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Abstract

In 1809 Malus published a paper, with a formula relating light intensity of a light beam passing though two polarisers to the angle between them. Nearly 200 years later, this monumental formula was tested. The formula was verified and in can be stated that 
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, where I0 is the original intensity and 
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 as the angle between the polarisers. Although, theory can never be proved exactly, as there are realistic effects which the theory neglects like background light and assuming the polarisers are perfect, however one would expect these to be minimal, so Malus’ Law should be seem clearly. The expected graph shapes were seen hence verifying Malu’s Law.
Introduction

Malus’ Law (the derivation of this process is described in the Theory Section) is a law for the intensity of light been transmitted through two polarisers, at an angle 
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 to one another.  To understand this, we must first define polarisation and polarisers.  

The theory of light has been hotly contested for centuries, with the favoured theory for explaining the nature of light changing from century to century. Nowadays, it is generally accepted that light (which is a form of Electromagnetic Radiation) can be described using the Nobel Laureate Albert Einstein’s notion of wave-particle duality. This theory, states that everything has a wave and particle nature depending on how the object is viewedRef. 2. However, Malus’ Law can be verified by only considering the wave nature of light.

One of the properties of light is that it can be polarised. Light from a light bulb is said to be unpolarised whereas light from a laser is polarised. As stated above, light can be considered as wave, more specifically light is a “transverse electro-magnetic vector wave”Ref. 4. If the wave travels in the positive z direction, then the electric field (E) and magnetic field (B) “transverse to the propagation direction” Ref. 4.  As E and B are so closely related a complete description of the oscillating fields can be given specifying one, normally E.
By considering E as a two-dimensional vector, with two components:

“Ex(z,t)

Ey(z,t)
along perpendicular x and y axis at each point in space (z) and time (t).” Ref. 4 It becomes clear that “both components oscillate sinusoidally with amplitudes E0,x and E0,y … with phase difference 
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. Different states of polarisation are the result of different values of E0,x, E0,y and particularly 
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, the phase difference”. Ref. 4 This is mathematically expressed as:
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Equation 1Ref. 4
In natural light, there is no fixed polarisation as the amplitudes of E0,x, and E0,y and 
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all vary randomly. Whereas, with a laser the light is created in a cavity, the geometry of this cavity forces a linear polarisation.
A natural light can be polarised by passing it through a Polaroid®. A Polaroid “consists of many microscopic crystals of iodoquinine sulphate (heraphite) embedded in a transport nitrocellulose polymer film”Ref. 5 The resultant sheet is dichroic, absorbing light which is polarised parallel to the direction of the crystal alignment, whilst transmitting light which is polarised perpendicular to the direction of the crystal alignment.      
By passing light through one polariser ensures that the light is polarised in that direction. By then passing the light through an analyser “a polariser used to study already polarised light” Ref. 4 in a rotating mount Malus’ Law can be tested.
Theory – Derivation Of Malus’ Law
Malus’ Law can be understood by modelling a (polarised) laser beam as a transverse wave along a rope travelling in the x-plane with its oscillations in the y-plane. If the rope was forced through a board with a slit cut into it, then the amplitude of oscillation after passing through the board would depend on the orientation of the slit (see Figure 1 below).
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Figure 1:
“(a) Transverse waves passing though a slit parallel to its oscillations are unchanged and (b) a slit perpendicular to the oscillations blocking the transmission of the wave” Ref. 3
As one can see, if the silt is aligned so that it is parallel to the y-plane, the oscillation will be unaffected and all entire wave can be transmitted through the slit (Figure 1(a)). However, if the slit is aligned so it is parallel to the z-plane, the oscillations would be “blocked” and none of the wave can be transmitted (Figure 1(b)). 

However, these are trivial examples. Malus consider what would happen if the slit was orientated so that it made a 45
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angle between the y-plane and the x-plane. This wave would have to be resolved into its components parallel and perpendicular to the slit, the parallel components would be transmitted whereas the perpendicular components would be “blocked”. The wave emerging from the slit, the transmitted wave would be polarised parallel to the slit. 
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Figure 2:
“Polarised beam incident on a second sheet of Polaroid” Ref. 3
Etienne-Louis Malus in 1809Ref. 1 published a paper mathematically expressing the intensity of light when the transmission axis of a linear polariser makes an angle 
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 with plane of polarisation of an incident beam (see Figure 2 above). By considering a “head on” view of the analyser Malus found the intensity of the transmitted beam at any angle (see Figure 3 below).
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Figure 3:
“Vertically polarised beam incident on an analyser” Ref. 3
The incidence beam has amplitude A0. From Figure 3 the component of A0 parallel to the transmission axis of the analyser is 
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, so the beam transmitted through the analyser has amplitude A, where
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Equation 2Ref. 1
As intensity is proportionally to the square of the amplitude; then the intensity I0 of the incident beam is proportional to A02 and the intensity I of the transmitted beam is proportional to A2.

Hence
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[image: image16.wmf] Equation 3Ref. 1
This is Malus’ Law. Giving the intensity of the beam transmitted through the analyser in terms of the original intensity and angle”. Ref. 1
Method
The equipment was set up as in the diagram below (Figure 4), with a red diode laser at one end of the 1.5m triangular profile optical bench. The laser emits a red beam of light with a mean wavelength of
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nm. A photodiode on a translation stage was placed at the other end of the optical bench; the photodiode was connected to a voltmeter, so that the photodiode output is a voltage which is linearly proportional to the intensity of light. To guarantee that the relationship is linearly proportional one ensured that the power supply to the photodiode is switched on. 
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Figure 4:
“Set up for verification of Malus’ Law” Ref. 4
To culminated the laser beam a bi-convex lens (f=160mm) was placed in a saddle in-between the laser and the photodiode. To create a magnification was approximately 0.25 the lens was placed 800mm away from the laser and 200mm from the photodiode (see Appendix A for calculations).  A 40 x 40mm linear polariser and an analyser in a rotation mount were placed in saddles immediately before the photodiode. 
Looking by eye, the laser beam was adjusted so that it was directed right into the centre of the photodiode after passing through the centre of polariser and the analyser. This was achieved by using the translation slide of the photodiode, tilting the laser as necessary and raising / lowering the polariser and analyser in their respective saddles. 
Before measurements could be taken all effects were made to reduce background light, so that only laser light entered the photodiode, this was achieved by turning off superfluous lights and placing a cone of black card around the photodiode. Finally, measurements could be taken by rotating the analyser through 360
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in increments of 10
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 and the voltage across the photodiode measured (hence the light intensity was indirectly measured).  Now intensity I has been recorded as function of the angle of rotation of the mount
[image: image21.wmf]u

. 
Results, Errors, Discussion 
The measurements taking during the experiment produced the following graph. As Malus’ Law states as the analyser is rotated the signal of the photodiode would vary like 
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 and this is what was seen. The intrinsic errors due to equipment were very small; hence the error bars on Figure 5 are hardly visible, with the error of the angle measurement being 
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for all angles and the largest error in the voltage being 
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V (see Appendix B for calculations). These errors are trivial, expressed as percentage errors the largest percentage error in the angle of rotation is 5% and the percentage in the error in the voltage is 0.362%. These errors are not large enough to deviate the graph from its 
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 shape; this is the first evidence for verifying Malus’ Law.
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Figure 5:
The voltage reading on the photodiode against the angle of rotation of the analyser. The voltage reading on the photodiode is proportional to intensity transmitted through the linear polariser. The graph shows the expected relationship if Malus’ Law is believed to be true. 

Although, the Figure 5 verifies Malus’ Law the graph shape is not 
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it has been translating in the x and y directions, although this can be easily explained and once these have been taken into account Malus’ Law can be verified. The x translation can be rectified by realising that the angle of rotation 
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where 
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 is an unknown offset, depending on how the polariser was mounted. From Figure 5 it can be seen that 
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.  The y translation can be rectified by realising that the voltage from the photodiode comes from two places, the laser and background light. From Figure 5 it can be seen that the background light (Iback) must change (as the amplitude of the waves are different). For simplicity Iback was only evaluated twice (assuming that the light intensity changed at 220
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), from Figure 5, the first Iback was calculated to be 0.005
[image: image32.wmf]V

010

.

0

±

 and the second Iback to be calculated as 0.125
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. Therefore, the true intensity from the laser is I – Iback. Hence, if Malus’ Law is true then graphing I – Iback against 
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would yield a “straight” line (of the form y = mx), this was tested in Figure 6 below:
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Figure 6:
The “true” voltage reading on the photodiode from the laser (I - Iback) against
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. The graph shows the expected relationship if Malus’ Law is believed to be true. 

Figure 6 verifies Malus’ Law as it is a “straight” line; this is reinforced mathematically as the linear regression value is 0.9881 where 1 is perfect linear regression.  Again error bars are plotted but they are minimal. The errors in the voltages were evaluated by adding errors in quadrature, with the largest error equalling
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were evaluated using Equation 4 (below) and the with the largest error equalling 
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“If z = z(x) then 
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Equation 4Ref. 6
Figure 6 has a set of data which lies above the line of best fit and a set which lies below the line of best fit (at a constant distance). This is probably because the background light intensity changed more often then was taken account for, or changed in a different place that was calculated at. However, a straight line of best can still be made out. 
Conclusions
Both tests verified Malus’ Law as far as the equipment allowed. It would never be possibly to completely verify the law as theory will never match practical experiments, there will always be background light intensity and reflected light which would interfere with the photodiode reading no matter how much black card is used. Furthermore, polarised light would always be absorbed by the photodiode, Polaroid® and the analyser so the voltage reading would never be true. Also, it is impossible to build a real polariser there will always be an “extinction ratio”Ref. 2 as the polariser will always transmit unwanted components, these value varies from around 1:500 to 1:1,000,000. However, with all of these limitations Malu’s Law was suitably verified.
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Appendix A
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The “thin lens formula” can be derived from the diagram below, for small angles.

Figure 7:
“A lens forms an image (I) of an object (O) where s is the object distance and s’ is the image distance” Ref. 4
Hence
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Equation 4Ref. 4
The linear magnification m is defined as

[image: image42.wmf]s

s

m

'

-

=


Equation 5Ref. 4
As desired linear magnification is 0.25
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Substituting into “thin lens formula”
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However, as “s is positive on the left, negative on the right: s’ is positive on the right, negative on the left” Ref. 4 and f =160mm
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Appendix B

The error in a digital multimetre is given by taken the order of magnitude of the last digit shown plus 0.3% of the recorded value, hence the largest error will occur for the largest voltage reading. 

Largest voltage error is error in 1.589V:

Error = 
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Hence reading is 
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