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ABSTRACT 

 

Real-time sensing of wavefront error in laser instruments is an exceptionally useful 

tool for fine-tuning of laser systems during fabrication. Measurement and correction for 

potential wavefront aberrations are especially important for high-energy laser system 

applications, such as defense and industrial manufacturing. The self-referencing Mach-

Zehnder interferometer and the Shack-Hartmann wavefront sensor are two common 

methods used to achieve real-time wavefront aberration measurements for laser system 

output quality; however, the former requires a precise and arduous alignment procedure 

for each operation and the latter exchanges spatial resolution for phase resolution and is 

highly sensitive to global tilt. The use of electronically controlled spatial light modulators 

has been shown as a method of quickly retrieving wavefront reconstructions from phase-

shifting point diffraction interferometers. In this paper, the development of an algorithm 

that automates the selection of the point diffractor position and size was added to the phase-

shifting point diffraction method with a purely reflective spatial light modulator. Computer 

simulations and laboratory tests were conducted as proofs of concept using a few simple 

optical elements. The results of these simulations and lab measurements show promise for 

continually automated alignment of a point diffraction interferometer to greatly reduce 

alignment time and almost entirely remove sensitivity to global tilt. With further 

development, this method can be applied to increase the efficiency of a wide variety of 

optical system measurement scenarios. 
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INTRODUCTION 

Motivation 

As the viability increases for high-volume, low-cost airborne threats such as drones, 

the interest in the use of high-energy laser (HEL) systems for defense applications has 

grown substantially [1]. Other HEL applications range from long-standing industrial 

manufacturing tools and methods [2,3] to cutting edge quantum physics research 

instrumentation [4]. Many of these HEL applications aim for low-divergence or highly 

focused outputs, for which thermal lensing – which arises due to partial absorption of laser 

power by transmissive elements in the optical system – is a significant concern [5]. 

Monitoring the aberrations in the beam at the output of a HEL system with a wavefront 

sensor can provide insight into potential thermal lensing problems as well as a feedback 

method for adaptive correction [6]. The aim of the research presented here is to provide 

another measurement tool option that more specifically fits the needs of HEL system 

designers during the early stages of product development, nominally by achieving: high 

spatial resolution, low alignment time, and approximately real-time measurements (to 

human visual standards). 
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Wavefront Sensors 

A great many types of wavefront sensor exist, including a variety of interferometer 

configurations, and have powerful uses in astronomy as adaptive optical feedback [7]; in 

optometry as a diagnostic tool [8]; in optical element metrology [9]; and, as the motivation 

for this work, in fabrication and testing of HEL systems. Many interferometric wavefront 

sensing systems exist, but a large proportion of them lend themselves more to profilometry 

of optical surfaces rather than wavefront measurements of laser beams [10]. For example, 

the Twyman-Green configuration of the Michelson interferometer is well-suited to 

compare the surface topology of the reflector in its reference arm (typically a high optical 

quality reference flat) to another optical surface under test in its other arm. However, the 

Twyman-Green interferometer does not easily support the insertion of a spatial filter in its 

reference arm, and therefore is less easily configured form beam quality measurement 

applications. Another example is the Fizeau interferometer, which uses a partially 

reflective reference surface of similar shape to the optical surface under test. The test 

surface is placed directly after the reference surface and the interference produced by the 

partial reflection from the reference surface and the reflection from the test surface can be 

analyzed in order to return the relative topographical differences between the two. In this 

case, it would be exceptionally difficult to spatially filter the reference wavefront without 

adding multiple partially reflecting surfaces that could degrade the interferogram, 

removing the Fizeau interferometer as an option for beam quality measurements. 

There are many more configurations which could be considered, but for brevity, 

the list of compared systems for this project was limited to sensors already typically 
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employed in industry for HEL system diagnostics during early design stages. At Lockheed 

Martin Coherent Technologies (LMCT), the two primary wavefront sensors employed in 

mapping the output aberrations of new HEL systems are the self-referencing Mach-

Zehnder (SR-MZ) interferometer and the Shack-Hartmann (SH) sensor. 

Self-Referencing Mach-Zehnder Interferometer 

In contrast to its predecessor the Michelson interferometer, the Mach-Zehnder 

interferometer has a layout which requires light to propagate in only one direction along 

each of its two arms. This results in more easily altered reference and test beams as well as 

two simultaneous outputs with a relative π-radians phase shift between them. These 

advantages come at the cost of more arduous and sensitive alignment due to the more 

independent nature of the two beam paths. 

Although Mach-Zehnder interferometers have been in use since the 1890s, the first 

apparent proposal for the use of a Mach-Zehnder as a dedicated wavefront sensor for a 

laser input occurred in 1983 [11], followed by a patent for a more advanced version from 

Lockheed in 1987 [12]. When applied as a wavefront sensor to map the phase of an input 

beam, the SR-MZ interferometer pictured in Fig. 1.1 needs to be aligned with a precise 

offset in the angle between the test and reference beams when they recombine to create an 

interferogram with induced tilt fringes of well-defined spacing in order to effectively 

unwrap the periodic phase map into a continuous relative phase offset from the reference 

[13]. Using Fourier transforms and Zernike polynomial reconstruction, the approximate 

phase-front of a wave entering the SR-MZ can be backed out of the interferogram [14]. 
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Figure 1: Basic system schematic for a SR-MZ interferometer. The reference wave is 

generated in one path from the first beam splitter (BS-1) and recombined with the 

wavefront under test by the second beam splitter (BS-2). There is a small and well-defined 

angular offset between the beam output from the test arm and reference arm as they are 

recombined at the detector. This produces the linear tilt fringes necessary for the 

reconstruction of the wavefront without  

This static (non-phase-shifting) method of wavefront sensing is beneficial for its 

high temporal and spatial resolutions, both prescribed by the appropriate resolutions of the 

detector used in such a system. However, the SR-MZ needs to be very carefully aligned 

before each set of measurements to accurately and precisely quantify the fringe spacing of 

the induced tilt fringes under an unaberrated beam. Depending on operator familiarity and 

available equipment, technicians and engineers at LMCT typically require between 4 and 

8 hours to set up an SR-MZ for measurement of a laser system. The exceptionally lengthy 

setup time prohibits reasonable output monitoring during minor iterative design changes 

for a laser system and the precision required of the tilt fringes for wavefront reconstruction 
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accuracy presents an exceptional difficulty if the system were to be implemented as a 

feedback sensor for adaptive optics applications. 

Shack-Hartmann Wavefront Sensor 

The SH sensor was developed as a successor to the Hartmann Screen test, a method 

for evaluating optics – typically of telescopes – since the beginning of the 20th century. 

The Hartmann Screen is a simple opaque mask with three or more open apertures which is 

placed at the surface of the optic under test – such as a lens or mirror. The screen then 

allows for the approximate tracing of ray bundles in the real world, which is easily applied 

to the proper positioning of focusing optics as well as the qualitative and estimated 

quantitative aberrations due to the optic or optical system under test. With origins in the 

evaluation of telescope optics, it is not surprising that when the addition of a lenslet array 

to the Hartmann Screen was first proposed by Roland Shack in the early 1970s, it was to 

solve the astronomy-related problem of aberrations from atmospheric turbulence. Shortly 

after its inception, the adaptive optical feedback capabilities of the SH sensor were applied 

to HEL systems as well, although the majority of the research done under that application 

at the time remains classified [15]. 

It is important to understand the fundamental operating principles of the SH sensor 

in order to see clearly its ingrained limitations. The SH mathematically determines the 

slope of a section of the wavefront based on the x- and y-offsets of the focused spot on an 

array of detector pixels behind a lenslet array. As depicted in Figure 1.2, the group of pixels 

directly behind a lenslet comprise that lenslet’s super-pixel array on the detector. The 

maximum offset of the focused spot from the center of the super-pixel array defines the 
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dynamic range of the detector, which is the maximum magnitude of the local slope of the 

wavefront that can be detected. Therefore, a larger super-pixel array behind a given lenslet 

has a greater dynamic range. The sensitivity to variations in the slope of the wavefront 

phase is determined by a combination of detector pixel spacing and focal length of the 

lenslet. With the selection of lenslets with focal lengths causing smaller offsets as a 

function of local wavefront tilt, a greater number of pixels – and therefore larger super-

pixel area – produces greater phase resolution. 

 

Figure 2: Visualization of the operating principles of a SH wavefront sensor. The sensor 

effectively sees only the average local slope of the wavefront across a lenslet, which can 

lead to a loss of spatial resolution of features, as depicted in super-pixel array #4 above. 

Since it is essentially a camera with larger pixels defined by the lenslet array, 

aligning a SH sensor takes very little time, usually only a few minutes to set up in the path 

of a collimated beam to within a couple degrees of normal incidence. However, requiring 

large super-pixel areas for high phase resolution and dynamic range while working within 

the confines of reasonably manufacturable detector pixel spacing leads to a loss of high 

spatial resolution, which can be critically important for applications in monitoring thermal 

lensing and other effects in high power laser beam tuning. Additionally, the overall tilt of 
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the incident wavefront – represented in the incident angle of the beam on the lenslet array 

– shifts the dynamic range approximately linearly, which can further reduce the maximum 

local wavefront slope that can be reconstructed [16]. For standard commercial SH sensors, 

the most global tilt that any of the models can handle before exceeding their range limits 

is approximately ±1° [17], a rather narrow margin for alignment purposes when operation 

relying on a fair amount of the specified dynamic range is required for measurements. 

Conversely, by utilizing a tilt-insensitive system, a wavefront sensor could be quickly 

inserted and removed from the beam path even when dynamic range was a large concern, 

greatly improving the efficiency of optical fine-tuning procedures. 

Phase-Shifting Point Diffraction Interferometer 

Both above methods have drawbacks: extensive alignment time for the SR-MZ and 

spatial resolution and alignment-related dynamic range concerns for the SH. The concerns 

with the SH are inherent to the operating principles of local phase slope detection, whereas 

the alignment time required for the SR-MZ is due to the optical layout and analysis method 

rather than the fundamental theory of interferometry as a whole. Instead of the two-beam 

layout of a MZ, implementing a common-path interferometer model allows for easier 

measurement of short pulses and eliminates errors that can arise from mechanical vibration 

of optical elements or air turbulence in the optical path since any changes affect the 

reference and test paths equally and simultaneously. Of interest for digital control and 

automated alignment is the common-path point diffraction interferometer (PDI). Two 

configurations of simple PDIs can be seen in Fig. 1.3. Typically, the point diffractor is 

positioned off-axis from the incident wavefront such that the combination of the generated 
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planar wavefront and the reduced-amplitude test wavefront have a well-defined angular 

offset producing tilt fringes which can be used to return the phase map without phase-

shifting, as with the SR-MZ above. The second schematic shows the on-axis diffractor case 

more akin to the setup used in this project due to the fringe contrast concerns using a purely 

reflective spatial light modulator (SLM), which will be discussed later in section 3. The 

PDI was first publicly described in detail in 1975 [18], although it had been considered 

previously [19]. 

 

Figure 3: The system schematic of the traditional off-axis point diffractor (top) and an on-

axis case more comparable to the later setup in this paper (bottom) for a simple transmissive 

PDI. The dashed red lines represent the reference beam and wavefront. The blue area of 

the point diffractor represents a partially transmissive region which attenuates the 

amplitude of the wavefront under test while the fully transmissive pinhole at the center 

generates the reference wavefront. 
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Although there is never a full spatial separation of the generated reference 

wavefront and the input wavefront under test, an interferogram at the detector is still 

generated. This is accomplished by the point-diffractive element (PDE), which is usually 

made up of a highly amplitude-attenuating optical surface (such as that of an ND filter) 

with a fully-transmitting pinhole somewhere on its surface. Treating the point diffractive 

element as a finite aperture as outlined by Goodman [20], we can represent it as the sum 

of two partially transmitting apertures as: 

𝑡𝐴(𝑥, 𝑦) = [𝑇𝑃𝐷𝐸 ∗ 𝑐𝑖𝑟𝑐 (2
√𝑥2+𝑦2

𝐷𝑃𝐷𝐸
)] + [(1 − 𝑇𝑃𝐷𝐸) ∗ 𝑐𝑖𝑟𝑐 (2

√𝑥2+(𝑦−𝑦0,𝑃𝐷)
2

𝐷𝑃𝐷
)] [Eq. 1.1] 

Where 𝑇𝑃𝐷𝐸 is the transmission of the ND filter or other filter material used as the basis of 

the PDE and is generally rather low to balance the test and reference wave powers; 𝐷𝑃𝐷𝐸 

is the diameter of the entire PDE; 𝑦0,𝑃𝐷 is the center of the point diffractor relative to the 

entire PDE; and, 𝐷𝑃𝐷 is the diameter of the point diffractor. Graphically, this is shown as: 

 

Figure 4: Graphical representation of the sum of two circular apertures of varying 

transmissivity. The leftmost image represents the partially transmissive substrate which 

maintains the input wavefront’s shape while drastically reducing its power. The center 

figure shows the approximately opaque mask with a largely transmissive pinhole; this 

produces the reference wavefront due to spherical diffraction from the pinhole. The 

superposition of the two apertures produces what is typical for a transmissive PDE. 
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We can now consider the effect of each part of the PDE separately then combine 

those two effects to form a conceptual understanding of the output. The PDE is placed at 

the focus of the focusing lens, therefore it acts as a filter for the angular spectrum (spatial 

frequencies) of the beam incident on the system. The first part of the PDE aperture equation 

attenuates the power of the lower angle (lower spatial frequency) components and removes 

exceptionally high orders as it is a large aperture, but still finite. The imaging lens 

transforms the angular spectrum filtered by this component into a power-attenuated 

wavefront with nearly identical shape to that of the beam incident on the system, which 

propagates to the detector. The second part of the equation, which represents the point 

diffractor, selects a very small window of angles to transmit with little attenuation. The 

imaging lens transforms the angular spectrum from this very narrow aperture into a nearly 

planar reference wave with almost no attenuation compared to the first component an 

angular offset from the optical axis dependent on the 𝑦0,𝑃𝐷 term. When this reference 

wavefront interacts with the greatly attenuated test wavefront from the first component at 

the output, an interferogram is produced. 

The point diffractor aperture is extremely small – typically chosen to be on the order 

of one-half of the unaberrated beam’s Airy diameter – which generates a high-quality 

spherical wavefront. Assuming the collimating lens, L-2, is chosen to have very low 

aberrations, this leads to a highly planar reference wavefront at the output [21]. The 

interference pattern at the camera shows the relative phase offset between the test 

wavefront and the generated reference. The PDI is a good choice for automation because 

spatial light modulators (SLM) exist for both transmissive and reflective applications 
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which can quickly be controlled to create point diffractors with various amplitude and 

phase modulation of both the test and reference wavefronts. In addition, the phase 

modulation capabilities of SLM lend nicely to phase-shifting interferometry with 

diffraction-generated reference wavefronts. The phase-shifting interferometer method of 

retrieving a wavefront reconstruction is extremely valuable when the tilt (angular offset) 

in the planar reference wavefront is not known with high precision and accuracy, or if the 

tilt is very near 0°. 

Phase-shifting interferometry is a well-understood method of retrieving wavefront 

measurements. By modulating the phase of the reference wavefront and monitoring the 

change in intensity at a given point on the output interferogram, the magnitude and polarity 

of the test wavefront relative phase at that point can be determined, ultimately producing a 

phase map for the beam incident on the detector [22]. As few as 3 interferograms need to 

be recorded under ideal circumstances, but more should be captured to improve accuracy, 

compensating for possible detector and ambient noise [23]. In a PDI, the phase of the 

generated reference wavefront can be modulated by implementing a digitally controlled 

SLM which modulates the phase only over the point-diffractor region of the focused beam 

[24]. Phase-shifting has been explored in PDI systems before, although they employed 

analog means of phase-shifting such as diffraction gratings instead of digitally controlled 

methods as were used in this project [25,26]. 
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Paper Outline 

The balance of this paper proceeds as follows: the optical layout and design of the 

wavefront sensor are described in Chapter 2; the algorithm for alignment automation is 

described in Chapter 3; the Fourier optical simulation of the system response to algorithms 

and methods are described in Chapter 4; the initial laboratory tests and results of those 

measurements are described in Chapter 5; and conclusions are presented in Chapter 6. 
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OPTICAL LAYOUT & DESIGN 

The proposed system aims to have a small physical footprint in addition to rapid 

self-alignment. Beginning from the standard PDI design in Fig. 1.3, an immediate 

reduction in the footprint can be made by choosing a reflective SLM to serve as the point 

diffractor instead of using a transmissive element. In addition to reducing the instrument 

footprint, this alteration reduces the number of precisely aligned components by combining 

the focusing and imaging lenses into a single element. The use of a 50% reflective, non-

polarizing beam-splitter to pick off the output from its initial optical path results in a 75% 

loss of input signal power before reaching the detector. However, for laser system tuning 

– the primary application of interest in this project – the output power will still be very high 

compared to the dark current of most detectors and a reasonable signal-noise ratio (SNR) 

will remain easily achievable. For applications where the loss of power is problematic, 

alternate arrangements with conserved power are possible; however, they pose additional 

alignment difficulties and place undesirable input constraints on the system. 

The fundamental reasoning behind the use of a digitally controlled SLM is to allow 

manipulation of the position and size of the point diffractor based on the position and size 

of the focused spot in the plane of the SLM. Because the SLM has discrete pixels for which 

the phase piston can be controlled and the goal is to create a reference wavefront from some 

portion of the diffraction limited spot hitting the SLM, the spot needs to be larger than an 

SLM pixel. The PDI system developed in this project at LMCT uses a Meadowlark Optics 

SLM (model E512-1064), with 15-µm square pixels. Considering the lens as the largest 

possible limiting aperture with a clear semi-diameter of about ½-inch (12.7-mm), a 
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minimum focal length of 150-mm is required for an unaberrated Airy disk greater than the 

15-µm SLM pixel size. To achieve the standard one-half Airy diameter point diffractor 

from one SLM pixel as reported by Neal and Wyant [21], a minimum focal length of 300-

mm is required. While these are rather long effective focal lengths for a system where a 

small footprint is desired, there are clear paths to improvement beyond this prototype. The 

use of beam reducers and small-aperture elements as well as the implementation of an SLM 

with smaller pixel sizes in future iterations can easily reduce the footprint while achieving 

large spot sizes on the SLM plane. 

 

Figure 5: The modified PDI utilizing a reflective SLM as the point diffractor. The single 

lens element (L-1) is both the focusing and the imaging lens. Where the reference 

wavefront generated by the SLM is approximately spherical, aberrations from the lens can 

be effectively eliminated by implementing a plano-convex lens with the planar side facing 

the SLM. 
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ALIGNMENT AUTOMATION 

As the design in section 2 shows, the PDE in this project is to be achieved using a 

purely reflective SLM. The point-diffraction interferometer was chosen for this project 

because it is a common path system which creates a very compact and less alignment-

intensive measurement device. Contemporary systems labelled as “reflective” PDIs are 

accomplished using a beamsplitter to separate the wavefront under test and the generated 

planar reference [27,28]. So, while these interferometers are approximately common-path 

interferometers, they are significantly different from the system in this project. Another 

interesting near-common-path adaptation of the PDI uses a partially reflective plate in front 

of a highly reflective surface to generate the interfering wavefronts, then uses a similar 

interferogram analysis method to that described for the SR-MZ in section 1 [29]. The lack 

of amplitude attenuation capability on the SLM brought up a major concern with regard to 

the potential fringe visibility (a.k.a. interferometric visibility or fringe contrast) for the 

interferogram generated at the output of the PDI because the reference wavefront typically 

has very low power compared to the incident wavefront on the system. The other reflective 

PDIs compensate for this by separating the beam with partial reflections; but to achieve the 

same result with a single, purely reflective SLM, we needed to be very careful selecting 

the size and position of the PD. 

An ideal point diffractor is small enough that it generates a perfectly planar 

reference wave at the detector while also diffracting enough light to match the intensity of 

the test wavefront, producing maximum fringe contrast. As such, the point diffractor is best 

placed at the location with the greatest intensity on the SLM plane, which is coplanar with 
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the focusing lens’s focal plane. Through automation of point diffractor positioning, the 

alignment procedure for the PDI simplifies to placing the instrument in the path of a beam 

and ensuring that the detector sees the full extent of the beam profile.  

The computer is limited in which components of the PDI it can control or monitor. 

The computer can control the SLM and detector (in this case a CCD array) and can monitor 

the output at the detector only. By monitoring the response at the detector for controlled 

phase modulation at the SLM plane, an algorithm can be generated which narrows down 

the position of the SLM pixel where the peak intensity of the focused spot falls. Many 

methods are possible for this positioning algorithm; however, the fastest is a quadrant 

search method as depicted in Fig. 6. 

 

Figure 6: The diffraction grating is formed as an image on the SLM with the highest spatial 

resolution possible (1 cycle per 30 [µm] in the x- and y-directions). As the diffraction 

grating is applied to each region on the SLM, the image at the camera changes. The region 

which causes the largest change to the image at the camera holds the SLM pixel with peak 

power; in this case, it is the lower-right quadrant for the first grid size and the upper-left 

sub-quadrant within. Once the quadrant containing the peak power pixel is found for one 

grid size, the next smaller grid size is run, and the process repeats until a single pixel 

location is found. Note that although the image appears in the upper-right quadrant of the 

camera image, the peak power pixel is just below and to the right of center at the SLM 

plane due to a combination of tilt and decenter in the alignment. 
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Very fine diffraction gratings are formed in the four quadrants of the SLM active 

region, alternating between 0 and π radians of phase piston in a checkerboard pattern of 

single pixels. This region is then easily imagined as a two-dimensional diffraction grating; 

and, as such, the magnitude of the change at the detector is directly related to the mean 

intensity of the area of the focused spot overlapping the quadrant of the generated 

diffraction grating. The peak intensity then must lie within the SLM region corresponding 

to the diffracted beam image where the greatest change from the baseline (no-diffraction) 

image occurs. This method requires the fewest images to be taken – 32 images, which is 2 

less than a binary search method – and has a computationally inexpensive method of image 

processing in the form of direct comparison. 

Establishing the point diffractor at the position of peak power on the focused spot 

has the additional benefit of removing tilt fringes at the output. From Fourier optics, the 

image at the back focal plane of a system is known to be equal to the Fourier transform of 

the image at the front focal plane. The transform of a wavefront normally incident upon 

the system will have a zero-frequency component at the center of the transform plane and 

wavefronts with tilt relative to the system will have their zero-frequency component 

laterally shifted from the center of the plane by some magnitude proportional to the 

wavefront’s incident angle [20]. The selection of an off-axis intensity maximum as the 

point diffractor position results in a tilt in the reference wavefront that is equal to the tilt in 

the test wavefront; therefore, no tilt fringes appear at the output where the two wavefronts 

recombine and interfere. 
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Because the alignment speed is a major factor driving the development of this 

device, the point diffractor position-determining algorithms should be thought of in terms 

of their application speed. The final algorithm requires 32 images be written to the SLM 

and simultaneously captured by the camera. The SLM writes masks at 60 Hz, which is 

slower than the camera can acquire images. The processing occurs orders of magnitude 

faster than the image capture, so the position-finding algorithm is limited by the 60 Hz 

operation of the SLM and occurs in a time period that is on the order of 0.5 seconds. For a 

phase map reconstruction process which will take on the order of 700-ms on a GPU, a ½-

second readjustment of the center of the point diffractor can be run continuously in the 

background on the CPU to maintain output optimization and tilt fringe elimination for time-

varying wavefronts at the PDI input. 

While the algorithm gives the position of the point diffractor, it does not optimize 

the size. Prior research has shown the size of the point diffractor should be not greater than 

½ the area of the unaberrated Airy disk to maintain the planarity of the reference wave at 

the detector (Neal and Wyant 2006). Since the input wavelength and the focal length of the 

focusing lens are known, the beam diameter needs to be approximated to determine the 

Airy disk size. Because the input to the PDI should be at least nearly collimated, the 

diameter of the beam incident on the detector serves as a good approximation of the 

diameter of the input beam. 

𝐷𝐴𝑖𝑟𝑦 = 2.44 ∗ 𝜆 ∗
𝑑𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒

𝑓
 [Eq. 3.1] 
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Using the standard equation for the Airy disk diameter, DAiry, above and taking one-half 

the value and rounding down to the nearest multiple of an SLM pixel, a safe value for the 

point diffractor is calculated.  

𝐷𝑃𝐷 @ 𝑆𝐿𝑀 = 𝑓𝑙𝑜𝑜𝑟 (
𝐷𝐴𝑖𝑟𝑦

2∗15𝜇𝑚
) [Eq. 3.2] 

The wavelength, λ, is that of the beam, while f is the focal length of the focusing lens and 

daperture is the limiting aperture of the system – which is the lower of the beam diameter on 

the detector or the entrance pupil. 

The above method provides a reasonable automated selection of the point diffractor 

size based on input characteristics, but it does not represent a true optimization. There are 

two main effects relating the size of the point diffractor to the wavefront error, which is the 

measure of how closely the reconstructed wavefront represents the actual wavefront 

entering the system. The first is the fringe contrast as it relates to the signal-noise ratio 

(SNR) of the detector. If the point diffractor is too small, the light diffracted into the 

reference wave will be much less than the light in the wavefront under test, resulting in 

very low-contrast fringes, in accordance with Eq. 3.3. 

𝜈 =
2 √𝐼𝑡𝑒𝑠𝑡 ∗ 𝐼𝑟𝑒𝑓

𝐼𝑡𝑒𝑠𝑡 + 𝐼𝑟𝑒𝑓
 [Eq. 3.3] 

If the fringe contrast is below the noise threshold established by the detector’s SNR, there 

will be no discernable sinusoid generated by the phase shifted images and the wavefront 

will not be properly reconstructed. The point diffractor diameter for which adequate power 

is diffracted to create above-threshold fringe contrast depends on the input’s characteristics 

such as beam diameter and aberrations. This concern is less considerable when the SLM 
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has both phase and intensity modulation, since the intensity of the wavefront under test, 

Itest, can be arbitrarily reduced to match the reference wavefront intensity, Iref; however, for 

the simple reflective SLM used in this research, it is still a relevant consideration. 

The second effect to consider is the breakdown of the assumption that the wavefront 

incident on the point diffractor is planar. As the point diffractor diameter increases from 

the ideal case of an infinitely small point, the wave incident on the diffractor is less 

accurately described as a plane wave, and so it generates an increasingly non-planar 

reference wave at the detector, resulting in reduced accuracy of the reconstruction. The 

exact function that represents the wavefront error caused by this loss of reference wave 

planarity depends on the shape of the input wavefront. Because the fringe contrast concern 

is greater for smaller point diffractors (when there is not an option for spatial amplitude 

modulation at the SLM) and the planarity of the reference wavefront is reduced as point 

diffractor size increases, there is logically an optimum size of point diffractor for a given 

input, as alluded to in Fig. 3.2. This may be an interesting topic for later study. 
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Figure 7: Caricature of the main effects relating point diffractor diameter to the wavefront 

error of a reconstruction by the PDI – fringe contrast compared to the SNR of a detector 

and the generated reference wavefront quality. 
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SIMULATION OF SYSTEM RESPONSE 

The first step in testing conceptual algorithms was to mathematically simulate the 

system design described in section 2. Simulation allows for troubleshooting the self-

alignment algorithms and reconstruction methods with a great variety of wavefront shapes 

which would be harder to quickly implement and analyze in a lab setting. Although the 

simulation makes some simplifying assumptions and generally ignores noise external to 

the system, it helps determine a level of likelihood for success of a given algorithm and 

validates building a prototype in the lab. A model can be easily generated in Matlab by 

adapting the angular spectrum method of representing propagating waves from Fourier 

optics, which represents a wavefront with a complex shape as a combination of many plane 

waves traveling away from a plane of interest with a given model [20]. The simulation 

created in this way uses matrices to represent spatial planes orthogonal to the system’s 

optical axis. These matrices are made up of a Cartesian set of “simulation pixels:” small, 

discrete regions of simulated space for which information is known about the intensity and 

phase of simulated light. The simulation pixels were chosen to represent the size of the 

smallest discrete element in the system – a single 5-µm square pixel on the camera CCD. 

To properly simulate the system, the mathematic representations of each system 

element must be realized using the angular spectrum method. The system is comprised of 

apertures, lenses, mirrors, an SLM, and free space. Apertures are pupil functions, 

represented by a pure-magnitude (fully-real) mask with a value between 0 and 1 to 

represent the spatial transmission function across the element. For feasibility purposes, we 

can represent the lens, with approximately 2-mm thickness and 250-mm effective focal 
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length as a thin lens with transmission very near 1. This thin, fully transmissive lens 

approximation leads to a representation in simulation space as a pure-phase (complex) 

mask with a magnitude of 1 and a phase modulation dependent on the mask position as 

illustrated in Eq. 4.1. 

𝜙𝑙𝑒𝑛𝑠(𝑥, 𝑦) =  
𝜋

𝜆𝑓
√(𝑥 −

𝑁𝑥

2
)2 + (𝑦 −

𝑁𝑦

2
)2 [Eq. 4.1] 

The reflectivity of the mirrors in a real system will be very nearly 1, so it is safe to model 

the mirrors as having no effect on the amplitude; therefore the mirrored surfaces of the 

beam-splitter and SLM are represented as a mask which globally causes a phase shift of π-

radians to the simulated beam; however, since the test and reference wavefronts will hit all 

of the same optical elements in the common-path interferometer, these global phase shifts 

can be ignored. The SLM is a mirrored surface with assumed reflectivity of 1 for these base 

simulations; however, it has variable phase modulation between 0 and 2π radians. The SLM 

can therefore be represented as a mask with magnitude 1 at all pixels and a user-defined 

phase modulation between 0 and 2π radians at each 3-by-3 square simulation pixel region 

which represents a 15-µm square SLM pixel. Finally, the propagation of the wavefront 

through free-space can be represented as the multiplication of the angular spectrum of the 

simulation pixel plane with the free-space propagation transfer function (see Eq. 4.2), 

derived from the extended propagation of the plane waves which make up the angular 

spectrum representation of waves. 

𝐻𝑓𝑠(𝑓𝑥 , 𝑓𝑦) =  𝑒
𝑗

2𝜋𝑧

𝜆
√1−(𝜆𝑓𝑥)2−(𝜆𝑓𝑦)2

 [Eq. 4.2] 
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Since the angular spectrum of a wave at a given plane is simply the weighted Fourier 

transform of the wave, a computationally inexpensive fast-Fourier-transform (FFT) can be 

applied to the simulation plane and the result multiplied by the transfer function. An inverse 

FFT is then applied to the result of the multiplication to return the wavefront at some 

propagated distance, z, from Eq. 4.2. Propagating across the distances between the elements 

in the simulated system and applying the appropriate masks to represent each element, a 

reasonably accurate output at the detector can be simulated for a given input. The 

qualitative insight gathered here helped to assure that a potential auto-alignment algorithm 

actually returned a set of interferograms that could be used to back out a close 

approximation of the input wavefront. 

A few initial methods of point diffractor position and size algorithms were tested 

in the simulation, but the approaches presented in section 3 required the least images and 

processing power while resulting in consistent and accurate results. The SLM masks and 

camera images shown in Fig. 3.1 are simulations made using the angular spectrum adapted 

model. Using the model, it was possible to “see” the diffraction-limited spot on the SLM 

and to compare the predicted and actual positions of peak power. The point diffractor 

positioning algorithm correctly determined the SLM pixel with highest power for a variety 

of incident wavefronts, including varying tilt up to ±2°, lateral displacement of incident 

beams from the system optical axis by ±3mm in both the vertical and horizontal directions, 

and RMS wavefront errors from 0 to 12 waves. 

An approximation of beam reconstruction quality was also made using the angular 

spectrum simulation method. The reconstruction method produced reasonably similar 
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wavefronts to what was expected, with small variances in piston and some spatial noise 

due to the discrete, square-grid nature of the SLM. To avoid unwrapping the phase in two 

dimensions, the wavefront error was approximated by integrating the x- and y-directions 

across the reconstruction, unwrapping the integration, accounting for piston variation, and 

taking the RMS error between the expected and reconstructed curves. Four examples of 

this are shown in Fig. 4.1. 

 

Figure 8: Four input wavefronts run through the simulation and reconstructed at the output. 

The RMS error after adjusting for piston offsets is given below each set of inputs and 

reconstructions. The RMS error greatly increases when the total RMS aberration of the 

input exceeds 0.7 waves. 

The simulation used for these analyses was validated at multiple steps during its 

creation. To validate the propagation script which simulates an input wavefront moving 

along the system optical axis, an approximately circular plane wave with Gaussian power 
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distribution was generated as the input and allowed to propagate a short distance (0.5 m) 

and it very nearly retained its phase and power distributions. When the same input was 

propagated extremely far (10 km), it took on an approximate Fourier transform of its initial 

shape, which is expected for far field propagation; however, with the much greater 

propagation it was clear that the square pixels of the simulation caused some minor phase 

and amplitude errors, which is a drawback of any discrete modeling paradigm. The next 

tested element was a lens, acting as a both a phase mask and a finite circular aperture. The 

total lens effect is the product of the phase mask in Eq. 4.1 and the finite aperture in Eq. 

4.3 with appropriate parameter values. 

𝑡𝐴(𝑥, 𝑦) = 𝑐𝑖𝑟𝑐 (2
√(𝑥−𝑥0)2+(𝑦−𝑦0)2

𝐷𝐴
) [Eq. 4.3] 

A planar input which filled the entire simulation space was passed through a lens of finite 

diameter less than the simulation space dimensions and then propagated to the focal plane 

of the simulated lens. The spot at the focal plane was compared to that predicted for a plane 

wave coming through such a lens and showed high accuracy. All other surfaces were 

reflective, and so introduced only finite apertures and π-radian phase offsets along the 

optical axis. 

The main limitation of the simulation method was the discrete square pixels, 

however the reflective SLM component was actually made up of discrete square pixels 

which matched up with the edges of the simulation pixels. The error in the simulation was 

then further reduced conceptually and the results shown were accurate in terms of 

wavefront shape and amplitude. One area which was not addressed in the simulation due 

to lack of component knowledge during the simulation portion of the project period was 
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the noise threshold of the detector. Future studies should show that simulations present 

sufficient fringe visibility to back out the wavefront from phase-shifted interferograms, 

otherwise the system design will require reevaluation. 
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PROOF-OF-CONCEPT TESTS 

The proposed system was assembled and aligned in the lab on an optical table. The 

polarized output from a 500-mW laser was reduced using a rotating half-wave plate and a 

polarizing beam splitter. Two mirrors were used to define a level optical axis for the 

system. A spatial filter was inserted before the first optical element (the beam splitter) in 

order to start with a “clean” source. The spatial filter consisted of two 50-mm-focal-length 

plano-convex lenses, a 20-µm pinhole, and an iris that spatially selected the first Airy ring. 

The alignment procedure began with the SLM, aligned to the optical axis as a mirror in its 

off state (no phase modulation of the incident beam). The 250-mm focusing and imaging 

lens was added next, aligned such that the incident and reflected spot from the SLM both 

fell on the optical axis and the size of the return from the SLM matched that initially coming 

through the iris. The beam splitter and camera were added last, requiring only moderate 

alignment precision. Neutral-density (ND) filters were added to the camera to prevent 

saturation. 

 

Figure 9: Overhead of the system as assembled and aligned in the lab. Beam path and 

optical element identifiers overlaid for reference. Operating wavelength is invisible (1064 

nm). 
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The point diffractor position-finding algorithm discussed in section 3 was manually 

applied to the lab setup through direct writing of the appropriate masks to the SLM and 

capture of the image at the camera through Matlab software. To test the validity of the 

diffraction method outside the simulation space, the focused spot from the input beam was 

manually aligned to fall on the upper-left quadrant – labeled quadrant A. As can be seen in 

Fig. 5.2, the image displayed when the diffraction grating fills quadrant A of the SLM 

resulted in the most change from the blank SLM image, by far. 

 

Figure 10: Images taken in the lab when the focused spot was aligned so that it landed fully 

within the upper-left (A) quadrant of the SLM. Using the greatest-change selection method, 

the algorithm would correctly assign the spot to be within quadrant A. The values in the 

lower right corners of each image report the integrated response from all pixels in units of 

digital number (DN). Clearly power has been diffracted out of the signal reaching the 

detector in every case, however, it is two orders of magnitude more significant for the case 

where the diffraction grating mask is in quadrant A of the SLM. 
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Figure 11: Images taken in the lab when the focused spot was aligned so that it landed 

across the boundary between the upper-left (A) and lower-left (D) quadrants of the SLM. 

The values in the lower right corners of each image report the integrated response from all 

pixels in units of digital number (DN). Using the greatest-change selection method, the 

algorithm would assign the spot to quadrant D. This cannot be inherently confirmed in the 

lab, but the lack of alteration to the B and C quadrant images supports the viability of the 

position selection algorithm.  

As a second test, the focused spot was realigned to fall on an area overlapping parts 

of both the upper- and lower-left quadrants of the SLM – quadrants A and D, respectively. 

The images from this test, shown in Fig. 5.3, indicated that the majority of the power in the 

focused spot fell on quadrants A and D, while there was almost no change to the images 

when the diffraction grating filled the upper- or lower-right quadrants, as expected. It could 

not be confirmed in the lab, but it appears that the highest-intensity pixel fell in quadrant 

D in this case, since the image was most changed by light diffracted out of the 0th-order 

return when the diffraction grating filled the lower-left quadrant of the SLM. While there 
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was insufficient time to fully execute the automated point diffractor alignment on the 

hardware in the lab, these two tests showed that the method is at least viable in a lab setting. 
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CONCLUSIONS 

While there are already many powerful real-time wavefront sensors, there are a 

great number of use cases that require combinations of spatial resolution and ease of 

alignment which existing systems have difficulty providing. The use of a common-path 

interferometer such as the PDI to reconstruct wavefronts can provide vastly improved 

spatial resolution and dramatically reduced alignment time. The use of a purely reflective 

SLM results in a reference wavefront with no tilt relative to the incident wavefront, and 

therefore requires phase-shifted interferograms to return a wavefront measurement. This 

results in a system which has one-quarter to one-tenth the temporal resolution of the 

commonly employed Shack-Hartmann sensors and self-referencing Mach-Zehnder 

interferometers using equivalent back-end detectors. 

The work presented in this report provides a conceptual look at an algorithm which 

automatically chooses an optimal position for the point diffractor in a phase-shifting PDI 

using a single reflective SLM. The validity of the method was shown in mathematical 

simulation for multiple types of input beams. A reasonable expectation that a more 

advanced realization of the concept can produce a self-aligning system was also established 

through basic lab implementation. 

Expanding on the work done here, further lab measurements can be performed, 

including the full automation of the control of SLM and camera. As discussed in section 3, 

there is also potential to create an algorithm selecting a more optimal point diffractor size. 

Before this sensor type is broadly employed, it needs to be validated in simultaneous 

comparison to both SH and MZ wavefront sensors.  
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