10)

" o,
Wi = —Swi. (1D
T
From this one obtains
loe | _ 7 (12)
| wa | Vu

This ratio gives the fractional increase in the amplitude for one half cycle of
the swing motion. The fractional increase in the amplitude after n cycles is
thus,

lwe |, _ (:J):’ (13)

|CUA|{}_ u

where | wa |, is the initial amplitude and |w |, is the amplitude after n cycles.
Substitute the values,

2 =2t (14
or.

n=>5. (15)

Thus it takes only 5 swing cycles for the amplitude to build up by a factor of

two.

Problem 2
Magnetic Focusing

There exist many devices that utilize fine beams of charged particles.
The cathode ray tube used in oscilloscopes, in television receivers or in
electron microscopes. In these devices the particle beam is focused and
deflected in much the same manner as a light beam is in an optical
instrument.

Beams of particles can be focused by electric fields or by magnetic

fields. In problem 2A and 2B we are going to see how the beam can be
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focused by a magnetic field.

Fig.6 - 3.

2A. Magnetic Focusing Solenoid
Fig. 6 — 3 shows an electron gun situated inside (near the middle) a long
solenoid. The electrons emerging from the hole on the anode have a small
transverse velocity component. The electron will follow a helical path.
After one complete turn, the electron will return to the axis. By adjusting
the magnetic field B inside the solenoid correctly, all the electrons will
converge at the same point F after one complete turn. Use the following
data:

e The voltage difference that accelerates the electrons V = 10 kV.

® The distance between the anode and the focus point F, L = 0.5 m.

® The mass of an electronm = 9. 11 X 107" kg.

® The charge of an electrone = 1.6 X 107" C,

® . = 42X 107 H/m.

® Treat the problem non-relativistically.

(a) Calculate B so that the electron returns to the axis at point F after
one complete turn.

(b) Find the current in the solenoid if the latter has 500 turns per

meter.

Solution

(a) In magnetic field, the particle will be deflected and follow a helical
path.

Lorentz Force in a magnetic field B,
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muy
—= = B, (D
R euv

where v, is the transverse velocity of the electron, R is the radius of the

path.
Since v, = wR (w = 2—.;‘1 is the particle angular velocity and T is the
period) » then,
m 2—,;} = ¢B. (2)

To be focused, the period of electron T must be equal to ;—‘ » where v is the
V.

parallel component of the velocity.

We also know,
o 1 3 1 2
eV = E?n(vﬁ—i—w;)ﬁsEnw;. (3

All the information above leads to

)
B=2nx T (€D
Numerically
B =4.24mT.
(b) The magnetic field of the Solenoid:
B = pIn, (5)
1= f 6
Numerically
I=6.75A.

2B. Magnetic Focusing (Fringing Field)

Two pole magnets positioned on horizontal planes are separated by a
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certain distance such that the magnetic field between them be B in vertical
direction (see Fig.6—-4). The poles faces are rectangular with length / and
width w. Consider the fringe ficld near the edges of the poles (fringe field is
field particularly associated to the edge effects). Suppose the extent of the
fringe field is & (see Fig. 6 - 5). The fringe field has two components B, i

and B, k. For simplicity assume that | B, |= M where z = 0 is the mid
plane of the gap, explicitly:
when the particle enters the fringe ficld B, =+ B %
when the particle enters the fringe field after traveling through the
magnet, B, =—B g
Fringe i
Field /,‘.....,............,._.__.......____ 1= Plane
o IR B A .
0 o

- - TL,
Narrow [ /
Beam of
Particles

Fig.6—4. Overall view (note that § is very samll). Fig.6 - 5. Fringe field.

A parallel narrow beam of particles, each of mass m and positive charge
q enters the magnet (near the center) with a high velocity v parallel to the
horizontal plane. The vertical size of the beam is comparable to the distance
between the magnet poles. A certain beam enters the magnet at an angle &
from the center line of the magnet and leaves the magnet at an angle — ¢
(see Fig.6 - 6. Assume § is very small). Assume that the angle # with which
the particle enters the fringe field is the same as the angle ¢ when it enters

the uniform field.
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Fig.6-6. Top view.

The beam will be focused due to the fringe field. Calculate the
approximate focal length if we define the focal length as illustrated in
Fig. 6 -7 (assume b < [ and assume that the z-component of the deflection

in the uniform magnetic field B is very small).

s 1 W} | i
e .
—

Fig.6-7. Side view.

Solution

The magnetic force due to the fringe field on charge g with velocity v is
F = qgv XB. (D

The z-component of the force obtained from the cross product is

F. = g(s,B,—%,B,) = @,B, =— L5500, @

The vertical momentum gained by the particle after entering the

fringe field

AP, = JF,d.t - %‘“‘1“0 At

_ qB.,sinf b
AR T ey e gB.tan 6. 3

The particle undergoes a circular motion in the constant magnetic field
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B region
2
m % = quB, €))
y—98R. . 0Bl (5)
m 2msin
Therefore,
sinf = ﬂ (6)
2mu

After the particle exits the fringe ficld at the other end, it will gain the same
momentum.

The total vertical momentum gained by the particle is

(AP.)\wa = 2AP, =— 2¢B._tan §~—2g¢B. - QZ—BZ (D
2y muv
Note that for small 4, we can approximate tan § = sin 0,
Meanwhile, the momentum along the horizontal plane (xy-plane) is
p = mv. 8)

From the geometry in Fig. 6 - 6, we can get the focal length by the
following relation,

12 =l 121 (9

Problem 3
Light Deflection by a Moving Mirror

Reflection of light by a relativistically moving mirror is not theoretically
new. Einstein discussed the possibility or worked out the process using the
Lorentz transformation to get the reflection formula due to a mirror moving
with a velocity v. This formula, however, could also be derived by using a
relatively simpler method. Consider the reflection process as shown in

Fig.6 - 8, where a plane mirror M moves with a velocity v = ve, (where e,
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is a unit vector in the x-direction) observed
from the lab frame F. The mirror forms an
angle ¢ with respect to the velocity (note
that ¢ << 90°, see Fig. 6 - 8). The plane of
the mirror has n as its normal. The light
beam has an incident angle « and reflection

angle 3 which are the angles between n and

the incident beam 1 and reflection beam 1',
. A Fig.6-8. Reflection of light by a
respectively in the laboratory frame F. It relativistically moving

can be shown that mirror.

sing— sin g = -f—sin;&sin(a—i—ﬁ). M

3A. Einstein’s Mirror

About a century ago Einstein derived the law of reflection of an
electromagnetic wave by a mirror moving with a constant velocity v=—ve,
(see Fig. 6 — 9). By applying the Lorentz transformation to the result

obtained in the rest frame of the mirror, Einstein found that;

[1+(L—‘_")2]com—-2?"’

(2)
1—2 {—t_}co.%cx—l- (?ﬂ)2

cos 3=

Derive this formula using Eq. (1) without Lorentz transformation!

Fig.6-9. FEinstein mirror moving to the left with a velocity .
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3B. Frequency Shift
In the same situation as in 3A, if the incident light is a monochromatic

beam hitting M with a frequency f, find the new frequency /' after it is

reflected from the surface of the moving mirror. If ¢ = 30°andv = 0.6 ¢ in

Fig.6 -9, find frequency shift Af in percentage of f.

3C. Moving Mirror Equation
Fig. 6 — 10 shows the positions of

the mirror at time ¢, and ¢. Since the
observer is moving to the left, the
mirror moves relatively to the right.
Light beam 1 falls on point a at ¢, and
is reflected as beam 1'. Light beam 2
falls on point d at ¢ and is reflected as
beam 2'. Therefore, ab is the wave

front of the incoming light at time .

The atoms at point are disturbed by the

incident wave front ab and begin to
. . Fig.6 - 10.
radiate a wavelet. The disturbance due

to the wave front ab stops at time ¢ when the wavefront strikes point d.
By referring to Fig. 6 — 10 for light wave propagation or using other
methods, derive Eq. (1).

Solution

3A. Einstein’s Mirror
By taking ¢ = % and replacing v with — » in Eq. (1), we obtain
sing —sin g =— %Sil’l(a +B. (3
This equation can also be written in the form of
(1—|—flcos,8)sina= (1—§cosa)sin‘8. (4

The square of this equation can be written in terms of a squared equation of
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cos 3, as follows,
v '02 2 v 2
(1 —=1 t—_cosa—l-?)cos B+2-_—(1—cos’a)cos B
+2ﬁ—?cosa—(1+§)cosza=0, (5

which has two solutions,

2 Ycosta— (1 + )cosa

ﬁl\]| G'J

()

(cos ), =
1—2?”cosa+§

and
-2+ (1 -|—§—)cosa

(cos ), = < 7 @))
1—2 f_icosaJr—C;

However, if the mirror is at rest (v = 0) then cos ¢ = cos 85 therefore

the proper solution is

—254+ (l—l—%)cosa
cos B = ¢ : . (8)

1—2—?"(:05&—"225
& ¢

3B. Frequency Shift
The reflection phenomenon can be considered as a collision of the
mirror with a beam of photons each carrying an incident and reflected
momentum of magnitude
N
b= %i and p,' = ;—L'LL (9
The conservation of linear momentum during its reflection from the

mirror for the component parallel to the mirror appears as
pysing = p,'sinfor f'sin g

_ff (l—f—z)sina
(1 +§)—2?"”c05a
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= fsina. (10)
Thus
(14—%)—23@)9&
fl= s £ (11)
(1-%)
3
Forg =30"andv= 0.6 c,
cosa=l«/§,1—£9=()A64,1+i2=1.36, (12)
2 i c
so that
f_1.36—0.6J/3 _
7 Ted 0.5. (13)

Thus. there is a decrease of frequency by 50% due to reflection by the
moving mirror.

3C. Relativistically Moving Mirror Equation

Fig. 6 — 10 shows the positions of the mirror at time ¢, and ¢. Since the
observer is moving to the left, system is moving relatively to the right. Light

beam 1 falls on point a at ¢, and is reflected as beam 1'. Light beam 2 falls

on point d at ¢ and is reflected as beam 2'. Therefore, ab is the wave front

of the incoming light at time #,. The atoms at point are disturbed by the

incident wave front ab and begin to radiate a wavelet. The disturbance due
to the wave front ab stops at time ¢ when the wavefront strikes point d. As a

consequence

ac = bd = c(t—t,). (14)

From this figure we also have ed = ag , and

Sitigi PET O iy g GE—BF (15)
ag ag —ef

Fig. 6 - 11 displays the beam path 1 in more detail. From this figure it is

easy to show that
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dg—ae=-—%2 — v(£—1,)sin ¢ 16
cos a cos a
and
—_ _a _ v{t—t)sing
a =y oy ' an

Fig.6 - 11.

From the triangles aeo and a fo we have o = ao tan o and of = ao tan . Since
ef = eo+of, then
ef = v(t—ty)sin $(tana+ tan ). (18)

By substituting Eq. (14), (16), (17), and (18) into Eq. (15) we obtain

c—i—v—wm
sing = ——28a 19
_ag
L1

and

o sin. ¢
cosf ; 0)

t_a—gT —wsin ¢ (tan @+ tan 3)
Lt

sin 8 =

Eliminating ra—ix from the two equations above leads to
0

vsin ¢(tan ¢+ tan )
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—& (sin a sin 3 singcos o sin fcos 3

By collecting the terms containing v sin ¢ we obtain

Ygn (co5a cosﬁ): sing — sin 3
¢ #\sin a sinf sin gsin 3

or

sing— sin g = ?"' sin ¢ sin(a+ ).

1 ! )‘|—'Usin 95( : 3o 1 )

21

(22)

(23)



Experimental Competition

April 28, 2005 Time available: 5 hours

Problem 1
Determination of Shapes by Reflection

Introduction

Direct visual observation, is a method where human beings used their
eyes to identify an object. However, not all things in life can be observed
directly. For example, how can you tell the position of a broken bone? Is it
possible to look at a baby inside a pregnant woman? How about identifying
cancer cells inside a brain? All of these require a special technique involving
indirect observation.

In this experiment, you are to determine the shape of an object using
indirect observation. You will be given two closed cylindrical boxes and in
each box, there will be an object with unknown shapes. Your challenge is
to reveal the object without opening the box. The physics concepts for
this experiment are simple, but creativity and some skills are needed to
solve it.

Experiment Apparatus
For this experiment, you will be given two sets of cylindrical boxes
consisting of ;

(1) An object with unknown shape to be determined (it is a simple
geometrical object with either plane or cylindrical sides).

(2) Closed cylindrical box with an angular scale on the top side (2a)
and around its circumference (2b).

(3) A knob which you can rotate.

(4) A laser pointer.

(5) Spare batteries for the laser pointer.

(6) A ruler.
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Experimental Method

The students are to determine the shape of the object inside a closed
cylindrical box. The diameter of the cylinder can be measured by a ruler.
Students are not allowed to open the cylindrical box or break the seal to
determine the shape of the object. The object is an 8 mm thick metal with
its sides polished so that it can reflect light likes a mirror. You can rotate
the object using the knob on the top part of the cylinder. This will rotate the
object in the same axis as the cylinders axis.

The laser pointer can be switched on by rotating its position. You can
adjust the position of the light beam by rotating the laser pointer in either
clockwise or anti-clockwise direction. The reflection of the laser beam
from the laser pointer can be observed along the circumference of the
closed cylinder. Measurement using the angular scale can be used. By
rotating the knob on the upper part while the laser pointer is switched on,
you will notice that as you rotate the object, the position of the reflected
light from the object will change. If the light from the laser pointer dim
or the laser pointer fail to work, ask the committee for replacement. By
observing the correlation of the angular position of the object and the
reflection of the laser beam, you should be able to determine the shape of
the object.

For every object (the two objects are of different shapes) :

(A) Draw a graph of. reflection angle of the laser beam against the
angular position of the object.

(B) Determine the number of edges (sides) in each object.

(C) Use data from the graphic to sketch the shape of the object and
find the inside angles positions.

(D) Draw rotating axis of the object and determine the distance to
every sides.

(E) Determine the length of sides without error analysis; determine
also the angles between neighboring sides.

You must present your result on graph papers and try to deduce the

mathematical equations to determine the shape of the object.
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Remarks;

Fig.6 - 12.

187

(1) One of the objects has only plane sides and the second object has

one curved side.

(2) Sometimes you may get two reflections of the beam from the

object.

(3) In case of a curved side the determination of the radius of curvature

is not required but determination whether it is convex or concave with

respect to the axis of rotation is necessary.

Solution

Object Position (o”) Reflected Ray (§) Cal. Reflected Ray (8)
—10 211 — 149
—5 223 — 137
0 230 —130
10 251 — 109
20 270 —90
30 290 =70
40 310 —50
50 330 —30
60 349 =11
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Cont,

Object Position (a”)

Reflected Ray (5)

Cal. Reflected Ray (§)

75 17 17

80) 28 28

9 46 46
100 65 65
110 87 87
120 17 17
130 128 128
140 273 — 87
150 291 —69
160 310 —50
170 326 —34
180 343 e
195 10 10
200 12 12
210 34 34
220 249 — 111
230 267 —93
240 285 — 75
250 3M — 59
260 319 — 4
270 337 —23
275 345 =45
290 13 13
300 29 29
310 46 46
320 64 64
330 83 83
340 102 102
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150
120

—120
—150

Function; #(a)
Fig.6 - 13.
There are 3 jumps on the graph. This is observed ata =—10°, 140° and
220°. The jump in the reflection angles are caused by the change of sides,
therefore the object has 3 sides and if all the sides are straight sides, we can

approximate the lines on the graph using linear regression, i.e.
= ma +c,

where ¢ = position angle of the object (in )

and p = reflected ray angle (in °)
Segment 1 (—10 to 130): 3= 1.98a+ ¢, (AD)
Segment 2 (140 to 210): A= 1.73a+ c;» (A2)
Segment 3 (220 to 340): 3= 1.78a+ c. (A3)

To find the gradient, =, as function of side distance from the rotation axis,

2

!
1.4 ™~

12 TS
.l \

b ™
0.4 o~
\\\

0.2
0

0 20 40 60 80 100
Function: m(r)

Fig. 6 - 14.
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r, we can simulate it and get a graph and for “small” r;
m=—0.02r+2orr=100—50m, (A4)
From (A1) to (A3) and using (A4) we can determine r from the 3 sides:

r; = 100 —50(1.98) = 1. 5 mm,
r, = 100 —50(1.73) = 13. 5 mm,
r; = 100 —50(01.78) = 11. 0 mm,

For each side, we can use the object
position when the reflection angle is 0° to
draw with a higher precision. The angle

for each segment is;

a = 66°,
az — 18901'
. — 2826.

From data obtain the shape of the object

can be determined as: Fig.6 - 15.
Object Position (a”) Reflected Ray (37 Cal Reflected Ray (8°)

10 278 — 82

20 296 — 64

30 313 47

40 330 —30

50 347 13

&8 12 12

0 20 20

80 36 16

o0 56 56

100 73 73

110 91 91

120 300 — 60

130 320 40
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Object Position (o”)

Reflected Ray (87

Cal Reflected Ray (87)

140 342 —18
145 351 —9
155 13 13
160 23 23
170 43 43
180 67 67
190 277 —83
200 297 —63
210 313 —47
220 330 —30
230 347 —13
245 13 13
250 22 22
260 39 39
270 55 55
280 74 74
290 91 91
300 335 —25
305 335 —25
310 336 —24
315 337 —23
320 338 —22
345 21 21
350 22 22
355 22 22
360 23 23
365 23 23
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100
80
60
40
20

0360

| |
Fe—t——fo—t=—et
| | |

]

Function: fi{a)
Fig.6 - 16.

There are 5 jumps in the graphics. This can be observed at « = 10°,
120°, 190°, 300° and 345°. The jumps in reflection angle are caused by the
change of sides, therefore there are 5 sides in the object and if all the sides
are straight, we can approximate the lines using linear regression, i.e.

B = ma +c,

where « = angular position of the object (in *)

and f = reflected ray angle (in °)

Segment 1 (10 to 110): = 1.56a+ ¢, (B1)
Segment 2 (120 to 180): = 2. 122+ ¢, , (B2)
Segment 3 (190 to 290): = 1. 64a+ ¢ (B3)
Segment 4 (190 t0 290): 8= 0. 15a+c3» (B4)
Segment 5 (190 to 290) . = 0. 10a+ c;. (B5)

From (B1) to (B3) and (A4) we can determine r from the 5 sides:

1 = 100 —50(1. 56) = 22. 0 mm,
r, = 100 —50(2. 12) =— 6. 0 mm,
r; = 100 —50(1. 64) = 18. 0 mm,
ry = 100 —50(0. 15) = 92. 5 mm,
rs = 100 —50(0. 10) = 95. 0 mm.

There are weird data for ., r, and 5. It is impossible to have » with either

negative or very large value but not so small angle of reflection. So we can
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guess that it is either a curve sides or double reflection. For double reflection
we need to have two adjacent sides with concave angle, so only r, and r; are
possible. So r, can only be a curve side. From segment 2 of the graph we can
see that the graph looks like a reverse “S” shape, so it is only possible when
the sides is concave.

Considering error in the experiment, we can guess that the shape has
reflection symmetry.

For each side, we can use the object position when the reflection angle

is 0° to draw with a higher precision. The angle for segment 1 to 3 is

ay — 58°r
oz — 14905
a; = 237°.

From the data obtained, the shape of the object can be determined as

<_27.4 mm
T 3450

26.3 mm

300°
Fig.6 - 17.

Problem 2
Magnetic Braking on An Inclined Plane

Introduction
When a magnet moves near a non-magnetic conductor such as
copper and aluminum, it experiences a dissipative force called magnetic

braking force. In this experiment we will investigate the nature of this
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force.
The magnetic braking force depends on:
— the strength of the magnet, determined by its magnetic moment
( p) H
— the conductivity of the conductor (a:);
the size and geometry of both magnet and the conductor;
the distance between the magnet and conducting surface (d); and
— the velocity of the magnet (v) relative to the conductor.
In this experiment we will investigate the magnetic braking force
dependencies on the velocity (v) and the conductor-magnet distance (d).

This force can be written empirically as:
FM.B —_—r k[]d.ﬂ)vv’ (1D

where
k, 1is an arbitrary constant that depends on x, o and geometry of the
conductor and magnet which is fixed in this experiment.
d is the distance between the center of magnet to the conductor
surface.
v 18 the velocity of the magnet.
p and n are the power factors to be determined in this experiment.

Experiment
In this experiment error analysis is required.
Apparatus
(1) Doughnut-shaped Neodymium Iron Boron ”
magnet.
Thickness: ty = (6.3 0. 1)mm
Quter diameter: dy = (25.4+0. 1)mm S
The poles are on the flat faces as shown: N

(2) Aluminum bar (2 pieces). Waga e
(3) Acrylic plate for the inclined plane with a Fig.6 - 18.
linear track for the magnet to roll.

(4) Plastic stand.
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(5) Digital stop watch.

(6) Ruler.

(7) Graphic papers (10 pieces).

Additional information:

Local gravitational acceleration: g=9.8m/s.

Mass of the magnet: m= (21.5=40.5)gram.

North-South direction is indicated on the table.

You can read the operation manual of the stopwatch.
This problem is divided into two sections:

(A) Setup and introduction.

(B) Investigation of the magnetic braking force.
Questions
Please provide sufficient diagrams in your answers so that your work can be
understood clearly.

(A) Setup

Roll down the magnet along the track as shown. Choose a reasonably
small inclination angle so that it does not roll too fast.

(1) As the magnet is very strong, it may experience significant torque
due to interaction with earth’s magnetic field. It will twist the magnet as it
rolls down and may cause significant friction with the track. What will you

do to minimize this torque? Explain it using diagram(s).

MAGNET 1didy  apymiNUM
. 1.~ BAR

Fig.6 - 19. Inclined plane setup Fig.6 —20. A complete setup with
without aluminum bars. aluminum bars.

Place the two aluminum bars as shown in Fig. 6 — 20 with distance
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approximately d = 5 mm. Remember that the distance d is to the center of
the magnet as shown in the inset of Fig. 6 —20.

Again release the magnet and let it roll. You should observe that the
magnet would roll down much slower compared to the previous observation
due to magnetic braking force.

(2) Provide diagram(s) of field lines and forces to explain the
mechanism of magnetic braking.

(B) Investigation of the magnetic braking force

The experimental setup remains the same as shown in Fig. 6 - 20. with
the same magnet-conductor distance approximately d = 5 mm (about 2 mm
gap between magnet and conductor on each side).

(1) Keeping the distance d fixed, investigate the dependence of
magnetic braking force on velocity (v). Determine the exponent n of the
speed dependence factor in Equation (1). Provide appropriate graph to
explain your result.

Now vary the conductor-magnet distance (d) on both left and right.
Choose a fixed and reasonably small inclination angle.

(2) Investigate the dependence of the magnetic braking force on
conductor-magnet distance (d). Determine the exponent p of the distance
dependence factor in Equation (1). Provide appropriate graph to explain

your result.

Solution

(A) Setup and Introduction

(1) To minimize the torque due to
interaction of the magnet and the earth’s
magnetic field we have to set the orientation
of the inclined plane so that the magnet will

roll down with the poles aligned to the

North-South direction as shown. o . .
Fig.6-21. Adjusting the orientation

of the inclined plane.
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2

Fig.6-22. Field and interactions in the magnetic braking effect.

Answer with some vector analysis:

Consider a point A on the conductor. As the magnet moves, its
magnetic field sweeps the conductor inducing electric field and causing
current flow due to Faraday’s law, whose direction can be determined using
Lenz’s law. Let us choose an arbitrary loop as shown. At point A, the
magnetic field and the current will cause Lorentz force Fy-¢ pointing at x+
direction. This force is acting on the electrons in the conductor.

On the other hand, due to Newtons’ Third law there is reaction force
Fe_) with the same magnitude but with opposite direction acting on the
magnet, which is the magnetic braking force.

(B) Investigation of the magnetic braking force

(1) Determination of the power factor »: Dependence of the magnetic
braking force with the velocity.

In this experiment the student has to be aware that the magnet should
reach the terminal velocity first before start the timing. From observation
we can see that the magnet reaches terminal velocity almost immediately.
To make sure we let the magnet travels first for about 5 cm before we start

measuring the time. Here we use s =250 mm from start to finish to obtain
5
speed: v = 7
The angle of inclination is varied to take several data. Given [ =

425 mm, we measure i where sinf = %
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SIDE VIEW

Fig.6-23. (a) Measurement of the velocity. (b) Measurement of the plane inclination.

Because the magnet-conductor distance is kept constant ( d &~ 5 mm),
the magnetic braking force only depends on the velocity of the magnet, so

we can simplify
FMB — kﬂdﬁ"ﬂ" — k] F7
where £, = k,d" is constant in this experiment.

When the magnet reaches the terminal velocity then the total torque should
be zero. The equation of the motion at the contact point C will be:

Dwe=10;
mgsin R + FyzyR = 0,

mgsin0— k" = 0, Fu

1 ,..»n

sinf = k—'y
mg

To calculate the power factor n:

- ky )
In sin 0 = 1n(m_g +nln(o). Fig.6-24. Force diagram of the

rolling magnet.
The experimental data.

Table 1. Experimental data for power factor n determination.

H(mm) (s) sin § ov(mm/s) In(w) In(sin &)

234+0.5 22.98 4+ 0. 005 0. 054 10. 88 2.39 —2:92
40 12.78 0. 094 19.56 2.97 —2.36
50 10.17 0. 118 24.58 3.20 —2.14
60 8.62 0. 141 29.00 3.37 —1.96
70 6. 96 0. 165 35.92 3.58 —1.80
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Cont.

H(mm) #(s) sin ¢ v(mm/s) InCw) In(sin &)
80 6. 09 0. 188 41.05 3 —1..6%
91 5.48 0. 214 45. 62 3.82 —1.54
101 5.05 (0. 238 49. 50 3.90 —1.44
111 4.57 0. 261 54.70 4. 00 —1.34
120 4.17 0. 282 59.95 4.09 —1.26
130 3.72 0. 306 67.20 4.21 —1.18
150 3:25 0. 353 76.92 4. 34 —1.04
170 2. 81 0. 400 88. 97 4. 49 —0.92

Note;

® Column in bold are the data directly taken from the experiment.

® Typical error for h measurement is shown in the first row: h = (23 =
5)mm. Similar error applies for the rest of & data.

e Data 7 are the average data taken from 3 to 5 measurement. Even
though standard deviation error is quite small ( £0. 1 s), the error should be
dominated by response delay of the observer in pressing the stopwatch.
Widely accepted value for human eye response is (). 25 s, in this experiment

we choose more conservative value ( +=0.55s).

| I Ll U I T
=D E ]
~15}F ]

=
= A
E 20F .
=il 2
3-0 l R R S S T | IR TR TR TR [ TR SR T T MY ]
25 3.0 35 4.0 4.5
In{v)

Fig.6-25. Graph of In(sin @ vs In(v). Typical error bar
is shown in the central data.
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Using linear regression method or graphical method as shown in Fig. 6 -

22 one can determine »n from the slope
n= 0. 969

whose result is very close to the theoretical value of » = 1, From the data
shown in Fig. 6 — 16 (as well as the coefficient of correlation » = 0. 9995) , it
can be shown that this experiment is very good in demonstrating the linear
velocity dependence of the magnetic braking force. This result has been
repeated and verified by three independent persons and apparatus setups.

Error estimate of n

Instead of laboring on detailed error propagation analysis that could be
very time consuming, in Olympiad context one can make the error estimate
as follows:

The typical error of the data points in Fig. 6 - 22 can be obtained from

the central data.
Inv = 3.58+0.075,
In(sin@® =—1.840. 075,

whose errors propagated from the uncertainties in 4 and ¢.

The power factor n can be obtained from the slope of Fig. 6 - 22.
n= %{ where y = In(sin® and x = In @,

From the data in Fig.6 - 22, we have: Ar = 2. 1 and Ay = 2. 0, and the
typical errors: §z = (. 075 and 8y = 0. 075.

So the error estimate for »:

o S+ (B - ST+ O -oos

An = 0. 051 = 0. 048,

So we can conclude the result of our experiment is
n=0.96-+0.05.

(2) Determination of the power factor p: Dependence of the magnetic

braking force with the magnet-conductor distance.
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In this experiment we use one value of inclination angle, 2 = 50 mm

h

l

5§ =250 mm, and the timing is done after the magnet travel first for about

({ =425 mm) so that § = arcsins( ): 6. 8°. Distance travelled remains;

5 c¢cm as before.

The equation of motion, similar to previous section:

ZTC ={,

mgsin R + FygR = 0,

mgsin (— k,d’v" = 0,
o Ko "
- mgsinﬂd P
— — kU
nlnov= ln(mgsing)—l— plnd.

Here again p can be obtained using linear regression or graphical method
where we use the previously obtained value: n = 0. 96 £ 0. 05.

The experimental data.

Table 2. Experimental data for power factor p determination.

d(mm) t(s) »(mm/s) —nln v Ind
4.54+10.5 13.53 4+ 0. 005 18. 48 —2.80 1.50
5.5 9. 60) 26. 04 —3.13 1.70
6.5 6. 70 37.31 —3.47 1. 87
7.5 4.99 50. 10 —3.76 2.0
8.5 3.47 72.05 —4.11 2.14
9.5 2.87 87. 11 —4.29 2.25
10.5 2.14 116. 82 —4.57 2.35
11.5 1. 66 150). 60 —4.81 2. 44
Note;

Distance d is measured from the center of the magnet.
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—soLE 5
. 1 R L L " I . R 1 N |

1.5 20 25
In(d)

Fig.6-26. Graph of —znln(v) vs In(d). Typical error
bar is shown in the central data.

From linear regression calculation we have
p=—2.16.

So the magnetic braking force is very sensitive with the magnet — conductor
distance d in which the relationship is almost inversely quadratic. In brief,
the further the magnet from the conductor the weaker the magnetic braking
force becomes. This result has been repeated and verified by three
independent persons and apparatus setups.

Error estimate of p

Similar to previous section. we use the central data shown in Fig. 6 - 24.

Ind = 2.01£0.105,
—nln(v) =—3.76 £0. 095,

The power factor p can be obtained from the slope of line in di Fig. 6 -24.

p= %-yrwherey=—nlnvandx = Ind.

For the data shown in Fig. 6 —24, we obtain; Ar=0. 94 dan Ay=2. 01,
with typical error: §x = 0. 105 and gy = 0. 095,
So the error estimate for p:
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PG+ @) VG - GR) e

Ap = 0.12p = 0. 26.

So we can conclude the result of our experiment is

p=—2.2+0.3.



Minutes of the Seventh Asian Physics Olympiad
Almaty (Kazakhstan), April 22 - 30,2006

1. The following 18 countries were present at the 7th Asian Physics Olympiad:

Australia (8+2), Azerbaijan (5-+2), Vietnam (8-+2), Georgia (3+ 1), Israel
(8+2). India (team A; 8+ 2; team B: 2+ 1). Indonesia (team A: 8+ 2, team B;:
8+ 2), Jordan (5+2), Kazakhstan (team A: §+2, team B; 84 2), Cambodia (4
2), China (8 + 2), Kyrgyzstan (7 + 2), Mongolia (6 + 2), Singapore (8 +2),
Tajikistan (54-1), Thailand (8 +2), Chinese Taipei (84 2), Turkmenistan (34-2).
The first number in parentheses denotes the number of the competitors while the
second number denotes the number of the leaders.

2. Results of marking the papers by the Organizers were presented.

The best score was 44. 3 points achieved by Zhu Li from China ( Absolute
winner of the 7th APhO). The second best score (43. 8 points) was achieved by
Wang Xingze from China. The third best result (42.7 points) was reached ex aequo
by Yang Shuolong (China) and Ho Pangus (Indonesia). The following limits for

awarding the medals and honorable mentions were established according to the

Statutes:
Gold Medal . 39 points.,
Silver Medal: 34 points.
Bronze Medal. 28 points,
Honorable Mention: 21 points.

According to the above limits 12 Gold Medals, 11 Silver Medals, 25 Bronze
Medals and 27 Honorable Mentions were awarded.

The results of the 7th APhO have been distributed to all the delegations.

3. In addition to the regular prizes, the following special prizes were awarded:

® for the Absolute Winner: Zhu Li, China

® for the best score in the theoretical part of the competition: Wang Xingze,
China

® for the best score in the experimental part of the competition: Ho Pangus,
Indonesia

e for the best score among the female participants: Xu Lilei, China

® for the youngest participant; Karthik Ganapathy, India
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e for the best score among the participants from the teams that joined the
APhO this year (President’s Prize) : Rai Ankur, India
® for the highest determination to win: George Mikoshevich, Georgia
e for the 11 Kazakh participants from teams A and B who finish high school
this year (scholarships founded by the Kazakh National Technical
University) :
Levchenko Pavel
Agybay Kuanysh
Kaipov Yermek
Bychkov Vladimir
Urozayev Dias
Saurbayev Ilias
Shagyrov Olzhas
Anenkov Vasiliy
Pak Michail
Faizullin Ruzel
Murzagaliyev Yerlan

4. The International Board unanimously reelected Prof. Ming-Juey Lin to the
post of Secretary of the Asian Physics Olympiads for the next five years.

5. President and Secretary of the APhOs presented the current list of countries
to host the competitions in the future;

® 2007 - China (Shanghai) (invitations made)

® 2008 - Mongolia (proposed)

® 2009 - Thailand (preliminary contact)

® 2010 - Chinese Taipei (confirmed)

® 2011 - Israel (confirmed)

® 201