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Abstract
An experimental set-up for electrostatic measurement of e0, separate magne-
tostatic measurement of m0 and determination of the speed of light

e m=c 1 0 0 according to Maxwell’s theory with percent accuracy is
described. No forces are measured with the experimental set-up, therefore
there is no need for a scale, and the experiment cost of less than £20 is mainly
due to the batteries used. Multiplied 137times, this experimental set-up was
given at the Fourth Open International Experimental Physics Olympiad
(EPO4) and a dozen high school students performed successful experiments.
The experimental set-up actually contains two different pendula for electric
and magnetic measurements. In the magnetic experiment the pendulum is
constituted by a magnetic coil attracted to a fixed one. In the electrostatic
pendulum when the distance between the plates becomes shorter than a critical
value the suspended plate catastrophically sticks to the fixed one, while in the
magnetic pendulum the same occurs when the current in the coils becomes
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greater than a certain critical value. The basic idea of the methodology is to use
the loss of stability as a tool for the determination of fundamental constants.

Keywords: vacuum electric permittivity, vacuum magnetic permeability,
pendulum, catastrophic machine, speed of light, canonical fold catastrophe

(Some figures may appear in colour only in the online journal)

1. Introduction

From a metrological point of view the speed of light is a fixed constant
= -c 299 792 458 ms 1 [1]. The same can be said for the magnetic permeability constant

m p= ´ - -4 10 NA0
7 2. The electric permittivity ‘of the vacuum’ is also a matter of definition

e p= ´ - -c1 4 10 Fm0
2 7 1( ) . However, the measurement of the speed of light marks one

important milestone in the development of physics. In this epoch, when Maxwell introduced
his term m e ¶ Et0 0 in the displacement current, he understood that speed of light can be
determined by two separate static experiments for measurement of m0, e0 and subsequently

e m=c 1 .0 0 [2]. In our work we describe two different electric and magnetic set-ups.
But as in biology the individual development repeats the evolutionary one, so when the

present-day students ‘measure’ e0 and m0 they are greeted with ‘Congratulations, you have
just measured one of the fundamental constants of nature!’ [3] but not ‘Your multimeter is
still OK!’. The same goes for Berkeley, California [4], the Balkan peninsula for University of
Sofia student lab practicum [5] and for high school matriculation in Breziche [6].

The purpose of the present work is to suggest a simple set-up for measurement of the
speed of light with 1% accuracy using the idea from catastrophe theory. Our set-up is inspired
by the work of TimPoston’s ‘Do-it-yourself catastrophe machine’ [7] and was reproduced
137times for the participants in the Fourth International Experimental Physics Olympiad
(EPO4) [8].

2. Experimental set-up description

2.1. Electrostatic experiment

A preliminary experimental task is to measure the voltage source  with a calibrated mul-
timeter (figure 1). For the set-up given to the high school students we used 12V (23A type)
batteries placed in PVC plumbing tubes along with a 1MΩ resistor limiting the current [8].

By series connecting groups of eight 12.5V batteries and mounting each group in PVC
plumbing tubes, we have available sources of emf in multiples of 100 V to a maximum of 400
V. However for the determination of  , according to figure 2, the internal resistance of the
voltmeter rV, which is comparable to the protective resistance rload, had to be accounted for. A
task from the experiment required the internal resistance of the voltmeter to be measured by
the students. For the multimeters used, see figure 1, the internal resistance in voltmeter mode
is 1MΩ. The general set-up is depicted in figure 3.

The voltage is applied to the plates of the capacitor, which are parallel and coaxial. If
initially the distance between the plates is x, upon the electric force action the pendulum is
shifted towards the wooden block to a distance x−z and the distance between the plates now
is z(x), as is shown in figure 4; this distance is much smaller than the plate diameter

=z D R2e e and if we neglect the capacitor effects of ends, the plate capacitor capacitance
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is e=C S z0 , where p=S Re
2 is the plate area and e0 is the dielectric constant. The electric

field between the capacitor plates is =E z and the opposite charges =Q C accumulated
in the plates create the attractive force

e e= - = = - = -F QE P S E S P E
1

2

1

2
,

1

2
, 1e e 0

2
e 0

2 ( )

which is equal to the negative pressure of the Maxwell tensor times the plate area.

Figure 1. A photograph of an open multimeter DT830B showing the trimmer added for
calibration (indicated by the arrow). The manufacturer http://all-sun.com/ omitted the
calibrating trimmer, and the author of the text and the organizers of the Experimental
Physics Olympiad soldered 137 trimmers to the multimeters and calibrated the latter to
the nominal 1% accuracy announced in the manual http://all-sun.com/manual/
Dt830_en.pdf. The position of the omitted trimmer resistor can be easily seen in the
corner of the PCB (printed circuit board). The terminals of the added trimmer to be
soldered are the central one and one of the extremes. Some substandard multimeters are
produced by substitution of the resistive trimmer by a constant typically a 200Ω SMD
resistor [9]. After the calibration, the back enclosures were reinserted in place and
screwed.

Figure 2. Schematics of the voltage source measurement given as a task to the
participants in EPO4 [8]. The protective resistance rload is placed among the batteries
inside the PVC tube.
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Whereas the weight of the suspended plate m ge creates a projection of the force

= +
-

F m g
x z

L
2g e

e
( )

acting in the opposite direction, where Le is the pendulum length for the electric experiment and
analogously Lm is the pendulum length for the magnetic experiment, see figure 3. The total force

= + = -
¶
¶

F z F z F z
z

U ze g e( ) ( ) ( ) ( )

can be represented as a derivative of the effective potential energy

e
= - -U z

m g

L
x z

S

z

1

2

1

2
.e

e

e

2 0
2

( ) ( )

The force balance determines the equilibrium position z0

e
= -

¶
¶

= - - =
=

F z
z

U
m g

L
x z

S

z2
0 3

z z
0 e

e

e
0

0
2

0
2

0

( ) ( ) ( )

and the potential energy second derivative

e
º -

¶
¶

= - =
=

k z
z

F
m g

L

S

z
0

z z
e 0

e

e

0
2

0
3

0

( )

Figure 3. General scheme of the experimental set-up for e0 and m0 measurement, not to
scale. The suspended capacitor plate is on the left-hand side of the T-shaped stand
(made from two 13×10 mm wood bars (linden), 600mm high and 400mm across)
and the suspended coil is on the right-hand side. The T-shaped stand is mounted on a
wooden board measuring 400mm in length, 200mm in width and 17mm in height.
The plate De and coil Dm diameters are marked underneath, as well as the
corresponding pendulum lengths Le for the plate and Lm for the coil. The wooden
block is depicted on the right without the capacitor plate fixed to it and the coil on
opposite sides. A photograph of the block with all its components is given in figure 5.
The emf symbol (batteries) is on the left of the suspended plate and connected to it.
Analogously, the symbol of the current source is shown on the right of the suspended
coil and connected to it. A photograph of the experimental set-up is given in [8].
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determines whether this equilibrium is stable. For small deviations from the equilibrium
positions we have

» - -F z k z z z ,e 0 0( ) ( )( )
equivalent to Hooke’s law. For >k z 0e 0( ) with negligible friction the pendulum frequency is
w = k z m2

e 0 e( ) . This is the case of large enough distances between the block (figure 5) and
the suspended pendulum. The most important part of the experiment is the slow and gradual
approach of the block towards the pendulum, waiting for the oscillations to attenuate. A
gradual increase in the pendulum period p w=T z 2( ) is felt when the distance x reaches its
critical value x .0 In this critical position

Figure 4. Scheme of the method for electrostatic measurement: a picture of the
experimental set-up is given in the EPO4 problem. Under the action of the electric field
created by the batteries, the movable plate of the capacitor deforms the spring with
effective rigidity  = m g L .e e In equilibrium position z(x) ‘the elastic force’

= -F x zg ( ) is compensated by the electric force e= -F E Se
1
2 0

2 , =E z,

p=S R .e
2 We prefer an expression in which one can easily trace the origin of the

different multipliers. We gradually decrease x and at some critical value xc the
equilibrium position »z x

c 3
c loses stability and a catastrophe happens. The pendulum

(the suspended plate of the capacitor) suddenly sticks to the fixed one at z=0. When
the switch is changed to the upper position, the pendulum minimizes its gravitational
energy  -x z

2 c
2( ) only and =z x .c In a good approximation µx ,c

3 2 see equation (7).
In the magneto-static experiment the plates are substituted with coils with parallel
currents and µx I ,c

2 2 see equation (9).
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=k z x, 0 4e 0 0( ) ( )

the equilibrium becomes indifferent and upon further decrease of <x x0 the capacitor plates
stick to each other, and the critical distance is determined from the solution of the system
equations (3) and (4)

= =F z k z0, and 0. 50 e 0( ) ( ) ( )

From the second equation we find z0 and substituting in the first one we determine x0 and thus
we get the solution

 e
p p

= = - » 
m gx

L D
f f

x

D

32

27
1 ,

4

3
1, 60

2
e

e 0
3

e e
2 e e

0

e
( ) ( )

where the small correction fe derived in the [10]. The slope of the linear regression can be
easily evaluated as the ratio of the maximal equilibrium distance xe (when the error is
minimal) and corresponding maximal applied voltage  . Then omitting the correction fe, we
obtain e0 from equation (6) directly expressed by measurable quantities only


e

p
»

m gx

L D

32

27
, 70

e e
3

e e
2 2

( )

or in a good approximation µxe
3 2. Experimentally after carefully reaching the loss of

stability, we interrupt the voltage supply and short-circuit the capacitor plates. After waiting
for the pendulum oscillations to attenuate, we carefully measure the equilibrium distance x0
between the pendulum plate and the plate fixed to the block by a pencil and two ‘crocodiles’,
see figure 5. In such a way the right-hand side of equation (6) is expressed by experimentally
determined parameters. For each value of the voltage e is different but the coefficient of  2 is
exactly the needed dielectric constant e .0 The experimental data of e versus  2 is represented
in tabular form in table 1 and graphically in figure 6.

Figure 5. Top view photograph of the wood block for both experiments. A
photograph of the whole set-up can be found in [8]. The plate of the capacitor is
fixed to the lower pencil and the coil is fixed to the upper pencil. Both capacitor plate
and coil are glued by hot melt adhesive to the pencils. Two ‘crocodiles’ hold each
pencil to the wood block. The block is moved by hand. The use of the block and the
experiment are schematically presented in figure 4.
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2.2. Magnetostatic experiment

Here we use a slightly different method; the corresponding scheme is given in figure 7.
Initially we fix the distance x and increasing the electric current I through the attracting
coaxial coils, observe the gradual loss of stability and at some critical current I0 the coils stick
to each other. The control variable in the magnetostatic experiment is the current, while in the
electrostatic one the control variable is the distance x. Measuring the current I of the slow loss
of stability, knowing the length of the pendulum Lm, the weight of the suspended coil m gm ,
the number of turns N. and the diameter of the coils =D R2m m, analogously to equation (6)
we obtain

⎜ ⎟⎛
⎝

⎞
⎠m

d
d d= º + » - + º I

m gx

L N D
f f

x

D2
1 ,

1

16
5 6 ln

8
, 1.

8

0
2

m
m

2

m
2

m
m m

2

m
( )

( )

Analogously to the electrostatic experiment and equation (7), we can express m0 from
equation (8) omitting the correction fm in measurable quantities

Figure 6. The linear regression e versus  2 of the experimental data from table 1
according to equation (6). The slope of the line is  ´ -8.7 0.2 10 12( ) NV−2, i.e.
standard error/estimate=2.3%; correlation coefficient=0.9984= - ´ -1 1.6 10 .3

Table 1. Experimental data from the electrostatic experiment. For the plate mass and
diameter, and pendulum length we have correspondingly =m 1.14e g, =D 54 mme ,

=L 574 mme . The parasite computer generated extra digits are not rounded.

x0 (mm) x0
3 (mm3) x D0 e fe e (mN)  (V)  2 (V2)

3 27 0.056 0.0236 6.65×10−5 98.7 9.74×103

5 125 0.093 0.0393 3.03×10−4 197.2 38.9×103

7 343 0.130 0.0550 8.17×10−4 295.9 87.6×103

8.5 614 0.157 0.0668 1.45×10−3 394.3 155×103

9.5 857 0.176 0.0747 2.00×10−3 493.0 243×103

11 1331 0.204 0.0865 3.07×10−3 591.6 350×103

12 1728 0.222 0.0943 3.95×10−3 690.2 476×103

13.5 2460 0.250 0.1061 5.54×10−3 788.7 622×103
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m mº µ
m gx

L N D I
I

2
, . 90

m m
2

m
2

m
2 0

2 ( )

In other words we determine m0 from the loss of stability criterion equation (5). Here xm
is the best measured maximal value of equilibrium distance and I is the corresponding current.
Combining equations (7) and (9) we express the the speed of light c in measurable quantities

Figure 7. Top view of the magnetostatic experiment. An electric circuit is depicted
here. The current from the batteries, measured by the amperemeter, passes through the
coaxial coils with diameter Dm and distance between them z. The current is regulated
by the variable resistor consisting of 1m kanthal wire shown on the left of the scheme.
A load resistor is given between the batteries which limits the current. The 64mm
diameter coils consist of 50 turns of 100μm lacquered copper wire. For a photograph,
see [8].

Figure 8. The linear regression m versus I2 of the experimental data from table 2
according to equation (8). The slope of the line is  ´ -12.07 0.11 10 7( ) NA−2,
i.e. standard error/estimate = 0.91%; correlation coefficient = 0.99976 =
- ´ -1 2.4 10 .4
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⎛
⎝
⎜⎜

⎞
⎠
⎟⎟p

»c
L N D I

m gx

L D

m gx

27

16
, 10m

2
m

2

m m
2

e e
2 2

e e
3

1 2

( )

where xe is the best measured equilibrium distance for the electrostatic experiment and xm is
the equilibrium distance for the magnetostatic experiment determined with the highest
accuracy and  and I are corresponding voltage and current.

The illustrative data obtained from our set-up is tabulated in table 2 and the linear
regression m versus I2 shown in figure 8 determines m0.

Having estimated e0 from figure 6 and m0 from figure 8, we calculate the speed of light
= ´ -c 3.086 10 m s8 1 , which is less than 3% from the exact value, in agreement with the

error estimations from both linear regressions. Better than 1% percent accuracy can be
reached if we apply kV range voltages, which give larger electrostatic shifts for the
corresponding pendulum.

As in the electrostatic problem, equation (8) is derived as the solution of the system

= -
¶
¶

= º
¶
¶

=F z
z

U z I k z
z

U z I, 0, and , 0. 11m m m

2

2 m( ) ( ) ( ) ( ) ( )

The total magnetic force

m
p

p= - - =F z
m g

L
x z IN R

z
2

4
2

1
0 12m

m

m

0 2
m( ) ( ) ( ) ( )

is derived supposing that the conductors are infinite and parallel. Actually, the magnetic field
of a circular coil is given in every textbook in electrodynamics but technical details containing
approximate formulae with elliptic integrals are given in the unabridged version of the present
work [10]; such horrible math is a deterrent for the readers of contemporary journals.
Nevertheless colleagues involved with construction of new experimental set-ups have to be
able to use this concise, sequential and reproducible derivation of the correction function used
in the present work. In principle, the determination of m0 can also be given by changing the
position of the block at a fixed current, as in the electrostatic experiment. The common idea of
these different experiments is described in the next section where we analyse the fold of the
potential energy.

The initial idea was to use not two pendula but a single one in which we have simul-
taneously: a plate of the capacitor and a coil wound around the perimeter, and the same

Table 2. Experimental data from the magneto-static experiment. For the coil mass and
diameter, and pendulum length we have correspondingly =m 1.18 gm ,

=D 64 mmm , =L 558 mmm .

x (mm) x2 (mm2) x Dm fm m (mN) I (mA) I2 (mA2)

10 100 0.156 0.0284 6.67×10−6 72.4 5.24×103

12 144 0.188 0.0385 9.70×10−6 88.4 7.81×103

14 196 0.219 0.0496 1.33×10−5 105.8 11.2×103

16 256 0.250 0.0617 1.76×10−5 120 14.4×103

18 324 0.281 0.0746 2.26×10−5 137.6 18.9×103

20 400 0.313 0.0882 2.82×10−5 153.5 23.6×103

22 484 0.344 0.1025 3.46×10−5 169 28.6×103

24 576 0.375 0.1174 4.17×10−5 185 34.2×103
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structure affixed to the wood block. Having the pendulum length L and mass m, for the speed
of light from equation (10) we have

 p
»c N

I

mg

D L

x x

27

16
, 13

3 2

e
3

m
2

( )

where the dimensionality of the right-hand side is obvious. The catastrophe theory allowed us
to obtain this simple formula.

The pendulum unification requires higher voltage values that are dangerous for operation
by high school students and that is precisely the main reason for not implementing this idea.

2.3. Experimental uncertainty estimation

The experimental data processing requires linear regression both for the electric and magnetic
experiments. Here we will not repeat the well known formulae for the uncertainty of the
coefficient of the linear regression and the correlation coefficient. However, the relative
uncertainty of the slopes gives the best evaluation of the accuracy of our experiments. With
the described setup 1% accuracy is reachable. Here we have to comment on evaluation of the
measuring errors and their effect on the final result. Some factors have to be described only
qualitatively. For example, analytical scales are in glass boxes while our setup is not screened.
That is why the windows and doors have to be closed and also breathing should be not very
intensive. Vice versa, it is difficult to evaluate the influence of the turbulence from a long nose
to the fold point of the canonical catastrophe. The geometry of the system is quite good and
the main source of error is the measurement of distances x with accuracy of 1/2mm. In such
a way the error is less than 0.25mm, which for a distance of 10mm gives an error of 2.5%.
Making N=10 measurements N1 factor reduces the error below 1%. Having a dominant
source of errors, it is senseless to analyze the other negligible ones. For small relative errors of
the determined speed of light and significant deviation from the known value we have to look
for systematic errors, for example, to check the calibration of the multimeter or to check the
number of the turns of the coil. The linear regression relative errors are given in the captions
of figure 6 for e0 and figure 8 for m0.

3. Additional considerations

At a fixed voltage  for the electrostatic experiment or a fixed current I for the magnetostatic
one, the potential energy depends on two parameters z and x. The position of the block x
controls the stability of the system and its behaviour with respect to small perturbations. In
this sense x is a control parameter. The idea of our experiment is by a slow decrease of the
control parameter to determine the critical value xc at which the system changes its behaviour
and the potential minimum disappears. The system suddenly changes its state from stable
minimum at zc to collapsed plates or coils with z=0. At the critical point z x,c c( ) we have a
system describing the loss of stability, such as equation (5) for the electric experiment and
equation (11) for the magnetic experiment

¶ = ¶ =U z x U z x, 0, and , 0.z zc c
2

c c( ) ( )

In the proximity of this critical point of loss of stability for the potential energy we have

» + - - + -U U U z z x x U z z
1

3
, 14zx zzzc c c c

3( )( )
!

( ) ( )
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where

= = ¶ ¶ < = ¶ >U U z x U U z x U U z x, , , 0, , 0.zx z x zzz zc c c c c
3

c c( ) ( ) ( )

Let us introduce new variables

º - º -
-

º -x z z u
U U

U
a

U

U
x x,

3
,

3
, 15

zzz

zx

zzz
c

c
c

!( ) ! ( ) ( )

x is the variable of the state of the system or behaviour variable, a is the only control
parameter of the system, and u is the dimensionless potential energy which should be
minimal u x a;( ).

In these new variables, the approximate Taylor expansion for the fold of the potential
energy equation 14 takes the universal form

+ + =a x x u 0, 163 ( )

depicted in figure 9. In our problem u is proportional to the potential energy of the system.
The control parameter is only a corresponding to the current or voltage, and x represents the
displacement of the pendulum from the critical point of loss of stability.

Let us analyze other physical systems which are described with the same mathematics.
Formally the left-hand side of equation (16) is a derivative

Figure 9. Fold of potential energy according to equation (16). Parabola of extrema is
described by equation (19). The straight line =x 0 describes the zeros of the second
derivative (inflex line) of u with respect to x . Minima and maxima merge in the critical
point of the fold catastrophe (0, 0, 0). The inflex line also passes through this critical
fold point and alongside with the parabola of the extrema, form a ψ-shaped cross. At a
fixed a the disappearance of the extrema is described by the three parallel curves. The
methodology of our experiment is as follows: starting from a minimum of u with
respect to x at fixed negative <a 0, we slowly increase the only control variable a
until the critical value =a 0 is reached, where the system from the fold point plunges
down in the precipice along the middle curve. See equation (5.4) and figure 5.6 in [12].
See how the hand drawing is much more expressive than the contemporary computer
graphics.
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In the Landau theory of second order phase transitions V xab ( ) is the free energy or
thermodynamic potential as a function of the order parameter x , a is the reduced temperature
and u is the external field. From the point of view of Landau theory equation (16) is the
equation for the equilibrium value of the order parameter (or locus of equilibria or surface of
equilibrium) x , see equation (V.144.4) in the Landau–Lifshitz [11] course. On the other hand
in the sense of our problem u is the potential energy of the system.

The mathematical theory of catastrophe systematizes similar types of problems. As a
reference book we will address the monographs by Poston and Stewart [12]. According the
terminology of this book V xab ( ) is called the potential function (chapter 5, section 2), and the
surface

= + = = - + + =V x x a x a a u V a x x u
1

3
, 3 , 3 , 0, 18a a

3 3( ) ˜ ˜ ( )

corresponding after an obvious change of variables to our equation (16) is called fold
catastrophe. Unfortunately there is no figure presenting the surface V x a,a ( ) in V x a, ,a( )
space in this book, which is why we refer to other figures having the same shape but different
meaning of the variables. Further we will cite equivalent figures and equations from the
reference book by Poston and Stewart even if the terminology is different; for example, our
equation (16) is equation (5.2) [12, chapter5, section 2].

For our problem the potential energy U is proportional to the potential function Va(x) of
the canonical fold catastrophe and equation (16) describes the potential surface (figure 9); by
the way this is the situation of a particle orbiting around a black hole [11], again a fold
catastrophe. However for the physics of a second order phase transition equation (16)
describes the locus of equilibria for the order parameter and two control parameters: reduced
temperature [11] and external magnetic field for the example of the physics of the ferro-
magnets; it is the so called canonical cusp catastrophe.

The described experiments and their theory can be carried out and understood without
knowing catastrophe theory. However, for a deep understanding we wish to know why the
loss of stability of electric and magnetic experiments is approximately described by one and
the same universal surface, which also describes many other physical situations. Last but not
least, our work was inspired by the catastrophe theory and that is precisely the relation of the
experiment to the catastrophe theory. We wish to popularize in experimental physics a rich
system of notions and ideas, actually coming again from physics.

The extrema of the surface u x a;( ) obey the equation

= - - =u x ad 3 0 19x
2 ( )

with the solutions =  -x a 3( ) , for <a 0. The minimum at = - -x a 3( ) gives

= - - <u a
2

3
0

3 2
3 2( )

and the maximum at = + -x a 3( ) gives

= + - >u a
2

3
0.

3 2
3 2( )

The extrema are described by the common equation (equation 5.3 of [12])

+ =u a27 4 0. 202 3 ( )
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The most essential part of our experiment is the slow trace of the disappearance of the
stable minimum when the control variable a reaches the critical value. In the fold point the
state variable x suddenly changes its behaviour in a catastrophic manner, i.e. the pendulum
sticks to the fixed plate or coil.

The pendulum transition, which at a critical value of the current I, voltage  or the
distance from equilibrium x suddenly rushes towards the block, is an example of the so called
catastrophic jumps by René Thom [13] and Cristopher Zeeman [14]. The variables x,  or I
are called control variables (or control parameters) and z is called a behaviour variable (or
state variable). The catastrophic jumps occur when smooth variations of controls cause a
discontinuous change of state. In other words, the variable x is a control parameter and the
distance z between the coils or capacitor plates is a behaviour variable. The variable z has a
catastrophic change when a smooth variation of x takes place around the critical value xc.
Without referring the catastrophe theory notions explicitly, such behaviour can be found in
many physical problems: stability of orbits in the field of a black hole, appearance of p-, d-, f-,
and g-electrons in atoms with different Z, critical point, corresponding states rule and Landau
theory of second order phase transitions, plane flow of compressional gases, see the well-
known Landau and Lifshitz course [11], and also recently for eruptive phenomena in the solar
atmosphere [15]. And there are applications in such fields as heartbeat and propagation of a
nerve impulse [16, 17]. Landau concepts of the description of a phase transition by breaking
the symmetry order parameter replaced the science of type of zoology with a unified theory
[18]. It is interesting that even biological phenomena can be described by differential
equations similar to the kinetics of the order parameter [11]. Having only one control para-
meter, i.e. voltage or current, the theoretical analysis is trivial and we obtain the canonical
fold. That is why our work is purely experimental. One of the purposes of our article is to
activate the system of notions of the catastrophe theory, which can be useful for the analysis
of much experimental research. After all, the experimental physics is a mental activity.

Our experimental set-up is to a large extent influenced by the Zeeman catastrophe
machine [14] and by TimPoston’s work on the ‘Do-it-yourself catastrophe machine’ [7]. In
our machine the rubber elastics are replaced by force lines of the electric and magnetic field,
in the same intuitive manner in which Faraday introduced force lines and concepts of a field
in mathematical physics. The Do-it statement does not refer to funding restrictions; we
introduce a new idea for the use of catastrophe theory in the methodology of a student
laboratory.

The theory of the described experiment is related to analysis of the potential surfaces for
the electricWe and magneticWm problems. The detailed theoretical derivation can be found in
[10]. In figure 11 the potential surfaces are depicted in dimensionless variables
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The sections W Z X,( ) in figure 12 are given for three typical section values W Z X;( ) for
<X Xc, =X Xc and >X Xc.
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For a logically connected derivation and introduction of dimensionless variables X, Z and
W, see [10].

4. Discussion and conclusions

This experimental set-up is part of the Physics Faculty of St.Clement of Ohrid University
program for the development of cheap experimental set-ups for fundamental constant mea-
surements, see for example the description of the set-up for measurement of the Planck
constant by electrons [19] and the measurement of the speed of light by analytical scales [5].
The experimental set-ups can be constructed even in high (secondary) school laboratories and
the corresponding measurements can be conducted by high (secondary) school students. The
authors are grateful to the 137participants (students and teachers) in EPO4, where the
described experimental set-up in this article was used and a dozen students measured c and
derived the formulas [8]. Every description of an experimental set-up contains obligatory
accessories, such as a technical specification, drawings, photos, tables, figurers, evaluation of
errors, etc, but the essence of our work is the introduction of new ideas. In general, we can
conclude that the notions of catastrophe theory can be very useful for the invention of new
set-ups in student physics laboratories. This is a style of thinking in broad problems in science
and technology.
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Appendix A. Cuspoid of every regular space curve in the normal plane

In this appendix we will describe the line of minima and maxima depicted on the potential
surface of figure 9 and their projections from figure 10. Let us describe an analogy. Take in
your hands the cable of your PC and look along the tangent at some point of the cable. Let us
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choose around some regular point of the curve the local x-axis along the tangent t, y-axes
along the normal n, and z-axes along the binormal = ´b t n. In this local system for the
space vector we have






t
t

= + + = =

=
+



s t x y z x s y s

z s s

r t n b, ,
1

2
,

1

3
,

1
, A.1

2

3
2 2

( ( ))
!

!
( )

where s is the length along the curve. In the normal (n-b) plane we have

 t=z y9 2 , A.22 2 3 ( )

where is the curvature and τ is the torsion. For a constant vector V in (t, n, b) space, i.e. in
the Frenet–Serret frame

a b g a b g= + + = = =V t n b, const, const, const, A.3( )

the angular velocity is

w t= + =v v
s

t
b t ,

d

d
, A.4( ) ( )

where t (let us call it time) is an arbitrary parameter parametrising the curve and the length
along the curve s(t). For the time derivative of the vector we have

Figure 10. (Left) State variable x as function of the control variable a ; top view of
figure 9. When increasing a the minimum disappears and in the critical fold point the
system catastrophically loses stability. The collapse is presented by a vertical line. For
our setup the collapse means sticking of the coils of the magnetic pendulum, for
example. The experimental observation of a fold point is the basis of our idea for
determination of e0, m0 and c in the undergraduate experiment. Confer the fold
catastrophe map given in figure 9.1 in [12]. (Right) The semicubic curve given by
equation (20). It is the (a -u ) projection of extrema curves depicted in figure 9. The
abscissa is the control parameter a and the ordinate is the parameter u , which is
proportional to the potential energy of the system. Our methodology is related to the
slow increase of a moving along the lower curve of the minima; see figure 5.3 of [12].
Reaching the critical fold point = =a u0, 0( ), the system (the experimental set-up)
catastrophically changes its behaviour. In the real experiment the vertical is the
potential energy, while the horizontal is the distance in the electrostatic experiment and
the current in the magnetostatic experiment. See the map depicted in figure 5.6 in [12].
In the (a -u ) plane the fold point is at the corner of the semi-cubic parabola
equation (20) .
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Substituting here t, n, b we have the Frenet–Serret formulae [20, 21]
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Finally the comparison of equation (19), equation (20), and equation (A.2) gives that for
the standard canonical fold we have = 6 and t = 2 for the line of the extrema in figure 9.

Figure 11. The potential surfaces We (left) and Wm (right). The right branch of the
curves represents the stable local minima of the potential energy as function of Z at
fixed values of X. The left branch of the curves shows the local unstable maxima. Those
two branches join at the critical point at which the minima and maxima annihilate for
the critical value X .c The three parallel curves over both surfaces are copied in
figure 12. Those curves demonstrate local extrema for >X X ,c monotonous
dependence for <X X ,c and most importantly the catastrophic behaviour at the
critical value =X X .c

Figure 12. The sections of the potential surfaces close to the critical fold point for the
electric We (left) and the magnetic Wm (right) problems. For the critical value =X Xc

maxima and minima merge in an inflection point. For <X Xc the potential curves are
monotonous without local extrema. The zeros of the second derivative between the
minimum and the maximum of the potential curves are shown by a line forming the
middle of the ψ-shaped pecularity. Confer the fold curves in figure 5.6 of [12] and
figure 11 for the electric and magnetic problem and the model universal surface figure 9
around the fold point.
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