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Other Optical Metrology Technologies 
There are many different devices for performing optical metrology besides Hartmann sensing like 
interferometers, Foucault knife-edge testing, and curvature sensing.  In this section, we will briefly 
compare Hartmann sensing to these techniques and outline where the Hartmann sensor is superior. 
 

Interferometry 
Interferometry is especially good for measuring high spatial frequency aberrations and low amplitude 
aberrations.  Unfortunately, air motion and mechanical vibrations make obtaining an image with an 
interferometer difficult, especially when testing large beams or large optics.  Also, sophisticated software is 
necessary to extract meaningful and accurate information from interferograms.  In contrast to 
interferometers, the Hartmann wavefront sensor can be made effectively vibration insensitive by averaging 
several frames together to remove the temporal noise.  Furthermore, the interpretation of the wavefront 
sensor data is much more straightforward.  Finally, commercial interferometers typically cost $100,000, 
where a high quality wavefront sensor is typically much less expensive. 
 

Foucault Knife Edge Tests 
Foucault knife-edge testing involves moving a knife-edge through the focus of a beam and observing the 
intensity pattern on a screen.  Like interferometry, knife-edge testing allows high-spatial frequency 
aberrations to be observed, but it requires very accurate alignment of the knife-edge to the beam focus.  
Hartmann sensing requires only very simple tip-tilt alignment and the HWA software provides simple 
feedback to the user on the alignment of the sensor.   
 

Curvature Sensing 
Curvature sensing is a technique used typically in adaptive optics to measure the Laplacian of the 
wavefront by subtracting intensity profiles from an exact distance before and after the focus of a lens.  For 
adaptive optics systems, the image of before and after the focus is usually switched mechanically making 
the systems quite noisy during operation.  In contrast, the Hartmann wavefront sensor contains no moving 
parts making it more reliable.  The largest disadvantage of curvature sensing is that it has not been made 
widely commercially available yet.   
 

Shack-Hartmann 
What is the difference between the Shack-Hartmann & Hartmann wavefront sensors?  When Hartmann 
invented his wavefront sensor, he was working in an optics laboratory with a bright light source, so he was 
able to use the diffraction from an array of apertures in a sheet of metal to measure the effect that a test 
optic had on the optical wavefront.  In 1971 Roland Shack and Ben Platt modified the Hartmann senor by 
replacing the array of hard apertures that Hartmann had used with an array of discrete micro-lenses.  There 
were two advantages to this architecture.  The Shack-Hartmann wavefront sensor offered better photon 
efficiency.  This was critical to the astronomical community that was at the time searching for a wavefront 
sensor for their adaptive optics systems, since they work in a photon-starved regime.  Also, it was shown 
that the diffraction pattern at the focus of a lens is exactly the Fourier transform of the electric field pattern 
illuminating that lens.  Thus, the position of the focal spot was only proportional to the average wavefront 
slope over the aperture and was independent of higher-order aberrations and intensity profile variations.  
Finally, the Shack-Hartman wavefront sensor examines the entire wavefront, not just small samples like the 
Hartmann sensor does.  
 
How significant are these differences?  Today, most of the users of Hartman-type wavefront sensors, either 
Shack-Hartmann or Hartman, are working in a photon rich environment, making the photon efficiency 
benefit negligible.  To address the effect of intensity profile changes affecting the spot position, Spiricon 
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has performed rigorous Huygens-Fresnel propagation simulations, which have shown that when the light 
illuminating the aperture is allowed to diffract over a substantial distance, the effect of intensity profile 
variations is below the sensor’s ability to sense it.  Finally, although the Hartmann sensor is discarding a 
portion of the light illuminating the sensor, the accuracy of the sensor is not compromised because there is 
an equivalent spatial resolution limitation to both sensors.  Thus, the only case where any difference will be 
observed between the two sensors is when the wavefront contains high spatial frequency components that 
cannot be measured by either sensor anyway.  After much modeling and analysis, our conclusion is that 
unless you are working in a photon-starved regime like astronomy, the Hartmann wavefront sensor will 
perform equivalently to the Shack-Hartmann wavefront sensor. 
 
Why choose a Hartmann over a Shack-Hartmann wavefront sensor? 
There are several significant advantages of the classical Hartmann architecture over the Shack-Hartmann 
architecture.  The cost of fabricating an array of lenses is significantly higher that that of fabricating an 
array of apertures.  To make money on the device, the manufacturer has to pass that cost on to the 
consumer, making the Shack Hartmann wavefront sensor more expensive. 
 
It is much easier to fabricate an array of apertures than an array of lenses.  All the known techniques for 
fabricating lens arrays, including gray mask technology, reflowing photoresist, and binary optics, are very 
susceptible to manufacturing errors causing the lens arrays not to behave as the ideal Fourier transform 
element of the theory and making them susceptible to mapping intensity variations into wavefront noise.  
Furthermore, the manufacturing defects can also create scatter points, which create more false wavefront 
signals.  Measuring the focal length of a lens array is difficult due to their small size and small numerical 
aperture.  Often processing mistakes change the lens array focal length by as much as 10%.  If the 
manufacturer does not know the focal length, they cannot place the focal plane on the CCD and are again 
susceptible to intensity variations.  All known lens arrays are highly susceptible to chromatic aberrations 
due to the fact that all refractive materials suffer from dispersion.  Thus the focal plane varies with respect 
to wavelength, making the device only truly independent of intensity variations at one wavelength.  Finally, 
since the focal length of the commonly used lens arrays is less than 25mm, extraordinary care must be 
taken in mounting the lens array to place the focal plane exactly on the CCD.  If the mounting is off any 
significant amount, the Shack-Hartmann wavefront sensor will again be susceptible to intensity variations 
creating wavefront noise.    
 
Hartmann wavefront sensors are inherently slightly susceptible to intensity variations creating wavefront 
noise, but not through as many mechanisms as the Shack-Hartmann wavefront sensors.  The manufacturing 
defects are minimal at best due to the use of mature silicon processing technology capable of writing 50nm 
features.  The far-field diffraction pattern produced by illuminating an aperture is independent of 
wavelength, thus eliminating classical dispersive chromatic aberration problems.  The manufacture of the 
Hartman wavefront sensor is also easier since precision mounting components are not required.  Any 
imprecision in the mounting can be measured during the calibration and its effect can be removed from the 
sensor operation.   
 
One final advantage of Hartmann sensing over all of the above methods is that it is almost entirely 
wavelength independent.  The Hartmann sensor works as well with incoherent light as it does with coherent 
light.  In fact some modeling indicates it works better with incoherent light due to reduced interference 
effects.  This effect allows the user to easily switch between different illumination wavelengths, such as 
during non-linear optics experiments. 

Conclusion 
The Hartmann sensor is a tool for optical metrology that is widely applicable in any optics laboratory.  It 
allows the user to make a wide variety of measurements that would be difficult with interferometry, 
Foucault testing, or curvature sensing.  The Hartmann sensors have been used in optics shops for almost a 
century now and are being widely applied today in adaptive optics and laser metrology.   
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