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Interference	
  and	
  Interferometry	
  [Pedrotti^3	
  Ch.	
  7	
  &	
  Ch.	
  8]	
  
Note: Read Ch. 3 & 7 E&M Waves and Superposition of Waves and Meet with TAs and/or Dr. 
Lai if necessary.  

 
Amplitude-­‐Splitting	
  Interferometers	
  

If a lightwave is split to two and bring back together again at a detector, interference would result, as long 
as the original coherence between the two had not been destroyed. 
Examples: Dielectric films, Newtons’ Rings 
Wavefront-­‐Splitting	
  Interferometers	
  

The main problem introducing interference is the sources: they must be coherent. 
And yet separate, independent, adequately coherent sources, other that the modern laser, don’t exist. 
Thomas Young in his double-beam experiment took a single wavefront, split off from it two coherent 
portions, and had them interfere. 
Examples: Young’s double slit interferometer, Fresnel’s double mirror/prism 
 
Mirrored	
  Interferometers	
  

Examples: Michelson interferometer, Mach-Zehnder Interferometer, Sagnac Interferometer 
Multiple	
  Beam	
  Interference	
  

Example: Fabry-Perot Interferometer 
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General	
  Consideration	
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Wavefront-­‐Splitting	
  Interferometers	
  
The main problem introducing interference is the sources: they must be coherent. 
And yet separate, independent, adequately coherent sources, other that the modern laser, don’t 
exist. Thomas Young in his double-beam experiment took a single wavefront, split off from it 
two coherent portions, and had them interfere. 
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Thomas Young performed his famous double slit experiment which seemed to prove that light 
was a wave. This experiment had profound implications, determining most of nineteenth century 
physics and resulting in several attempts to discover the ether, or the medium of light 
propagation. Though the experiment is most notable with light, the fact is that this sort of 
experiment can be performed with any type of wave, such as water. 
In the early 1800's (1801 to 1805, depending on the source), Thomas Young 
conducted his experiment. There was not laser or lamps, how did Young 
achieve that?	
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Amplitude-­‐Splitting	
  Interferometer	
  &	
  Anti-­‐Reflection	
  (AR)	
  Coating	
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Michelson	
  Interferometer
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http://www.ligo.caltech.edu/  

  

LIGO: http://www.ligo.caltech.edu/ 



14 
 

Other	
  Mirrored	
  Interferometers	
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Basic	
  Coherence	
  Theory	
  [Pedrotti^3	
  Ch.	
  12]	
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Define Visibility as 
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Coherence of Light  

As shown on previous pages, most available light sources emit a range wavelengths. For many 
photonic applications it is desirable to have a "monochromatic" (ideal) point light source. 
An ideal light source would emit only one exact frequency f0 and its physical size would be 
infinitely small (an ideal point source). Such a source cannot exist in reality. Every real source of 
light has some emission uncertainty which appears as linewidth Δf. Also, every real light source 
has some (non-zero) physical size.  
   

Coherence  is a concept that that establishes the limits within which a real light source can 
be considered ideal. 

There are two types of coherence:  

(1) Temporal Coherence (related to the emitted linewidth)  

(2) Spatial Coherence (related to the physical size of the source).  
  

 

Temporal Coherence  

 

Most quasi-monochromatic sources of light have spectral intensity profile that can be 
approximated by a Gaussian curve. Temporal coherence is determined by the coherence length 
Lc which depends on the linewidth Δλ  (wavelength uncertainty within FWHM of relative 
irradiance) of central wavelength λ0. It can also be expressed in terms of frequency bandwidth 
(uncertainty) Δf of the central optical frequency f0.   
 (Note that when Δf << f0 and  Δλ  << λ0 , then  Δf/f0= Δλ  /λ0).  
In free space, coherence length  Lc = c/Δf = λ0

2 / Δλ .   
Coherence length  Lc is the distance in the direction of wavefront propagation within which the 
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amplitude and phase of the wave can be considered well defined, predictable, and therefore 
subject to possible wave interference. An ideal light source would have an infinite coherence 
length. On the other hand, thermal sources of light (such as the sun or a light bulb) cover a 
relatively broad range of wavelengths Δλ (see Planck's radiant function) and therefore have very 
small coherence length. For that reason, under normal lighting conditions, we can observe 
interference only in very thin regions, such as the thickness of a soap bubble. 

Note that in a dielectric medium with refractive index n, the speed of light, wavelength, and 
therefore also the coherence length, is decreased by the factor n  
thus Lc= c/(nΔf) = λ2 / (nΔλ).   
     

 

 
 

distance L the interference pattern 
fades 

Michelson interferometer is an instrument in which a collimated beam of light is split into two 
beams travelling separate paths (1) and (2), and then reassembled as (3). If the path difference 
ΔL = 2L = path(2) - path(1)  is smaller than the coherence length Lc, interference can be 
observed. If  ΔL > Lc  the interference pattern disappears (the phase relation between the 
reassembled beams no longer exists). We can thus determine the coherence length Lc = λ0

2/Δλ 
by increasing the distance (2) and finding the path difference ΔL = 2L at which the interference 
pattern disappears. From this measurement we can determine the linewidth Δλ and the quality of 
the quasi-monochromatic light source λ0. 

 

Spatial Coherence  

Spatial coherence is determined by the coherence width  
Wc = k (λ/D) R, where k is a constant dependent on the shape of the source (for a circular 
source k = 1.22), D is the approximate diameter of the source and R is the distance from the 
source. Coherence width is the distance along the wavefront (perpendicular to the direction of 
propagation), within which the amplitude and phase of the wave can be considered well defined 
and therefore predictable. An ideal light source would be a point (D = 0) generating ideal 
spherical wavefronts. An ideal point source would have infinite coherence width.  
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The degree of spatial coherence can be estimated by inspection of a shadow cast by an 
illuminated object. The sharper the shadow, the better spatial coherence of the source.  

 
 
Note: Coherence of a source can be improved by various physical arrangements and 
optical components (increasing the distance from the source, focusing and passing light 
through a small pinhole aperture, etc.). Improved coherence, however, results in drastic 
reduction of light intensity. When the concept of coherence is mentioned in literature, it 
usually refers to temporal coherence.  
   
   
   

 

Idealized improvement of coherence from an incoherent light source 
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Temporal	
  coherence	
  (From	
  Wikipedia)	
  

 
 

Figure 1: The amplitude of a single frequency wave as a function of time t (red) and a copy of 
the same wave delayed by τ(green). The coherence time of the wave is infinite since it is 
perfectly correlated with itself for all delays τ. 

 
 

Figure 2: The amplitude of a wave whose phase drifts significantly in time τc as a function of 
time t (red) and a copy of the same wave delayed by 2τc(green). At any particular time t the wave 
can interfere perfectly with its delayed copy. But, since half the time the red and green waves are 
in phase and half the time out of phase, when averaged over t any interference disappears at this 
delay. 

Temporal coherence is the measure of the average correlation between the value of a wave at any 
pair of times, separated by delay τ. Temporal coherence tells us how monochromatic a source is. 
In other words, it characterizes how well a wave can interfere with itself at a different time. The 
delay over which the phase or amplitude wanders by a significant amount (and hence the 
correlation decreases by significant amount) is defined as the coherence time τc. At τ=0 the 
degree of coherence is perfect whereas it drops significantly by delay τc. The coherence length Lc 
is defined as the distance the wave travels in time τc. 

One should be careful not to confuse the coherence time with the time duration of the signal, nor 
the coherence length with the coherence area (see below). 

The	
  relationship	
  between	
  coherence	
  time	
  and	
  bandwidth	
  

It can be shown that the faster a wave decorrelates (and hence the smaller τc is) the larger the 
range of frequencies Δf the wave contains. Thus there is a tradeoff: 

. 

In terms of wavelength (fλ = c) this relationship becomes, 
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Formally, this follows from the convolution theorem in mathematics, which relates the Fourier 
transform of the power spectrum (the intensity of each frequency) to its autocorrelation. 

Examples	
  of	
  temporal	
  coherence	
  

We consider four examples of temporal coherence. 

• A wave containing only a single frequency (monochromatic) is perfectly correlated at all 
times according to the above relation. (See Figure 1) 

• Conversely, a wave whose phase drifts quickly will have a short coherence time. (See 
Figure 2) 

• Similarly, pulses (wave packets) of waves, which naturally have a broad range of 
frequencies, also have a short coherence time since the amplitude of the wave changes 
quickly. (See Figure 3) 

• Finally, white light, which has a very broad range of frequencies, is a wave which varies 
quickly in both amplitude and phase. Since it consequently has a very short coherence 
time (just 10 periods or so), it is often called incoherent. 

The most monochromatic sources are usually lasers; such high monochromaticity implies long 
coherence lengths (up to hundreds of meters). For example, a stabilized helium-neon laser can 
produce light with coherence lengths in excess of 5 m. Not all lasers are monochromatic, 
however (e.g. for a mode-locked Ti-sapphire laser, Δλ ≈ 2 nm - 70 nm). LEDs are characterized 
by Δλ ≈ 50 nm, and tungsten filament lights exhibit Δλ ≈ 600 nm, so these sources have shorter 
coherence times than the most monochromatic lasers. 

Holography requires light with a long coherence time. In contrast, Optical coherence 
tomography uses light with a short coherence time. (Why?) 

Measurement	
  of	
  temporal	
  coherence	
  

 
 

Figure 3: The amplitude of a wavepacket whose amplitude changes significantly in time τc (red) 
and a copy of the same wave delayed by 2τc(green) plotted as a function of time t. At any 
particular time the red and green waves are uncorrelated; one oscillates while the other is 
constant and so there will be no interference at this delay. Another way of looking at this is the 
wavepackets are not overlapped in time and so at any particular time there is only one nonzero 
field so no interference can occur. 
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Figure 4: The time-averaged intensity (blue) detected at the output of an interferometer plotted as 
a function of delay τ for the example waves in Figures 2 and 3. As the delay is changed by half a 
period, the interference switches between constructive and destructive. The black lines indicate 
the interference envelope, which gives the degree of coherence. Although the waves in Figures 2 
and 3 have different time durations, they have the same coherence time. 

In optics, temporal coherence is measured in an interferometer such as the Michelson 
interferometer or Mach-Zehnder interferometer. In these devices, a wave is combined with a 
copy of itself that is delayed by time τ. A detector measures the time-averaged intensity of the 
light exiting the interferometer. The resulting interference visibility (e.g. see Figure 4) gives the 
temporal coherence at delay τ. Since for most natural light sources, the coherence time is much 
shorter than the time resolution of any detector, the detector itself does the time averaging. 
Consider the example shown in Figure 3. At a fixed delay, here 2τc, an infinitely fast detector 
would measure an intensity that fluctuates significantly over a time t equal to τc. In this case, to 
find the temporal coherence at 2τc, one would manually time-average the intensity. 
 

Spatial	
  coherence	
  

In some systems, such as water waves or optics, wave-like states can extend over one or two 
dimensions. Spatial coherence describes the ability for two points in space, x1 and x2, in the 
extent of a wave to interfere, when averaged over time. More precisely, the spatial coherence is 
the cross-correlation between two points in a wave for all times. If a wave has only 1 value of 
amplitude over an infinite length, it is perfectly spatially coherent. The range of separation 
between the two points over which there is significant interference is called the coherence area, 
Ac. This is the relevant type of coherence for the Young’s double-slit interferometer. It is also 
used in optical imaging systems and particularly in various types of astronomy telescopes. 
Sometimes people also use “spatial coherence” to refer to the visibility when a wave-like state is 
combined with a spatially shifted copy of itself. 

Examples	
  of	
  spatial	
  coherence	
  
Spatial coherence 

 

Figure 5: A plane 

 

Figure 6: A wave 

 

Figure 7: A wave with 

 

Figure 8: A wave with 
finite coherence area is 
incident on a pinhole 
(small aperture). The 
wave will diffract out of 

 

Figure 9: A wave with 
infinite coherence area is 
combined with a 
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wave with an 
infinite coherence 
length. 

with a varying 
profile (wavefront) 
and infinite 
coherence length. 

a varying profile 
(wavefront) and finite 
coherence length. 

the pinhole. Far from the 
pinhole the emerging 
spherical wavefronts are 
approximately flat. The 
coherence area is now 
infinite while the 
coherence length is 
unchanged. 

spatially-shifted copy of 
itself. Some sections in 
the wave interfere 
constructively and some 
will interfere 
destructively. Averaging 
over these sections, a 
detector with length D 
will measure reduced 
interference visibility. 
For example a misaligned 
Mach-Zehnder 
interferometer will do 
this. 

Consider a tungsten light-bulb filament. Different points in the filament emit light independently 
and have no fixed phase-relationship. In detail, at any point in time the profile of the emitted 
light is going to be distorted. The profile will change randomly over the coherence time τc. Since 
for a white-light source such as a light-bulb τc is small, the filament is considered a spatially 
incoherent source. In contrast, a radio antenna array, has large spatial coherence because 
antennas at opposite ends of the array emit with a fixed phase-relationship. Light waves 
produced by a laser often have high temporal and spatial coherence (though the degree of 
coherence depends strongly on the exact properties of the laser). Spatial coherence of laser 
beams also manifests itself as speckle patterns and diffraction fringes seen at the edges of 
shadow. 

Holography requires temporally and spatially coherent light. Its inventor, Dennis Gabor, 
produced successful holograms more than ten years before lasers were invented. To produce 
coherent light he passed the monochromatic light from an emission line of a mercury-vapor lamp 
through a pinhole spatial filter. 

Can you explain why Gabor’s method indeed generated a temporally and spatially 
coherent light? 

 


