Michelson Interferometer

Lennon O Naraigh, 01020021

Abstract:

This experiment seeks to use the Michelson interferometer to perform several precision measurements, namely to calculate the refractive index of air, to investigate the dependence of this index on air pressure, to measure the wavelength difference of a sodium doublet, and finally, to measure the band pass of a wavelength filter.

Basic Theory:

A schematic diagram of the Michelson interferometer is shown below (figure 1). 

Light from the source S is passed through a beam-splitter B, which is in fact a half-silvered mirror.  Thereafter the incident beam is divided in two, one half of which is reflected from mirror M1, the other from M2.  A compensating plate C is added to the arm of mirror M1, to ensure that, when the length of the two arms is equal, the path difference across the two arms is also equal.

Now this interferometer is in fact an example of interference in a thin dielectric (figure 2), and so the following formula is applicable under conditions described in appendix 1 (appendix 1 also gives a derivation of this formula):
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Where nt is the index of refraction of the transmitted medium, d is the thickness of the dielectric layer and i is the angle of incidence.

Preliminary Calibration:
M2 and M1’, the image of M1 must be parallel.  To ensure that this is so, one can initially make some adjustments by eye.  Then, one can align the two reflected images of the pointer (a mark ground on to the glass plate in front of the light source) , by adjusting the tilt controls on the mirror M1.  Further adjustment enables one to see around ten fringes.

The zero order image was found and the value of the micrometer corresponding to this position was noted.  The zero order image is observable with white light because this is where the central black fringe is aligned with the pointer.

Zero order image at 
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Procedure and Results:

1. To measure the refractive index of air:

In this experiment, the mercury source is used with a green filter so that we have a given wavelength, 
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, incident on the beam-splitter.  There is a cell of air placed along that arm of the interferometer which does not have the compensating plate.  This cell is initially evacuated, and air is thereafter allowed to leak back into the cell.   As the air leaks back in, the number of fringes that passes the image of the pointer is counted, and the number of fringes which have passed the pointer until one atmosphere is attained is noted.  This procedure is repeated several times, and the refractive index of air, na, is calculated using the following considerations:

Let  be the optical path length.  Then, the difference in optical path length is, 
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, where l is the length of the cell and 1 is the index of refraction of the vacuum.  Now constructive interference takes place, so we must have that 
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, where m is an integer.  Thus, we have the following:
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(2)

	M

	43

	49

	46

	46


Average value of m :  46

Standard deviation: 2.1

(While it is not statistically justified in taking a standard deviation of four measurements, this procedure does give an estimate of the error involved, and since each value is close to 46, this is likely to be the true standard deviation.)
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The refractive index of air is obtained again, using a different method: the white light source is used.

The zero order fringe is aligned with the image of the pointer, the cell is pumped out and the micrometer is used to adjust M1 so that the zero order fringe is again aligned with the pointer.  The distance through which the micrometer is moved is noted.   The white light is then replaced by the mercury source, and the number of fringes shifted in moving the micrometer through the given distance is observed.  This is the integer needed for applying equation (2).

Distance through which micrometer is moved: 
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By a separate observation with the mercury lamp, it is found that displacing the micrometer through 
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 corresponds to a fringe shift of 
[image: image10.wmf]2

30

±

 fringes, so a micrometer displacement of 1mm corresponds to 
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 fringe shifts.  

Thus, 
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Therefore, 
[image: image13.wmf](

)

(

)

(

)

00003

.

0

00024

.

1

1

05

.

0

2

10

546

6

44

1

2

9

0

±

=

+

´

±

=

+

=

-

m

m

l

m

n

a

l


2. To measure the dependence of the refractive index of air on air pressure: na(p).

We examine how na changes over a pressure range from zero atmospheres to one atmosphere.  To do this, the cell is evacuated and air is leaked in, as before. Then, the number of fringes that have passed the pointer as the cell pressure is at 0.1, 0.2, …, 0.9, 1 atmosphere is noted.

	Pressure (Fraction of one atmosphere)
	Number of fringes (m)

	0.1
	7

	0.2
	13

	0.3
	18

	0.4
	22

	0.5
	33

	0.6
	33

	0.7
	36

	0.8
	41

	0.9
	44

	1.0
	46
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 (from part 1)

Now the dispersion equation for rare gases gives,
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Where N  is the density of oscillators (This is equal to the density of air molecules, up to a multiplicative constant:
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.) and  is the natural frequency of oscillation of each electron oscillator.

We now assume ideal gas behaviour for the air: pV=NkBT.  Hence, 
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, where mg is the mass of each molecule of gas.  We therefore have the equation
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(3)

Where everything except p is fixed, so under these conditions, 
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 is directly proportional to p.  Since 
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 is proportional to m, we plot m against p.
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Figure 3

3. To measure the wavelength difference of a close doublet
A mercury source emits light at a wavelength 
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.  However, on closer examination, we see that the source emits light at two discrete wavelengths, separated by an amount .  Two such wavelengths are called a doublet.

Now the effect of using two discrete wavelengths in the interferometer is a loss of coherence, so the visibility of the pattern is reduced.  The visibility is maximal at the zero order image and thereafter decreases.  Moving out from the zero order image causes the interference pattern to become smeared out.  The intensity becomes uniform when an intensity maximum of one system coincides with an intensity minimum of the other (see figure 4).  In this case, a superposition of the two intensities gives a near-constant intensity, hence the brightness is uniform.  Thus, 
[image: image23.wmf](

)

l

l

l

l

l

÷

ø

ö

ç

è

æ

+

=

D

+

÷

ø

ö

ç

è

æ

+

=

2

1

2

1

'

n

n

n

n


Which gives
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(4)

These considerations show that the maxima of the two systems coincide, then a maximum and a minimum coincide, then the maxima coincide again, and so on.  Thus, after the fringes have disappeared, as predicted by equation (4), they will reappear for a larger value for n.  Equation (4) implies that the next coincidence of maxima, after that at the zero order, is for 
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(5)

This equation also holds for coincidence of minima.

The mercury lamp is used with the yellow filter.  The distance through which the micrometer moves, in going from the first minimum to the second is measured, and the number of fringes (n) to which this corresponds, is found.  In this way, 
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 is obtained.

Micrometer reading before experiment: 
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Micrometer reading after experiment: 
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Hence, 
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4. To measure the band pass of a wavelength filter
In part 3 we considered two discrete wavelengths, with  being small.  Now we consider a spread of different wavelengths, and for this purpose we use the white light source.  As before, the visibility will decrease from a maximum at the zero order image, to some minimum, but thereafter there is no increase in visibility.  We can use equation (4) to measure the half width of the filter, where n is the number of fringes between zero order and disappearance.  The green filter is used, for which max is 546 nm.  The number of visible fringes is counted, and this gives us 2n at once.  Hence, from the measurements,
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Remark: The centre fringe is black and not white because the Michelson interferometer produces an interference pattern analogous to Newton’s Rings.  For near-normal incidence, an incident wave strikes M1’, undergoes a 
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phase change and then interferes destructively with the incident wave, causing a central dark spot.  

Conclusion:
In this experiment, two values for na were found:

(a)
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(b)
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These agree, to within experimental error.

The linear dependence of the refractive index of air on air pressure was investigated and the relevant equation verified.

The wavelength difference of the close doublet of mercury, through the yellow filter was found to be 
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Finally, the band pass gap of white light through the green filter was found to be 
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Appendix 1

Derivation of Equation (1)

Consider figure 5:
We have,
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A little consideration of figure 1 shows that there is a phase difference of  (
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) between the two interfering beams.  Therefore, if nt and ni are the index of refraction of air, then the condition for constructive interference is
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If ni is the index of refraction of the vacuum (ni = 1), and nt is the index of refraction of air, then the condition is the same.
Similarly, the general criterion for destructive interference is, 
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