Polarized Light

Lennon O Náraigh 01020021

Date

Aims:

This experiment seeks to measure the transmission of a Polaroid film as a function of the angle between the Polaroid axis and the plane of polarization of the incident beam. Also, it is desired to measure the reflectance of glass as a function of the angle of incidence, firstly with the plane of polarization of light perpendicular to the plane of incidence, and then with the plane of polarization parallel to the plane of incidence.  In the course of these investigations, the Fresnell Equations for the transmission of light through media will be verified.

Basic Theory and Equations:

In formulating equations for the reflexion and transmission of light in various media, we think of light as a transverse electromagnetic wave, with orthogonal E (electric field) and B (magnetic field) components.

Consider figure 1, showing a ray of light incident at point P on an interface and the resulting reflected and refracted rays.  The interface is the xy - plane and the plane of incidence is the xz - plane.  We assume that the incident light consists of plane harmonic waves:
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We assume that the amplitude E is in the positive y – direction, so that the wave is linearly polarized.  The direction of the corresponding B field is chosen such that 
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is in the direction of k.  This mode of polarization, in which the E field is perpendicular to the plane of incidence (POI), and the B field lies in the POI, is called the transverse electric (TE) mode.  On the other hand, if B is perpendicular to the POI, then we have the transverse magnetic (TM) mode.  An arbitrary polarization direction can be resolved into a linear combination of these two modes.

Maxwell’s equations for the behaviour at the interface lead to the following relationships between the various quantities in figure 1:
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Using the fact that 
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, we can eliminate Et from equations (2) and (3).  Putting 
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, we get the following equations:
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Using Snell’s Law, 
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, we can eliminate t and obtain equations for r, the reflexion coefficient, for the cases TE and TM:
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We consider the case for which 
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, i.e. the transmitting medium is denser than the incident medium.  We plot TE and TM:

Figure 2: Expected behaviour of TE and TM, given by equations (6) and (7):

We see that in the TM case, the curve 
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 has an absolute minimum for some value of , at which r is zero.  Therefore, for the TM case, there exists an angle of incidence for which no light is reflected.  This angle, p, is called Brewster’s angle, and is obtained from equation (7) by setting 
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 and solving for .

Malus’ Law is an expression for the intensity of light having been transmitted through two polarizers (the second of which is called an analyzer).  If the polarization angle of the analyzer is inclined at an angle  relative to the first polarizer, then the transmitted intensity is given by
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This equation is easily derived, and this is done in appendix 1.

Method and Results:

Experiment 1:
This experiment seeks to verify Malus’ Law.  The apparatus was set up as in figure 3: 

A is the laser.                                                                                                                                                                                

B is the polarizer.

C is the analyzer, whose orientation relative to the polarization axis of the polarizer can be adjusted.
D is the detector.

E is a voltmeter, to measure the transmitted intensity.

The apparatus was adjusted so that the transmission axis of the analyzer was aligned with the direction of polarization of the light (I.e.   was set equal to zero).  This was done by adjusting  so that the transmitted intensity was maximal.  

The transmitted intensity was then measured for various orientations of the polarizer, and the resulting data were obtained:

	Degrees
	 / Radians
	 / Radians
	I (Measured in Volts)
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	0
	0
	0
	2.25
	1.000
	0.000

	10
	0.175
	0.650
	2.20
	0.970
	0.006

	20
	0.350
	0.700
	2.07
	0.882
	0.011

	30
	0.525
	1.050
	1.78
	0.749
	0.015

	40
	0.700
	1.400
	1.50
	0.585
	0.017

	50
	0.875
	1.750
	1.21
	0.411
	0.017

	60
	1.050
	2.100
	0.89
	0.248
	0.015

	70
	1.225
	2.450
	0.67
	0.115
	0.011

	80
	1.400
	2.800
	0.49
	0.029
	0.001

	90
	1.575
	3.141
	0.41
	0.000
	0.000

	100
	1.750
	3.500
	0.45
	0.031
	0.001

	110
	1.925
	3.850
	0.59
	0.120
	0.011

	120
	2.100
	4.200
	0.81
	0.255
	0.015

	130
	2.275
	4.550
	1.09
	0.419
	0.015

	140
	2.450
	4.900
	1.37
	0.593
	0.017

	150
	2.625
	5.250
	1.65
	0.756
	0.015

	160
	2.800
	5.600
	2.03
	0.888
	0.011

	170
	2.975
	5.950
	2.23
	0.973
	0.010

	180
	3.141
	6.283
	2.33
	1.000
	0.000
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The error in  is ordinary measurement error.  The error in intensity is also measurement error.  The effect of background illumination on the counter is negligible: the counter was reading was the same with and without a white light source (light bulb) in the laboratory.  In figure 4(a) the minimal intensity does not occur at zero because there was the voltmeter gave a “background” voltage of 
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Figure 4(a):
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Figure 4(b):
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Experiment 2(a):

We now measure the reflectance 
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 of the glass prism as a function of the angle of incidence, for the TE case.  In fact, we measure the square of this quantity, 
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Preliminary Calibration:
The Polaroid is set to give maximum transmission.  The laser beam is polarized perpendicular to the plane of incidence, and the maximal intensity, I0 is noted.

The glass prism is placed on the table, and the table is rotated until the reflected beam coincides with the incident beam.  The angle for which this occurs is noted.  This is angle A.  The glass prism is then set at right angles to the incident beam, so that the angle of incidence is zero. The apparatus is now ready to be used.

The table is rotated to give an angle of incidence of 100o, and the detector is moved so that it detects the reflected beam.  The intensity is then measured for various angles 
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, where i is the angle of incidence.  The following data were obtained:
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	i / Degrees
	Ir (Measured in Volts)
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	32
	0.41
	0.19
	0.03

	42
	0.44
	0.21
	0.03

	52
	0.51
	0.24
	0.03

	62
	0.59
	0.28
	0.03

	72
	0.74
	0.35
	0.03

	82
	1.02
	0.48
	0.03

	92
	2.11
	1
	0.05
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Figure 5 (below) is the graph of 
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 against the angle of incidence for the TE case:
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Experiment 2(b)
The same thing is now done for the TM case.  A half-wave plate is introduced, in order to change the direction of plane polarization by  radians.  Thus, the E field is parallel to the plane of incidence, and the B field is perpendicular thereto.  We now calibrate the apparatus as in experiment 2(a).  
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 measured as a function of the angle of incidence; the data are then tabulated and plotted.  The angle for which 
[image: image32.wmf]0

I

I

r

 is minimal (and equal to zero) is found, and this is Brewster’s angle.


[image: image33.wmf]o

o

A

V

I

2

20

05

.

0

11

.

2

0

±

=

±

=


	i / Degrees
	Ir (Measured in Volts)
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	30
	0.37
	0.18
	0.05

	40
	0.38
	0.18
	0.05

	50
	0.37
	0.18
	0.05

	60
	0.37
	0.18
	0.05

	70
	0.40
	0.19
	0.05

	72
	0.42
	0.20
	0.03

	74
	0.45
	0.21
	0.03

	76
	0.53
	0.25
	0.03

	78
	0.57
	0.27
	0.03

	80
	0.63
	0.30
	0.03

	85
	0.82
	0.39
	0.03
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Figure 6: TE is in black while TM is in red.
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From figure 6, we see that Brewster’s angle is, 
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, which is in agreement with the prediction got below.
From equation (7), r is minimal when 
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