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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 (a) 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.
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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 = 107" 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 69 MeV.
Since E,,.. = 35 eV, then
C &
Nowrs = % = 1.9 %X 10°.
We get the size of voltage pulse
— A_Q _ A?\rinrruu're
AV C = —*—C ,
withC =45 pF = 4,5 X 10" F.
Hence
C 5 —19
AVZL)X“]XL6><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 = 01X ANprpue
=0.1XAX1.9X10° X1.6 X107 A,
with I, = 1077 A,

__10"disest e
Ama = o1, 9 1075 30 dis+ 57

Since 1 Ci= 3.7 X 10" dis « s ', then

Ay = 330 i =8.92x10" Ci.

©3.7X 10
(c) With time constant

r=RC (withC=45X 10" F) =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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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.
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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, + Szifz)‘ﬂk.,g!
W= M+Vp + Sl p)g
The equilibrium condition specified by F, =W implies
(V. +S.4)p, = M+ (V, +S.1)p..
This equation can be put into the form:
I.=C+D,
where
D= £S5
owSe
C— M+ ‘%g&”' 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, ,

Sr
D] = 51_2’
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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 [.(cm) [.(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 L. (ecm) 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



20 Asian Physics Olympiad Problems and Solutions

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 needed 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,
TTTRE=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(])s
P=kT,— T+ P.(T)).
Eliminating % yields

(Tp - Tb)

Y=g =y

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

law, we obtain

— (T{:_Tb)P
S(T}—TH(Te — 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, — T 4+aSCL—T),
Pzzk(Tz_T‘[l)_l_GS(T;_ 3).

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

following expression

- (T2_’I10)P[_(T1_T10)P2
S[(Ti—T(T,—T) —(Ti—T)(Ty —To) 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) Tt 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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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 5 obtained by three different methods,
Experimental result
Method used Data used oo (Wen ' 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.



