
Kater’s pendulum 

 

Objective: To determine the value of ‘g’ at NISER using a reversible pendulum. 

Apparatus: A reversible pendulum, knife edges, support stands, photodetector/stop watch, 

measuring tape/scale. 

Theory: 

A physical pendulum is a rigid body swing in a vertical plane about any horizontal axis 

passing through the body. The resultant force acts through the centre of mass. The time 

period of oscillation of the physical pendulum is related to the moment of inertia I about the 

point of suspension. 

� = 2� � ��	
   (1) 

Where M is the mass of the rigid body and l is the separation between the point of suspension 

and the centre of gravity. Using the parallel axis theorem the moment of inertia I can be 

expressed in terms of the moment of inertia about the centre of gravity as 

                � = �� + ���      (2) 

Where k is the radius of gyration and this leads to an expression 

    � = 2� ����
�
	
                   (3)  

The reversible pendulum (Kater’s Pendulum) has two pivot points on opposite 

sides of the centre of gravity from which the pendulum can be suspended (as 

shown in Fig. 1). lA and lB are the distance of the centre of gravity from pivot 

points A and B, respectively. Following Eq.(3), the time period about A and B 

can be written as  

     �� = 2� ����
��	
�                 and           �� = 2� ����
��	
�                  

If we adjust the length lA and lB such that TA = TB = T then by simple manipulation we can 

obtain 

� = 2� �(
�� 
� )�	      (4) 

� = 4�� (
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Fig. 1 



Here (�� + ��)� is the equivalent length of the pendulum, which satisfies the condition of 

reversibility or in other words the period of oscillation around bearing sleeve A and B 

become equal. Thus, Eq.(5) eliminates the need to locate the center of gravity or the radius of 

gyration of the rigid body, which is a major of error inherent to the simple pendulum and bar 

pendulum. 

The Setup 

The experimental set-up is illustrated in Fig.2. The knife edges 

must be fixed at the same height so as to make sure the mass 

of the pendulum will be distributed evenly over both bearing 

points. Make sure that the table and the stage supporting the 

knife edges do not move with the pendulum. The geometrical 

length of the rod used as reversible pendulum is 75 cm to 

which the bearing sleeves (referred as A and B) can be 

screwed at a desired position. The time period T of the 

pendulum is determined for small oscillating amplitudes with 

the fork light barrier. The light barrier is operated in the 

“period measurement” mode (switch shifted to the right side) 

and situated at the point of maximum amplitude of the 

pendulum. The time elapsed between two consecutive phases 

is measured, when the pendulum just leaves the infrared beam. 

This lapse of time is the period T at the point of maximum 

amplitude, as long as the pendulum keeps covering the beam 

while it reverses its trajectory.  

Procedure: 

In this experiment in order to find g, first we need to determine the equivalent length (�� +  ��)�.  

1. Throughout the experiment sleeve A is fixed at a distance of 7 – 10 cm from one end of 

the pendulum. Position of sleeve B can be varied. 

2. Adjust the bearing sleeve B so that the distance between the two sleeves, (�� +  ��) is 

roughly 45cm. Make sleeve A as the pivot point and record the time period TA about A. 

3. Now turn the pendulum upside down and make sleeve B as the pivot point. Measure the 

time period TB by varying the position of sleeve B (keeping position of sleeve A fixed) 

such that (�� +  ��) is between 34 cm and 60 cm, in steps of 2 cm (just because we 

already know that this range will work). 

4. Plot the time period TB as a function of (�� + ��). Find the length (�� +  ��)� from the 

graph corresponding to T = TB = TA, as recorded in step-2. See Fig. 3 for reference.  

5. Now to determine the value of T and (�� +  ��)� more accurately, record both TA and TB 

about sleeves A and B as pivot points, respectively. Again, position of sleeve A remains 

fixed and position of sleeve B is varied in the range (�� +  ��)� ± 3 cm with smaller 

intervals of 0.3 cm. 

Fig. 2 
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Fig.  3 

6. Plot TA and TB as a function of (�� +  ��) on the same scale as shown in Fig. 4. Find T 

and (�� + ��)� at point of intersection of the two curves and calculate ‘g’ using Eqn.(5). 

 

Observations: 

(I) (�� +  ��) = 45 cm, TA = ………… sec 

 

(II) Table 1: Data for TB ~ (�� +  ��) graph 

 

No. of Obs. (� +  �!) (cm) TB (sec) 

1 34 .. 

2 36 .. 

.. .. .. 

.. .. .. 

.. 60 .. 

 

 

(III) Table 2: Data for TA, TB ~ (�� +  ��) graph 

 

No. of Obs. (� +  �!) (cm) TA (sec) TB (sec) 

.. .. .. .. 

.. .. .. .. 

.. .. .. .. 

.. .. .. .. 

.. .. .. .. 

Graphs/Calculations: g = …………. cm/sec
2 

 



Computation of proportional error: 

"�� =  #$"(�� +  ��)�(�� +  ��)� %� +  $2 "�� %�
 

Precautions: 

References: 

1. Practical physics: R.K. Shukla, Anchal Srivatsava 

2. Kenneth. E. Jesse, American Journal of Physics, Vol. 48, Issue 9, pp.785 (1980) 

 

 

 

 

 

 

 

 



Magnetic susceptibility of a paramagnetic material by Quincke’s 

method 

 

 
Objective 

1. To determine the magnetic susceptibility χ of a given paramagnetic solution for a specific 

concentration. 

2. Calculate mass susceptibility χ′, Molar susceptibility χ″, Curie constant C and Magnetic 

dipole moment. 

 

Theory 

When a material is placed within a magnetic field, the magnetic forces of the material's 

electrons will be affected. This effect is known as Faraday's Law of Magnetic Induction. 

However, materials can react quite differently to the presence of an external magnetic field. 

This reaction is dependent on a number of factors, such as the atomic and molecular structure 

of the material, and the net magnetic field associated with the atoms. The magnetic moments 

associated with atoms have three origins. These are the electron motion, the change in motion 

caused by an external magnetic field, and the spin of the electrons. In most atoms, electrons 

occur in pairs with spins in opposite directions. These opposite spins cause their magnetic 

fields to cancel each other. Therefore, no net magnetic field exists. Alternately, materials with 

some unpaired electrons will have a net magnetic field and will react more to an external 

field. Most materials can be classified as diamagnetic, paramagnetic or ferromagnetic. 

Although you might expect the determination of electromagnetic quantities such as 

susceptibility to involve only electrical and magnetic measurements, this practical shows how 

very simple measurements of mechanical phenomena, such as the displacement of a liquid 

column can be used instead. Quincke devised a simple method to determine the magnetic 

susceptibility, χ, of a paramagnetic solution by observing how the liquid rises up between the 

two pole pieces of an electromagnet, when a direct current is passed through the 

electromagnet coil windings. A material’s magnetic susceptibility tells us how “susceptible” 

it is to becoming temporarily magnetised by an applied magnetic field and defined as the 

magnetization (M) produced per unit magnetic field (H).  

χ = M/H    (1) 



Consider a paramagnetic medium in the presence of a uniform applied flux density Bo. 

Loosely speaking, paramagnets are materials which are attracted to magnets. They contain 

microscopic magnetic dipoles of magnetic dipole moment m which are randomly oriented. 

However, in the presence of a uniform field B each dipole possesses a magnetic potential 

energy U = −m• B, [1]. So they all tend to align up parallel to B, which is the orientation in 

which their potential energy is minimum (i.e. most negative). Consequently, the liquid, which 

contains many such dipoles, will tend to be drawn into the region of maximum field since this 

will minimize its total magnetic potential energy. In other words, the liquid experiences an 

attractive magnetic force Fm pulling it into the region of strongest field. The dipoles in the 

liquid, FeCl3 solution for this experiment, are due to Fe
3+

 ions which are paramagnetic in 

their ground-state. The “spins” of several outer electrons are aligned parallel to each other to 

gives rise to a net magnetic moment m which is not compensated by other electrons. 

A region of empty space permeated by a magnetic field H possesses an energy whose density 

(energy per unit volume) is u = ½μoH
2
 [1], where μo is the magnetic permeability of vacuum. 

In presence of a medium, this magnetic energy density may be written: 

   2

2

1
Hu µ=    (2) 

where μ is the magnetic permeability of the medium and H = |H|. For fields which are not too 

large, the magnetic permeability μ of a paramagnet can be treated as independent of the 

applied field; i.e. it is a “constant”. Note that μ>μo for a paramagnet. The H vector has the 

very useful property that its tangential component is continuous across a boundary, so that the 

value of H in the air above the meniscus is equal to that in the liquid. This is in contrast to the 

flux density, where B0 in air is different (less, in this case) from the value B in the liquid: 
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Suppose that, when the field is turned on, the meniscus in the narrow tube rises by an amount 

h, relative to its zero-field position (see Fig. 1). A volume πr
2
h of air in the narrow tube (with 

permeability μo) is, therefore, replaced by liquid. Hence, the magnetic potential energy of this 

volume of space increases by an amount: 

  ( )h)(
2
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The work done by the upward magnetic force Fm in raising the liquid by an amount h is  
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When the liquid in one arm of the tube rises by h, it falls on the other arm by h. It continues 

to rise till the upward magnetic force is balanced by the weight of the head of liquid. The 

downward gravitational force on the head of liquid, of mass m, is given by 

   hgrmgFg ρπ 2
2==    (6) 

where ρ is the density of the liquid. However, there is also a very small additional upwards 

force on the liquid due to the buoyancy of the air, which, strictly, ought to be included (By 

the Principle of Archimedes, bodies immersed in any fluid, even air, experience this 

buoyancy; you are yourself very slightly lighter by virtue of the surrounding air, though this 

effect is extremely tiny compared to that which you experience when immersed in a much 

denser fluid, such as water). The liquid in the narrow column displaces a volume of air, while 

that in the wide column is replaced by air, and this leads to a net upwards buoyancy force on 

the narrow column given by 

   hgrF ab ρπ 22=    (7) 

where ρa is the density of the air. Combining all these forces, we have Fm =Fg -Fb, so that 

  ( ) hgrrH aa )(2
2

1 222 ρρππµµ −=−    (8) 

Using Eq. 3 in Eq. 8, we finally obtain the volume susceptibility, which is a dimensionless 

quantity: 

  [ ] aao
B

h
g χρρµχ −−=

2
)(4    (9) 

Where aχ  is the susceptibility of air. In practice, the corrections due to air are negligible. 

There will also be a small but significant diamagnetic (i.e. negative) contribution to the 

susceptibility mainly due to water. The total susceptibility of the solution is given by χ = χFe 

+ χwater. In the present work you will correct χ to yield the true value of χFe. Some other 

parameters are defined in terms of volume susceptibility as follows: 

Mass Susceptibility is given by:      χ′ = χ/ρ     (10) 

Molar Susceptibility is given by: χ′′ = χ′ M     (11) 

where M= Molecular weight 

Curie constant is given by:  C = χ′′/T     (12) 

where T= Temperature of sample 

Magnetic moment µ of dipole of the specimen by relation 

           µ = 2.8241√C         (13) 

where µ is expressed in Bohr magnetron µB with a value of 9.272 × 10
-24

 A-m
2
 



Literature value of molar susceptibility of FeCl3 is +1.69 x 10-8 m3/mol [2]. 

Since the thermal effects tend to destroy the alignment of magnetic dipoles, so the susceptibility 

of a paramagnet decreases as the temperature T is increased. Using statistical mechanics, it may 

be shown that at high temperatures (kT >> mB) the contribution χFe of the paramagnetic Fe3+ ions 

to the volume susceptibility of the solution is given by,  

  
kT

Np

kT
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B

M oBoo
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222 µµµµ
χ ===    (14) 

where k is Boltzmann's constant and N is the number of Fe3+ ions per unit volume,  p is the 

magneton number defined in Appendix A, μB is the Bohr magneton and m = pμB. The 1/T 

dependence of χMn is known as Curie's Law.  

The above theory assumes that the magnetic field acting on each ion is just the applied field B; 

field and contributions due to neighboring magnetic ions are neglected. For dilute paramagnetic 

materials these other contributions are very small and the approximation is valid. This is not so 

for concentrated magnetic materials and ferromagnets.  

Apparatus: 

1. Adjustable electromagnet with pole pieces  

2. Constant power supply  (0-16 V, 5A DC) 

3. Digital Gauss meter 

4. Hall probe for magnetic strength measurement 

5. Traveling Microscope 

6.  Quincke’s tube (an U tube) 

7. Measuring cylinder (100ml), Pipette (5ml)/dropper, Wash bottle 

8. Specific gravity bottle (25cc) 

9. FeCl3for making solutions 

10. Electronic balance (Least count = 0.01gm) 

11. Connecting cords 

Experimental set-up  

A schematic diagram of Quinck’s method is 

shown in Fig 1. Quinck’s tube is U shaped 

glass tube.  One arm of the tube is placed 

between the pole-pieces of an electromagnet 

shown as N-S such that the meniscus of the 

liquid lies symmetrically between N-S. The 

Fig. 1: Schematics of the set up 



length of the limb is sufficient as to keep the other lower extreme end of this limb well 

outside the field H of the magnet.  The rise or fall h is measured by means of a traveling 

microscope of least count of the order of 10
-3

cm. The picture of the actual set up is given in 

Fig. 2. 

  

Procedure 

1. Prepare the FeCl3 solution of known mass (10 or 20gm) in 100 ml water. 

2. Calculate the number of moles of Fe3+ ions per unit volume of the solution. 1 mole of a 

substance has a weight in grams equal to its molar weight, Wm. The molecular weight is 

found by adding up the atomic weights of the constituent atoms of the molecule. If X grams 

of FeCl3were dissolved in V m3 of the solution, the number of moles is X/Wm. Each mole 

contains NA (Avagadro’s number) of molecules. Thus the number of molecules in V m3 is 

 N = NAX/Wm 

3. Measure the density ρ of your solution using a specific gravity bottle. The method here is to 

(a) weigh the bottle + stopper when it is dry and empty, let it be w1. 

(b) fill it with distilled water and weigh it again, let it be w2. 

(c) dry it with a dryer and fill it with your solution and weigh it again. Let the weight be w3 

The density ρ may be found, knowing the density of water ρwater, from the following 

equation 
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4. Adjust the pole pieces so that the gap between them is about 10 mm (Diameter of the U-

tube is about 8mm).  

Fig. 2 Experimental set up for Quicke’s method 



5. Connect the electromagnet coils in series to the power supply and ammeter. The field 

between the pole pieces must be calibrated as a function of current over an appropriate 

range (1- 4A). The magnet may run continuously with a current of 5A (for precautions, 

we would avoid prolonged use at 5A, hence the range up to 4A) and for short periods 

with 10A. The Hall probe will be used to measure the magnetic field B (how does this 

work?). Position the Hall probe using the stand provided so that the same position is 

maintained throughout the calibration. With the U-tube removed, insert the Hall probe 

into the field region between the flats of the pole pieces. 

6. Switch on the Gauss meter and rotate the zero adjustment knob till you get zero reading 

on it. Now, switch on the power supply and adjust the current at 1A. Adjust the probe’s 

position and orientation until it registers a maximum positive field. Clamp the probe 

handle firmly in place so that it cannot move. Measure the flux density B. Slowly 

increase the current (I) in small steps and record corresponding values of B. 

7. If you record your calibration data with sufficiently small increments of current this will 

provide the best definition of the entire curve, which will be linear in a certain range for 

smaller values of current and then the slope will decrease as magnetic saturation occurs in 

the material of the pole pieces. Note there may also be some magnetic hysteresis present and 

for a given current, the field may be slightly different, depending on whether the current is 

increasing or decreasing. The magnetic saturation means that the highest values of current do 

not produce an equivalent increase in the values of the magnetic field.  

8. Bring the current in the power supply back to zero and switch off supply after you finish 

calibration. 

9. Transfer some of the prepared solution to the U- tube so that the meniscus is at the centre 

of the pole-pieces. Focus the travelling microscope on the meniscus and note down the 

initial reading for B = 0. 

10. Switch on the supply and slowly vary the current up to 4A in steps of 0.5A. The solution 

in the tube rises up. Note down the corresponding height of the liquid column for each 

value of current.   

 

Observations 

Table 1: Data for calibration 

 

Sl# I (A) B (Gauss) 

   

   



Table 2: Measurement of ρ 

Wt. of empty specific gravity bottle (w1) = .. 

Wt. of specific gravity bottle filled with distilled water (w2) = .. 

Wt. of specific gravity bottle filled with test liquid (w3) = .. 
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Use ρwater = 1000 kg/m
3 

 

Table2. Measurement of h ~ B 

 

Sl# I B B
2 

Meniscus Reading Difference 

h= (b-a) 

 

B=0 

(a) 

B≠0 

(b) 

M.S V.S T.R M.S V.S T.R. 

            

           

           

 

Graph: 

Plot a graph h~B
2
 and do straight line fitting to determine slope. 

Calculations: Use aχ ~0 and ρa = 1.29 kg/m
3
 

Volume susceptibility, 61004.9 −×−=waterχ  

Feχ = …. Feχ ′ = …. Feχ ′′ = ….. C = …… µ = …. 

 

Conclusion and discussion: 

 

Precautions: 

 

1. Scrupulous cleanliness of the U-tube is essential. Thoroughly clean the tube and rinse it 

well with distilled water before starting and dry it.  

2. Make several sets of measurements to ensure consistency; false readings can arise from 

liquid running down the tube or sticking to the sides.  

3. Carefully swab down the inside of the U- tube with a cotton bud, to ensure that there are no 

droplets of liquid which might interfere with the plastic spacers on the rod which measures 

the height of the meniscus.  

4. Do not use the U-tube for longer than one laboratory period without recleaning. After 

cleaning ask the laboratory technician to dry the tube for you with compressed air.  



5. Try to avoid the backlash error of the travelling microscope. The small change of height 

may cause you more error in the calculation. 

 

References 

[1] I. S. Grant and W.R. Phillips, “Electromagnetism”, (Wiley) 

[2]http://www.agoenvironmental.com/sites/default/files/pdf/diamagnetic%20element%

20list.pdf 

 

Appendix A: Magnetic moment values  

The magnetic susceptibility of a substance is related to the magnetic dipole moments of its 

individual atoms or ions. The total angular momentum of an atom or ion arises from both the 

orbital motion and the spin of the electrons. The magnetic dipole moment can be expressed in 

the form  

m = pμB,  

where p, the magneton number, is the dipole moment in units of the quantity μB, which is 

known as the Bohr magneton. The Bohr magneton is the atomic unit of magnetic moment 

defined by,  

μB = eh / 4πme  

where, in this equation, e and me are the electronic charge and mass and h is Planck's 

constant. The dimensionless magneton number p is usually between 1 and 10 for atomic 

systems.  

The rules for calculating p can be summarised as follows,  

(i) the unfilled electron shells for any atom or ion can be found in standard tables.  

(ii) the quantum numbers of the individual electrons can be added  

=
i

ilL  and =
i

isS  

to give the largest values of L and S consistent with the Pauli Exclusion Principle  

(iii) the total quantum number J can be found from  

J = L - S first half of the electron shell  

J = L + S second half of the electron shell  



(iv) the magneton number p is given by,  

)1( += JJgp       where g the so called Landé splitting factor  
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takes into account that the spin effectively creates twice as much magnetic moment as the 

orbital motion. 

(v) the result of these calculations are tabulated in nost textbooks on condensed matter 

physics, See the Table 1. 

Table 1 Magneton numbers p for some transition metals (TM
2+

 free ions) 

No of electrons 

in 3d shell 

Ion S L J P 

0 Ca
2+

 0 0 0 0 

1 Sc
2+

 ½ 2 3/2 1.55 

2 Ti
2+

 1 3 2 1.63 

3 V
2+

 3/2 3 3/2 0.77 

4 Cr
2+

 2 2 0 0 

5 Mn
2+

 5/2 0 5/2 5.92 

6 Fe
2+

 2 2 4 6.71 

7 Fe
3+

 5/2 0 5/2 5.92 

8 Co
2+

 3/2 3 9/2 6.63 

9 Ni
2+

 1 3 4 5.59 

10 Cu
2+

 ½ 2 5/2 3.55 

11 Zn
2+

 0 0 0 0 

 



Coefficient of thermal expansion of metals by Fizeau’s 

interferometer 

 

 

Objective 

To determine the coefficient of thermal expansion (α) for a metal (copper/ aluminum/ 

brass) rod using Fizeau’s interferometer 

 

Theory 

Thermal expansion is a simple and universal property of material which is quite 

informative. It originates from the thermal vibrations of atoms of the material. Linear 

thermal expansion may be considered as the relative displacement of two points on a 

material due to absorption of thermal energy. The coefficient of linear expansion,α, of a 

material is defined as The coefficient of linear expansion (α) of a material at a given 

temperature, is defined as the fractional change in any dimension per unit change of 

temperature and expressed as follows: 

� =
�

�

∆�

∆�
   (1) 

where L is the original length of the material and ∆�  is the change in length for a change 

in temperature ∆�. The value of α varies with temperature and ranges widely from about 

5x10-6 to 50x10-6 / 0C for different materials. To determine α, one needs to measure L, ∆� 

and ∆� as shown in Eq. 1. Usually measurement of L poses no problem. Let us consider 

the value of ∆� for a change in temperature by 20
0
C for a material of length 1 cm. 

Assuming maximum value of α = 50x10
-6

 / 
0
C, ∆� is calculated as 10

-3
cm. This is not an 

easily measurable length. Hence special arrangement (usually optical) is needed to measure 

such length changes.    

A commonly employed method is based on the principle of interference. When rays of 

light from a monochromatic source fall on a wedge shaped air film, an interference fringe 

pattern is obtained. These fringes are named after French Physicist Armand Hippolyte 

Louis Fizeau (1819-1896), who used the interference of light to measure the dilation of 

crystals. The set up he used is known as Fizeau’s interferometer. In this set up, a wedge 



t2 t1 

λ/2 

β 

θ 

Dark 

Dark 

Fig. 1: angle of wedge shaped 

 air film 

shaped air film is formed between the surfaces of two inclined glass plates. When the film 

is by illuminated by light of wavelength λ at normal incidence, interference occurs between 

the light rays reflected from the surfaces of upper and lower plates and a fringe pattern 

consisting of hyperbolic lines with equal spacing is observed. Optical path difference 

between the direct and the reflected ray of light is given by,                                 

                                              Δ = 2t+ λ/2   (2) 

where t is the thickness of the air-film enclosed between the glass plates at the point of 

interest. It is to be noted that the air-film has a variable thickness and each fringe 

corresponds to particular thickness. Hence, these fringes are known as fringes of equal 

thickness. The factor λ/2 takes into account the abrupt phase change of π radians suffered 

by the wave reflected from the top of glass plate P2. We know the following from the 

interference phenomenon   

                     Condition for maxima: Δ = mλ  (3) 

                                         Condition for minima: Δ = (2m + 1)λ/2    (4) 

where m = 0, ±1, ±2, … 

Therefore, dark fringes (minima) would satisfy the following 

relation: 

   2t = mλ  (5) 

Let the air film has thickness t1 and t2 for two consecutive dark 

fringes. Then the change in thickness, t2-t1, from one 

minimum to the next is λ/2. So, the angle of the air wedge (θ) 

can be expressed as (see Fig. 1) 

tan θ = λ/2β  (6) 

where β is the fringe width, i.e. distance between two consecutive minima (or maxima).  

If a test sample is introduced in between the two glass plates, then the wedge angle 

changes as the sample expands upon heating. One can estimate the change in length of the 

sample from the change in fringe spacing. The expansion in length of the rod (ΔL) 

increases the air-film thickness which, in turn, leads to an increase in the wedge angle ‘θ’. 

This geometry is represented in Fig. 2. Let thickness of the air film at point F be t1 and t2 at 

temperatures T1 and T2 (= T1+∆T), respectively. If the corresponding fringe widths are 



measured to be β1 and β2, then the angles of the wedges can be calculated respectively as 

follows 

  θ1 = tan
-1

 (λ/2β1) 

  θ2 = tan
-1

 (λ/2β2)                           (7) 

Thus ΔL can be calculated as 

∆L = l∆θ = l(θ2 − θ1)                       (8) 

where ‘l’ is the length of the glass plate ‘AC’.  

Finally, by using Eqs. (6-8) 
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The value of 








∆

∆

T

θ
can be found by plotting a graph for θ ~T.  

Typical values of α for aluminium, copper and brass at room temperature are 23.1 × 10-6,  

16.6 × 10
-6

 K
-1

 and 20.3 × 10
-6

 K
-1

, respectively                                    

Apparatus: 

• Two Glass plates 

• Interferometer assembly 

• Thermocouple and temperature 

indicator 

• Travelling Microscope 

• Variable transformer (variac) 

• Sodium vapour lamp 

• Specimen 

• Heater 

Description of the set up: 

The schematic design of the experimental set up is shown in Fig. 3. It consists of an 

aluminium or brass stand A of about 15cm in height with two projections A1 and A2.  A1 

holds two glass plates (microscopic slides) P1 and P2 where P2 is slightly shorter than P1. 

A screw SC passes up through A2. Q1 and Q2 are two fused quartz rods holding the 

sample S between them. The sample is usually a small metal rod. A3 is a metal block 

screwed on to A2. At the top A3 is supports a heater H which is a small cement tube over 

Fig. 3: Schematics of the set up 

A 

Fig. 2: Geometry to calculate the optical 

path difference 



which a heating element is wound. A thermocouple (not shown) is inserted such that it is 

close to the sample. L is the source of light. The inclined glass plate P3 reflects the light 

from L to the interferometer and transmits the light from the interferometer to the 

microscope. The actual set up and the observed fringes are shown in Fig. 4.   

 

 

 

 

 

 

 

 

 

 

Fig. 4: Experimental set up and the Fizeau’s fringes 

 

Procedure 

1. Record the initial temperature (room temperature) before beginning the 

experiment. 

2. Measure length of the metal rod (LRT) at room temperature using vernier calipers. 

3. Place the sample rod between Q1 and Q2 such that Q2 touches P1. 

4. Switch on the sodium lamp and adjust P3 so that it reflects light towards P2. 

Looking through the microscope gently adjust the screw SC such that an air 

wedge is formed between P1 and P2 and a fringe pattern is observed. 

5. Mark a point of reference around the middle point of the P2. Make the cursor 

coincide with a dark fringe near this point and note the microscope reading. This 

is the initial reading. Move the microscope cross-wire towards one side and note 

down the readings each time after counting 5, 10, 15 and 20 fringes.  

6. Switch ON the oven to heat the sample. A voltmeter is connected across the 

heating filament for a coarse calibration. Usually a voltage reading of about 10-15 

volt sets the temperature at 110-1150C. Thus rotate the knob very slowly and 

watch the temperature reading till it becomes 10
0
C more than room temperature. 



This will take around 10 minutes time to stabilize. Bring back the travelling 

microscope to the initial position and repeat step 5. 

7. Continue the above step and record your readings for every 10°C interval (up to 

100 or 1100C). 

8. Mark the point of contact of Q2 and the glass plate P1 using a marker pen. Using a 

scale measure the distance (l) between one edge (A) of the glass plate and the 

point (C) of contact. 

9. Calculate the air-wedge angle ‘θ’ using Eq. 7 for all temperatures. 

 

Observations: 

Table 1: Measurement of LRT  

Least count of vernier calipers = ……. cm 

 

S.No. Reading at position A Mean LRT  

(cm) 

Main scale 

reading (cm) 

Vernier scale 

reading (cm) 

Total 

(cm) 

 

    

    

    

 

Table 2: Measurement of fringe width β:  

 

λλλλ = 589.3 nm    Least count of travelling microscope = ….. 

  

Sl# Temperature 

T (
0
C) 

No. of 

fringes 

Microscope reading 

(cm) 

Width 

of 

5fringes 

Fringe 

width 

Average 

fringe 

width 

Wedge angle 

   Main 

scale 

Vernier 

scale 

Total    θ=tan 
-1

( λ/2 β) 

          

          

          



Graph: Plot a graph between air-wedge angle ‘θ’ vs. temperature ‘T’ and calculate the 

slope. Finally use Eq. 9 to calculate the coefficient of thermal expansion ‘α’. 

 

Results and Discussions 

 

Error Analysis 

  

Precautions: 

 

1. Do not touch the heater or the rod by hand when the oven is ON. 

2. Rotate the knob of variac very slowly. 

3. While adjusting to get the fringes, rotate the screw SC very gently, just enough to 

get the fringes. 

4. Be careful while handling the glass plates. 

 

References:  

1. Born M., Wolf E., Principles of Optics. 

2. Company manual 

3. http://physics.info/expansion/ (for standard values of α) 



Determination of Young’s modulus of material by Cornu’s 

apparatus 
 

 

Objective 

 

To determine Young’s modulus and Poisson’s ratio of a glass/Perspex plate using 

Cornu’s method. 

 

Theoretical Background 

 

 Young’s modulus, also known as modulus of elasticity is an important 

characteristic of a material and is defined to be ratio of longitudinal stress and 

longitudinal strain and is given by  

 

                                                             
LA

LF
Y

∆
=

.

0
.

                                                    … (1) 

 

Which has unit of Pressure (Pascal) and F, A, ΔL and L0 are force, area, extension and 

initial length respectively.  Young’s modulus can be used to predict elongation or 

compression of an object as long as the stress is less than the yield strength of the 

material.  Another important elastic constant is Poisson’s ratio.  When a sample of 

material is stretched in one direction it tends to get thinner in the other two directions.  

Poisson’s ratio is a measure of this tendency and is defined as the ratio of the strain in the 

direction of applied load to the strain in the transverse direction.  A perfectly 

incompressible material has Poisson’s ratio σ = 0.5.  Most practical engineering materials 

have 0 ≤ σ ≥ 0.5.  For example, Poisson’s ratio for cork, steel and rubber is 0, 0.3 and 0.5 

respectively.  Polymer foams have negative Poisson’s ratio, when it is stretched it gets 

thicker in other direction.  

 In an elegant experiment, Marie Alfred Cornu in the year 1869 first showed that 

the interference phenomenon in optics could be used for measuring deformation of a 

solid under load. At that time, it was very interesting to find that counting of interference 

fringes could provide information about Young’s modulus and Poisson’s ratio for a 

transparent material. The method proposed by Cornu employs a glass plate placed on top 



of a glass beam. When load is applied on both the sides of the glass beam, it gets 

deformed due to strain along the longitudinal direction (X-axis). Since Poisson’s ratio σ ≠ 

0, the glass beam will bend in the transverse direction (Y-axis). Thus the beam deforms 

into the shape of horse saddle forming a thin film of air between them. When the film is 

illuminated by monochromatic light, interference occurs between the light reflected from 

the bottom of the glass plate and the top of the beam as shown in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Geometry for obtaining interference fringes 

 

Let ‘x’ and ‘y’ represent coordinates along longitudinal and transverse direction with the 

middle point being the origin (O).  Also, let Rx and Ry be the radius of curvature in 

longitudinal (X) and transverse (Y) directions respectively. In order to obtain the shape of 

the interference fringes, consider that the thickness of air film between the glass plate and 

the beam to be ‘t(x,y)’ at appoint (x,y) in the XY-plane. First, let us consider only the X-

dependence of air film i.e. t ≡ t(x). The width ‘t(x)’ of the air film inside the glass beam 

and the X-axis through the origin at a coordinate ‘x’ along X-axis can be obtained from 

    

                                                       ��� − ���	

�

= ��
� − ��                                             … (2) 

 



Assuming ‘t(x)’ to be very small we can solve it to get 
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=                                                           … (3) 

 

Similarly, the width t(y) of the air film inside the glass beam and the XY-plane through 

the origin ‘O’ at a coordinate ‘y’ along Y-axis can be obtained from 

                                                          

( )
yR

y
yt

2

2

−=                                                        … (4) 

It is to be noted that the sign is negative because along Y-axis the glass beams bents 

upward. Therefore width of air film between parallel plate and glass beam at a coordinate 

(x, y) is given by 
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The shapes of the fringes are determined by the locus of all points that have identical path 

difference. In the present case, the path difference will be identical for points with a 

constant value of thickness’(x,y)’. Thus the shape of the fringe will be given by,  
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yx
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… (6) 

where ‘a’ is a constant and this is an equation of hyperbola.  Therefore, the fringes will 

be hyperbolic. 

 

It is important to note that the light waves passing through glass plate will be 

divided into two parts.  One component would comprise the reflection from the bottom of 

the glass plate-air interface and the second one would be from the top of air film-glass 

beam interface. These two components would interfere and produce the fringe pattern.  

The latter one would undergo a phase change of π because of reflection at air film-glass 

beam interface. Also, this component traverses the width of the air film twice; therefore 

the optical phase difference between these two waves (for almost normal incidence) is 

given by, 

 

                                                        ( )( )[ ] πµ
λ

π
ϕ +=∆ yxt ,2

2
                                 … (7)                          

 

Where ‘μ’ is the refractive index of the film, λ is the free-space wavelength.  

 



Let us consider the fringes along the X-axis and take into account that the air-film has a 

refractive index μ = 1. If the distance of N-th dark fringe from the origin is xN, then the 

interfering waves are essentially out-of-phase i.e. 

                                                        ( )πϕ 12 +=∆ N

                                                     … (8) 
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It is to be noted that in the case of grating this is precisely the condition for bright fringes.   

Therefore, if xN+s is the distance of (N+s)-th dark fringe (along X-axis), we get  
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Subtracting Eq. (9) from Eq. (10), we get 

                                                            λs
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x

22 −
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For convenience, we define  

 

                                                            
( ) 22

NsNx xxs −= +ρ
                                                

… (12) 

 

Thus, measuring the distance of different fringes from the origin, squaring them and 

subtracting we get the radius of curvature of the bent beam along X direction.  Since, it is 

difficult to find the origin it is convenient to measure the ‘diameter’ (D) of the fringe 

which is related by DNx = 2xN and is the distance between N-th dark fringe on left side of 

the origin and the N-th dark fringe on right side of the origin.  

Once we obtain the radius of curvature along X-direction we can calculate the 

bending moment from it.  This is given by the following relation 
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=                                                    … (13) 

where ‘b’ and ‘d’ are the width and thickness of the glass beam respectively while ‘Y’ is 

the Young’s modulus.  The factors involving ‘b’ and ‘d’ comes from the moment of 

inertia of the glass beam about an axis which is at a distance of ‘Rx’ from the origin ‘O’ 

(see Fig. 1) and parallel to Y-axis. This internal bending moment should be equal to the 

external bending moment applied by the loads hanging from the glass beam.  If l is the 

distance between the knife-edge (the points where the glass beam is supported to the  

 



 

base) and the suspension point of the load W (= mg) then Gx = W.l and therefore we can 

have, 
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If we carry out the measurement for two different loads, then we obtain 
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Equation (15) could be used for calculation of Young’s modulus. 

In order to calculate the Poisson’s ratio, it is required to obtain the ratio of radius of 

curvature in the longitudinal direction to that in the transverse direction.  In analogy with 

the argument leading to Eq. (11), we can obtain Ry by counting fringes along the Y-

direction as, 

                                               λs
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where yN is the distance of the N-th dark fringe from the center along Y-axis. Also, ( )syρ  

is defined as 

( ) 22

NsNy yys −= +ρ  

 Therefore Poisson’s ratio is given by 
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Apparatus 

1. Optically plane glass plate/perspex 

2. Cornu’s apparatus (Stage microscope fitted with XY movement 

micrometers and a vertical stand fitted with adjustable knife edges) 

3. Sodium lamp with Power supply 

4. Glass beam 

5. A square shaped glass plate 

6. Slide caliper and screw gauge 

7. Hangers, loads etc. 

 



 

Fig. 2: Experimental set up 

 

Procedure: 

 

1. Measure the width and the depth of the provided sample plate (i.e. glass/Perspex) 

using vernier caliper and screw gauge.  Take at least three readings for avoiding 

any error. 

2. The experimental set up is shown in Fig. 2. Place the glass beam on two knife-

edges and hang the load (say 250 gm) on both sides.  Measure the distance 

between the knife-edge and point of suspension. 

3. Place the plane glass plate on the glass beam near the middle.  Adjust the glass 

beam and glass plate so that the fringes can be observed. 

4. Focus the microscope and adjust the beam and plate so that the fringes are 

symmetrical on both sides of horizontal cross-wire and tangential to the vertical 

cross-wire. 

5. Turn the micrometer screw attached with microscope in longitudinal direction 

(along X) of every transverse fringe on both sides to measure longitudinal 



position (x). If necessary reduce the aperture size fitted with sodium lamp housing 

to improve contrast while taking reading.  

6. Take readings for about 10 fringes on both sides of the center. To avoid backlash 

error start from one extreme. 

7. Similarly measure transverse position (y) of longitudinal fringes by moving 

microscope in transverse direction. 

8. Repeat the steps from 3-6 for another weight. 

9. Plot an appropriate graph and determine values of Y and σ. 

10. Replace the glass beam with Perspex. Use a smaller weight (say 50gm) and repeat 

the experiment.  You can use 10gm or 20 gm to take another set of reading. 

 

Observations: 

 

Least Count of the Micrometer = ____________ 

 

m1 = 250 g (for glass) / 50g (for perspex)   

 

Along  X- 
 

Order 

of the 

fringe 

Fringes on the left (x) 

Fringes on the right 

(x)   

 

MSR 

(cm) 

CSR 

(cm) 

Total 

(cm) 

MSR 

(cm) 

CSR 

(cm) 

Total 

(cm) 

D 

(cm) 

D
2
 

(cm
2
) 

ρx 

(cm2) 

Rx 

(cm) 

                    

                   

                   

                   

                   

 

Along Y- 
 

Order 

of the 

fringe 

Fringes towards top(y) 
Fringes towards 

bottom (y)   

 

MSR 

(cm) 

CSR 

(cm) 

Total 

(cm) 

MSR 

(cm) 

CSR 

(cm) 

Total 

(cm) 

D 

(cm) 

D
2
 

(cm
2
) 

ρy 

(cm
2
) 

Ry 

(cm) 

                   

 

                   

                   

                   

                   



 

Calculations: 

 

Calculate Y and σ and do the error analysis. Compare your results with the literature 

values. 

 

Literature Value of Y for Glass = 50-90 GPa 

Literature Value of Y for Perspex (acrylic glass) = 3.2 GPa 

Literature Value of σ for Glass = 0.2- 0.7 

Literature Value of σ for Perspex (acrylic glass) = 0.38 

 

Precautions: 

 

1. Handle the components carefully and make sure that loads > 400 g and 100g are 

not exerted on the Glass and Perspex beams respectively. 

2. Make sure that you get regular shaped fringes. Adjust the glass plate slowly to 

change the shape of fringes from any irregular pattern. 

3. Be careful about backlash error while taking the readings. 

 

References: 

1.  Experimental physics, by William Hume (scientific instrument maker). 

2. Principles of Optics: Electromagnetic Theory of Propagation, Interference and 

Diffraction of Light (7
th

  Edition), Max Born Emil Wolf. 

3. http://iopscience.iop.org/0959-5309/40/1/326/pdf/0959-5309_40_1_326.pdf 

4. www.bestech.com.au/wp-content/uploads/Modulus-of-Elasticity.pdf 

5. http://www.engineeringtoolbox.com/poissons-ratio-d_1224.html 

6. https://www.theplasticshop.co.uk/plastic_technical_data_sheets/perspex_technical

_properties_data_sheet.pdf 



   

 

Specific charge (e/m) of electron 

 

 

 

Objectives: 
 
1. Determination of the specific charge of the electron (e/m) from the path of an electron 

beam in crossed electric and magnetic fields of variable strength. 

2. Determination of magnetic field B as a function of acceleration potential U of the 

electrons at a constant radius r. 

3. Determination of Earth’s Magnetic field. 

 

Theory: 

 

J. J. Thomson first determined the specific charge (charge to mass ratio e/m) of 

the electron in 1887. In his experiment, J. J. Thomson had found a charged particle that 

had a specific charge two thousand times that of the hydrogen ion, the lightest particle 

known at that time. Once the charge on the particles was measured he could conclude 

with certainty that these particles were two thousand times lighter than hydrogen. This 

explained how these particles could pass between atoms and make their way out of thin 

sheets of gold. Measurement of the specific charge of cathode rays for different metals 

made him conclude that the particles that constituted cathode rays form a part of all the 

atoms in the universe. For his work J. J. Thomson received the Nobel Prize in Physics in 

1906, “in recognition of the great merits of his theoretical and experimental 

investigations on the conduction of electricity by gases”.   

The direct measurement of mass of the electron is difficult by experiments. It is 

easier to determine the specific charge of the electron e/m from which the mass m can be 

calculated if the elementary charge e is known. 

 

Charged particle in a magnetic field accelerated by a potential: 

An electron moving at velocity v perpendicularly to a homogenous magnetic field B, is 

subject to the Lorentz force F:  

)( BxveF
rrr

⋅=         (1) 

which is perpendicular to the velocity and to the magnetic field. 



   

 

The electron takes a circular orbit with axis of the  

circle defined by the direction of the magnetic field.  

The Lorentz force is thus equal to the centripetal force  

Which forces an electron into an orbit r (see Fig.1). 
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v
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thus   
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Electrons accelerated by a potential U: 

In the experiment, the electrons are accelerated in a fine beam tube by the potential U. 

The resulting kinetic energy is 
2

2vm
Ue e ⋅

=⋅    (4)   

Combining equation (3) and (4), the specific charge of the electron thus is  
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Magnetic field  generated in a pair of Helmholtz coils:  

 The magnetic field generated by a pair of Helmholtz coils is twice the field generated 

by a single coil. The magnetic field generated by a single coil of radius R carrying 

current I having N turns is given by 
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 We need to calculate the magnetic field due to both the coils at 
2

R
x =  away from 

each coil. This is given by 
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Figure 1: The path of the electron in a 

magnetic field 



   

 

where
R

N
k 0
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The field B generated in a pair of Helmholtz coils is proportional to the current I in the 

coils. 

   kIB =       (8) 

The magnetic field should be parallel or anti-parallel to the magnetic field due to earth 

Be. If the expression for magnetic field is plugged into equation (5), the resulting 

expression is 
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The proportionality factor k can be calculated either from the coil radius R = 0.2 m and 

the winding factor n = 154 per coil.  

The fine tube in the discharge tube setup contains hydrogen molecules at low pressure, 

which through collisions with electrons are caused to emit light. This makes the orbit of 

the electrons indirectly visible and their orbiting radius can be directly measured. 

 

Apparatus: 

1. Narrow beam tube 

2. Pair of Helmholtz coils 

3. Power supply, 0...600 VDC and universal 

4. Digital multimeter, Connecting cord  

 

Set-Up and Procedure: 

1. The complete experimental set up is shown in Fig. 2. 

2. Connect the Helmholtz coils in series to the power supply (0-600 VDC)) as shown in 

the Fig. 3, so that the current travels in the same direction in both the coils. 

3. Connect the discharge tube to the power supply (Universal Power supply) as shown 

in the Fig. 4. Before turning the powers on, make sure that every control knob is in its 

zero position. 

 



   

 

  

Figure2: Experimental set-up for determining the specific charge of the electron. 
 

 

 

 

4. Rotate the whole coil-discharge tube setup in order to align the axis east-west as best 

as you can. This is just to make the magnetic field parallel or anti-parallel to earth’s 

magnetic field. 

5.  The current through the Helmholtz coils should never exceed 4 A. So set the current 

limit to 3.5 A before you turn the coil power on. 

6. Turn on all the power supplies. Set the cathode voltage to around 40 V (V0) with the 

anode voltage still at 0V. The cathode voltage should never go beyond 45 V. The 

Figure 3: Circuit diagram for the 

connection of Helmholtz coil. 

Figure4: Circuit diagram for the 

connection of discharge tube. 



   

 

applied cathode voltage can be monitored in the voltmeter since the anode voltage is 

still maintained at 0 V. 

7. Start turning up the anode voltage slowly so that the voltmeter reads 150 V. Note that 

the voltmeter gives the potential difference between anode-cathode (U). (CAUTION: 

Please be careful in making connections in the multimeter). 

8. There will be a purple colored beam ejected from the pointed heater head tracing out 

the path of electrons. Increasing the voltage across coils so that the electron beam 

bends towards ladder rungs of the tube. 

9. If the beam bends the opposite way change the polarity between the coils. If a helical 

path is obtained, rotate the narrow beam tube assembly around its longitudinal axis 

until the path becomes perfectly circular. 

10. Now reduce (corresponds to the voltmeter reading) to 100 V. Start adjusting the coil 

voltage so that the electron beam hits the outermost ladder rung at r = 0.05 m, where 

you will see a speck of fluorescent light. 

11. Increase U of the coil voltage in steps on 20 V and record the corresponding current 

reading for each successive hit of the electron beam at different values of rungs at r = 

0.04, 0.03, 0.02 m. 

12. While changing the coil voltage to make the beam hit the rungs, if at any time the red 

light in the coil power panel starts glowing, stop increasing the voltage and abandon 

that rung. 

13. The maximum anode voltage is 250 V. So the maximum v should be around 280 V. 

 

Determination of Earth’s Magnetic field: 

1. Ensure that Earth’s Magnetic field (Be) direction is approximately parallel to the 

magnetic field (BH) due to the current through Helmholtz coil. 

2. Fix the value of current through the Helmholtz coil (say I = 1.50 A). 

3. Change the anode voltage (U) such that circular path of the fluorescent light hit the 

rungs (R = 0.02 m, 0.03 m, 0.04 m and 0.05 m). Note down the anode voltage as 

shown in Table 2. 

4. Carefully rotate the Helmholtz coil along with the discharge tube set-up by 180° for 

making “Be” and “BH” anti-parallel to each other. (Caution: Please be very careful 

while rotating the discharge tube) 



   

 

5. Repeat the measurements as mentioned in Step 2 mentioned above. 

6. Calculate Earth’s magnetic field using the following relation. 
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C
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/

2
=  and Uparallel & Uanti-parallel are the anode-potential required to hit 

the rung “R”. 

 

Observations: 
 

A. Number of turns in the Helmholtz coil, N =154 

Radius of the Helmholtz coil, R= 0.20 m 

Permeability of free space, µ0= 1.2566 ×10
-6

 N/A
2
 

Cathode Voltage = ………… volts 

k =……………N/A
2
-m 

 

Table 1: I~U 

 

U(V) R=0.02 m R=0.03 m R=0.04 m R=0.05 m 

I (A) e/m(10
11

 

As/Kg) 

I (A) e/m(10
11

 

As/Kg) 

I (A) e/m(10
11

 

As/Kg) 

I (A) e/m(10
11

 

As/Kg) 

         

         

 

Table 2: U~R 

  
Current though Helmholtz coil = …   Amp. 

  

R (m) C 
U (Volts) with BH & Be 

parallel 

U (Volts) with BH & Be anti-

parallel 

Be 

(Tesla) 

0.02 
   

 
0.03 

   

 
0.04 

   

 
0.05 

   

 



   

 

Graph: 

 

Determine e/m from an appropriate plot.  

Literature value of e/m = 1.759 1.759 1.759 1.759 ××××    1010101011111111    As/kgAs/kgAs/kgAs/kg 

 

Discussions:  

Precautions: 

 
1. The Helmholtz coils should be connected with proper polarity else the circular 

 path of the electrons will appear distorted. 

2. The voltage should never exceed the maximum values 250 V mentioned else it might 

 damage the walls of the discharge tube. 

3.  The maximum anode voltage should go beyond 45 V 

4. If the setup is should be aligned along the east-west direction else the trajectory of the 

electrons might not be perfectly circular.  

 

References: 

1. D. Halliday and R. Resnick, Fundamentals of Physics, 2nd ed. (John Wiley & 

Sons, New York, 1981), pp. 566-567. 

2. National Institute of Standards and Technology web site at http://physics.nist.gov 
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Principle:
The electric constant �0 is deter-
mined by measuring the  charge of a
plate capacitor to which a voltage is
applied. The dielectric constant � is
determined in the same way, with
plastic or glass filling the space
between the  plates.

Tasks:
1. The relation between charge Q

and voltage U is to be measured
using a plate capacitor.

2. The  electric constant �0 is to be
determined from the relation
measured under point 1.

3. The  charge of a plate capacitor is
to be measured as a function of
the inverse of the distance be -
tween the plates, under constant
voltage.

Electrostatic  charge Q of a plate capacitor as a function of the applied volt-
age Uc, with and with out dielectric (plastic) between the  plates (d = 0.98 cm)

4. The relation between charge Q
and voltage U is to be measured
by means of a plate capacitor,
between the plates of which dif-
ferent solid dielectric media are
introduced. The corresponding
dielectric constants are deter-
mined by comparison with meas-
urements performed with air
between the capacitor  plates.

Plate capacitor, d = 260 mm 06220.00 1

Plastic plate 283 x 283 mm 06233.01 1

Glass plate for current conductors 06406.00 1

High value resistors, 10 MΩ 07160.00 1

Universal measuring amplifier 13626.93 1

High voltage supply 0...10 kV 13670.93 1

Capacitor 220 nF/250 V, G2 39105.19 1

Voltmeter 0.3...300 V-, 10...300 V~ 07035.00 1

Connecting cable, 4 mm plug, 32 A, green-yellow, l = 10 cm 07359.15 1

Connecting cable, 4 mm plug, 32 A, red, l = 50 cm 07361.01 1

Connecting cable, 4 mm plug, 32 A, blue, l = 50 cm 07361.04 1

Connecting cable, 30 kV, l = 500 mm 07366.00 1

Screened cable, BNC, l = 750 mm 07542.11 1

Adapter, BNC socket - 4 mm plug 07542.20 1

T type connector, BNC, socket, socket, plug 07542.21 1

Adapter, BNC plug/4 mm socket 07542.26 1

What you need:

Complete Equipment Set, Manual on CD-ROM included
Dielectric constant of different materials P2420600

What you can learn about …

� Maxwell’s equations
� Electric constant
� Capacitance of a plate

 capacitor
� Real charges
� Free charges
� Dielectric displacement
� Dielectric polarisation
� Dielectric constant

Dielectric constant of different materials 4.2.06-00

Q
nAs

U
c

kV
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Related topics
Maxwell’s equations, electric constant, capacitance of a plate
capacitor, real charges, free charges, dielectric displacement,
dielectric polarisation, dielectric constant.

Principle
The electric constant e0 is determined by measuring the
charge of a plate capacitor to which a voltage is applied. The
dielectric constant � is determined in the same way, with plas-
tic or glass filling the space between the plates.

Equipment
Plate capacitor, d = 260 mm 06220.00 1
Plastic plate 283�283 mm 06233.01 1
Glass plates f. current conductors 06406.00 1
High-value resistor, 10 MOhm 07160.00 1
Universal measuring amplifier 13626.93 1
High voltage supply unit, 0-10 kV 13670.93 1
Capacitor/case 1/0.22 µF 39105.19 1
Voltmeter, 0.3-300 VDC, 10-300 VAC 07035.00 1
Connecting cord, l = 100 mm, green-yellow 07359.15 1
Connecting cord, l = 500 mm, red 07361.01 1
Connecting cord, l = 500 mm, blue 07361.04 1
Connecting cord, 30 kV, l = 500 mm 07366.00 1
Screened cable, BNC, l = 750 mm 07542.11 1
Adapter, BNC socket - 4 mm plug 07542.20 1
Connector, T type, BNC 07542.21 1
Adapter, BNC-plug/socket 4 mm 07542.26 1

Tasks
1. The relation between charge Q and voltage U is to be

measured using a plate capacitor.

2. The electric constant e0 is to be determined from the rela-
tion measured under point 1.

3. The charge of a plate capacitor is to be measured as a func-
tion of the inverse of the distance between the plates, under
constant voltage.

4. The relation between charge Q and voltage U is to be
measured by means of a plate capacitor, between the
plates of which different solid dielectric media are intro-
duced. The corresponding dielectric constants are deter-
mined by comparison with measurements performed with
air between the capacitor plates.

Set-up and procedure
The experimental set-up is shown in fig. 1 and the corre-
sponding wiring diagram in fig. 2. The highly insulated capac-
itor plate is connected to the upper connector of the high volt-
age power supply over the 10 MΩ protective resistor. Both the
middle connector of the high voltage power supply and the
opposite capacitor plate are grounded over the 220 nF capac-
itor. Correct measurement of the initial voltage is to be assured
by the corresponding adjustment of the toggle switch on the
unit. The electrostatic induction charge on the plate capacitor
can be measured over the voltage on the 220 nF capacitor,
according to equation (4). The measurement amplifier is set to
high input resistance, to amplification factor 1 and to time
constant 0.

Fig. 1: Measurement set-up: Dielectric constant of different materials.
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To start with, the surface of the capacitor plates is determined
by means of their radius. The experiment is carried out in two
parts:

1. In the first part, the distance between the plates of the plate
capacitor is varied under constant voltage, and the charge on
the capacitor plates is measured. The linear relation between
charge and plate capacitor voltage is then verified.
Measurement data allow to determine the electric constant �0,
using equation (4).
Be sure not to be near the capacitor during measurements,
as otherwise the electric field of the capacitor might be dis-
torted.

2. In the second part, the dependence of the electrostatic
induction charge from voltage, with and without plastic plate
(without air gap!), is examined in the space between the
plates, with the same distance between the plates. The ratio
between the electrostatic induction charges allows to deter-
mine the dielectric constant e0 of plastic. The dielectric con-
stant of the glass plate is determined in the same way.

Theory and evaluation
Electrostatic processes in vacuum (and with a good degree of
approximation in air) are described by the following integral
form of Maxwell’s equations:

(1)

(2)

where E
�

is the electric field intensity, Q the charge enclosed
by the closed surface A, e0 the electric constant and s a
closed path.

If a voltage Uc is applied between two capacitor plates, an elec-
tric field E

�
will prevail between the plates, which is defined by:

(cf. figure 3). Due to the electric field, electrostatic charges of
the opposite sign are drawn towards the surfaces of the
capacitor. As voltage sources do not generate charges, but
only can separate them, the absolute values of the opposite
electrostatic induction charges must be equal.
Assuming the field lines of the electric field always to be per-
pendicular to the capacitor surfaces of surface A, due to sym-
metry, which can be experimentally verified for small distanc-
es d between the capacitor plates, one obtains from equa-
tion (1):
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Fig. 2: Wiring diagram.

Fig. 3: Electric field of a plate capacitor with small distance
between the plates, as compared to the diameter of the
plates. The dotted lines indicate the volume of integra-
tion.

Fig. 4: Electrostatic charge Q of a plate capacitor as a function
of the applied voltage Uc (d = 0.2 cm)

Q in nAs
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The volume indicated in fig. 3, which only encloses one
capacitor plate, was taken as volume of integration. As the
surface within the capacitor may be displaced without chang-
ing the flux, the capacitor field is homogeneous. Both the flow
and the electric field E outside the capacitor are zero,
because for arbitrary volumes which enclose both capacitor
plates, the total enclosed charge is zero.

The charge Q of the capacitor is thus proportional to voltage;
the proportionality constant C is called the capacitance of the
capacitor.

(4)

The linear relation between charge Q and voltage U applied to
the otherwise unchanged capacitor is represented in fig. 4.
Equation (4) further shows that the capacitance C of the
capacitor is inversely proportional to the distance d between
the plates:

(5)

For constant voltage, the inverse distance between the plates,
and thus the capacitance, are a measure for the amount of
charge a capacitor can take (cf. fig. 5). If inversely U, Q, d and
A were measured, these measurement data allow to calculate
the electric constant e0:

(6)

In this example of measurement, one obtains e0 = 8.8 · 10–12

As/(Vm), as compared to the exact value of

e0 = 8.8542 · 10–12 As/(Vm)

Equations (4), (5) and (6) are valid only approximately, due to
the assumption that field lines are parallel. With increasing dis-
tances between the capacitor plates, capacitance increases,
which in turn systematically yields a too large electric constant
from equation (6). This is why the value of the electric constant
should be determined for a small and constant distance be-
tween the plates (cf. fig. 4).

e0 �
d

A
 · 

Q

Uc

C �  e0 · A 
1
d

Q � C Uc � e0 
A

d
 · Uc

Things change once insulating material (dielectrics) are insert-
ed between the plates. Dielectrics have no free moving charge
carriers, as metals have, but they do have positive nuclei and
negative electrons. These may be arranged along the lines of
an electric field. Formerly nonpolar molecules thus behave as
locally stationary dipoles. As can be seen in fig. 6, the effects
of the single dipoles cancel each other macroscopically inside
the dielectric. However, no partners with opposite charges are
present on the surfaces; these thus have a stationary charge,
called a free charge.
The free charges in turn weaken the electric field E

�
of the real

charges Q, which are on the capacitor plates, within the di-
electric.
The weakening of the electric field E

�
within the dielectric is

expressed by the dimensionless, material specific dielectric
constant e (e = 1 in vacuum):

(7)

where E
�

0 is the electric field generated only by the real charg-
es Q. Thus, the opposite field generated by the free charges
must be

(8)

Neglecting the charges within the volume of the dielectric
macroscopically, only the free surface charges (± Q) generate
effectively the opposite field:

(9)

where p is the total dipole moment of the surface charges. In
the general case of an inhomogeneous dielectric, equation (9)
becomes:

(10)

where P
�

– total dipole moment per unit volume – is called di-
electric polarisation.
If additionally a D

�
-field (dielectric displacement) is defined:

D
�

= e · e0 · E
�

(11)

whose field lines only begin or end in real (directly measurable)
charges, the three electric magnitudes, field intensity E

�
, di-

electric displacement D
�

and dielectric polarisation P
�

are relat-
ed to one another through the following equation:

D
�
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�
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= e · e0 ·E
�
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Fig. 5: Electrostatic charge Q of a plate capacitor as a function
of the inverse distance between the capacitor plates
d–1 (Uc = 1.5 kV).

Fig. 6: Generation of free charges in a dielectric through
polarisation of the molecules in the electric field of a
plate capacitor.
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If the real charge Q remains on the capacitor, whilst a dielec-
tric is inserted between the plates, according to definition (3),
voltage Uc between the plates is reduced as compared to
voltage Uvac in vacuum (or to a good approximation, in air) by
the dielectric constant:

(12) 

Similarly, one obtains from the definition of capacitance (4):

C = e · C vac (13)

The general form of equation (4) is thus:

(14)

In fig. 7, charge Q on the capacitor is plotted against the
applied plate voltage Uc for comparison to the situation with
and without plastic plate between the capacitor plates, all
other conditions remaining unchanged: thus, for the same
voltage, the amount of charge of the capacitor is significantly
increased by the dielectric, in this example by a factor of 2.9.
If the charges obtained with and without plastic (equations [4]
and [14]) are divided by each other:

(15)

the obtained numerical value is the dielectric constant of the
plastic.

For the glass plates, a value of e = 9.1 is obtained similarly.

Qplastic

Qvacuum
� e

Q � e · e0 · 
A

d
 · Uc

Uc �
Uvac

e

In order to take into consideration the above described influ-
ence of free charges, Maxwell’s equation (1) is generally com-
pleted by the dielectric constant e of the dielectric which fills
the corresponding volume:

(16)

Thus, equation (14) becomes equation (4).

Measurement results 
Measurement of the electric constant:

A = 0.0531 m2 Uc = 1.5 kV C = 218 nF

A = 0.0531 m2 d = 0.2 cm C = 218 nF

Measurement of dielectric constant

Plastic: A = 0.0531 m2 d = 0.98 cm C = 218 nF

Glass: d = 0.17 cm U� = 5.8 V Q = 1.264 mAs Uc = 500 V
eglass = 9.1

Uc [kV] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

U [V] 0.5 0.92 1.35 1.8 2.3 2.8 3.1 3.7

Q [nAs] 109 201 294 392 501 610 676 807

Q —d
Ae0

1—
Uc 4.6 4.2 4.1 4.1 4.2 4.3 4.0 4.2

Uvac [V] 0.16 0.32 0.51 0.62 0.78 0.95 1.12 1.3

Qvac[nAs] 35 70 111 135 170 207 244 283

Q/Qvac 3.1 2.9 2.6 2.9 2.9 2.9 2.9 2.9

Uc [kV] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

U [V] 0.5 1.1 1.6 2.05 2.65 3.15 4.0 4.6

Q [nAs] 109 240 348 447 578 687 872 1003

e0 [pAs/Vm] 8.2 9.0 8,7 8.4 8.7 8.6 9.4 9.5

U [V] 3.3 2.4 1.6 1.35 1.2 1.1

d [cm] 0.10 0.15 0.20 0.25 0.30 0.35

1/d [cm–1] 10.0 6.7 5.0 4.0 3.3 2.9

Q [nAs] 719 523 350 294 262 240

e0 [pAs/Vm] 9.00 9.85 8.75 9.25 9.85 10.50

�
A
 e · e0 · E

S
dA

S
� � D

S
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Fig. 7: Electrostatic charge Q of a plate capacitor as a function
of the applied voltage Uc, with and without dielectric
(plastic) between the plates (d = 0.98 cm)

Q in nAs


	Back to summary

