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Figure 4.5 Random k-space position errors. Position of points in k-space is randomly
offset in either the x direction or the x and y directions. Error in either direction is
uniformly distributed in the range (−αdk,αdk), where dk is the discrete k-space spacing.
The simulated origin (i.e. where the pinhole would be) is by the dragons head. The last
row shows averages of 100 image reconstructions made with each α random error (in both
directions). In this row, it is clear that the average effect of the error is to effectively limit
FOV as expected—e.g. α = 1.0 is effectively equivalent to doubling dk, and halving the
FOV.

shown in Fig. 4.7. The location of the pinhole is also indicated in each image. As expected, the

images are clearer in a region around the pinhole location.

The ghosting effect caused by periodic errors occurs in the direction of the periodic error

(especially near or outside of FOVerr). The brightness of the ‘ghost’, and the amount it is shifted
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Figure 4.6 Periodic k-space position errors. The magnitude of the error offsets are periodic
in x, and the direction of the offsets is in either the same (x̂) or the perpendicular (ŷ)
direction (i.e. position error with a period T was modeled as sin(2πx/T )x̂ or sin(2πx/T )ŷ).
This causes stretching and ghosting that gets worse towards the right (where x is large),
but the ghost images are shifted in the direction of the offsets (either x̂ or ŷ). The error
parameter α is equal to the ratio of the error amplitude to the discrete k-space spacing
dk. Then simulated origin (i.e. where the pinhole would be) is on the dragons head. The
frequency of the error is give in cycles/image width.
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Figure 4.7 Demonstration of k-space position error effects. Images from three dual
wavelength (532nm and 407nm) show the corruption of image data far from the effective
pinhole location. The relative location of the pinhole (which is in the other output arm of
the interferometer) is shown with a red dot in each image. The precision of our angular
movement limits us to a clear image up to about 0.5 mm from the pinhole, corresponding
to an angular accuracy of about 100 arcsecs (or about 50 arcsecs per mirror—5 times worse
than we had measured independently). The ghosting caused, presumably, by periodic
errors is clearly visible in the first image (look closely next to the label for group 4). Similar
to the blurring and fading caused by random errors, the ghosting effect also gets more
pronounced with increasing distance from the pinhole.
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(relative to the main image) depends on the amplitude and period of the periodic error. This ghosting

error is very similar to a well known phenomenon in MRI [33–35] in which ghosting occurs because

of periodic movement. The k-space position error is related, because it has a similar effect of causing

small periodic phase shifts to k-space measurements. Of course, the exact equivalent phenomena

could also occur with MAS-IPSII if the object were to move periodically in sync with the scan. For

example, rapid scans with rotating mirrors, etc. could cause vibrations that would also give rise to

ghosting artifacts.

4.5 Aliasing

As discussed in Section 3.3, FOVF (the field of view of an image from a discrete inverse Fourier

transform) depends on the spacing dk between points in k-space. A separate limit, FOVdet, is the

field-of-view of the detector—the extent of the area contributing to the detector’s signal. FOVdet is

determined by the area of the illumination, the spatial response of the detector, and may also be

controlled with additional optics such as an iris or other aperture placed before or after the object,

or lenses. If FOVF < FOVdet, then aliasing will occur, causing ghosting artifacts where areas from

outside the FOVF appear superimposed in the image, such as demonstrated in Fig. 4.8.
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Figure 4.8 Demonstration of aliasing from incomplete data. The first column shows
images formed from a complete k-space dataset from a single dual-wavelength scan. The
proceeding columns show the result of skipping every other column (i.e. using half the
k-space data), every other row and column (i.e. using one quarter of the data) or skipping
2 out of 3 rows and columns (i.e. using one ninth the total data). The top row contains
images from data corresponding to blue (407nm) laser, and the bottom row contains data
from a green (532nm) laser.
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4.6 Potential Improvements to Imaging Speed

The limits on imaging speed discussed in Section 3.3 are only the limit if using a design such

as what we presented in Chapter 2. This design was intended to make the experiment and data

gathering as simple and controllable as possible, while demonstrating the feasibility of fully lensless

IPSII. It was not designed for speed. Much faster designs could be used to drastically speed up

MAS-IPSII (and would most likely be necessary for practical applications). I will lay out a few

potential methods for improving the scan speed of MAS-IPSII, as well as some tricks that could be

used to speed up any IPSII method. While we have not yet implemented most of these methods (due

to the added complexity in engineering or data analysis they would require), I believe it is important

to enumerate some of the ways it could be done, since our current research would likely be of little

utility if MAS-IPSII were fundamentally limited to the speeds which we have demonstrated. The

methods I will introduce are continuous rapid scans (instead of discrete steps), parallel imaging,

multi-wavelength imaging, and compressive sensing.

Continuous Rotation

One method to drastically increase speed would be to precisely measure the angle instead of trying

to precisely control it, enabling the use of much faster (but less controlled) methods of producing

mechanical angle changes—for example, galvos or high speed motors. Of course the frequency

shift would need to be much faster (fast enough that many oscillations occur between each k-step).

Alternately, it may be possible to image without a separate phase scan at all, since the motion of the

mirrors tends to sweep the phase as well.

One example of a design implementing a rapid continuous scan would be to mount the mirrors

in an interferometer setup (such as Fig. 2.2) on motors with a rotational axis through the vertical

axis of the mirror, and spin the mirrors as fast as possible. Keeping the two beams overlapping

requires two mirrors be moved proportionately together (as discussed in Section 2.3.1), such that
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(a) (b) (c) (d) (e)

Figure 4.9 Various types of scan patterns discussed in the text. a) 2DFT Grid scan. b) 2D
Grid scan, alternating direction—faster, but more prone to backlash errors in a mechanical
scan. c) Spokes with uniform point spacing—requires regridding of data or a different
inverse transform (basically a filtered back projection). e) Curved spokes—requires
regriding of data. d) Lissajous figure—requires regriding of data.

for continuous motion, they could be locked together with an appropriate gear ratio, or sufficiently

accurate software control. With such a setup, only a fraction of each rotation would result in proper

positioning of the beams (i.e. before the beam falls off the second mirror), but during this portion

of each rotation a full 1D scan through k-space could be recorded. In this case, rotation speeds of

10,000 rpm or greater could easily be obtained, with each rotation giving one row in k-space. To

gather 2D data would require either rotating the object around the interferometer output axis, or

vice versa.

Using a continuous scan pattern with continuous rotating mirrors would result in altered scan

patterns. For example, if the object were rotated, with the object rotation paused before each 1D

scan, the resulting scan pattern would be spokes in k-space (see Fig. 4.9), similar to what is obtained

in CAT scans when performing filtered back projection. The same inverse transform could be

applied here to recover an image of the object. If the rotation of the object were constant in time, the

result would effectively be that of spiraling spokes, and the inverse transform would be somewhat

more complicated. Alternately, the mirror could be made to swivel within the rotating mount to

give simpler scan patterns at the cost of increased engineering complexity. In this case, a regular

2D scan could be obtained by incrementing the vertical angle a discrete amount before each scan.

Higher speeds could potentially be obtained by scanning mirrors sinusoidally, which would result
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in a Lissajous pattern in k-space.

The speed of any such imaging system would be orders of magnitude faster than our current

setup. At 160 rotations/s (i.e 10,000 rpm, a fairly manageable speed for even inexpensive high

speed electric motors) a 1 MPixel image could be taken in 6 s—fast enough to be practical in many

microscopy applications.

Partial Fourier Reconstruction
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Figure 4.10 Partial k-space reconstruction. Shown are two sets of image reconstructions
using only partial k-space data, one from a scan with a clean mode (interference patterns
were from the Fourier basis) and one from a scan with a mode distorted up by a lens
(patterns were from some distorted basis). Note that even with the distorted mode, a
decent image can be formed with only 60% of k-space. These images were made by
re-centering the k-space data (by moving the brightest pixel to the middle) and then using
conjugate symmetry to fill in the bottom half of k-space. More advanced partial Fourier
reconstruction algorithms should get even better results.

One way to speed up imaging is to just measure half of k-space (see the discussion around Eq. 4.1

in Section 4.2), but this can cause unwanted effects due to the phase distortions in the illuminating

beams (such as in the middle two columns of Fig. 4.2 and 4.3). If these phase distortions are slowly

changing in space, however, it is possible to get good results by scanning just a little more than
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half of k-space, and then filling in the rest using conjugate symmetry. Using a technique from MRI

called Partial Fourier Reconstruction [36], a partial data set can be further improved on by using

the symmetrically sampled part of the data to fill in the missing data in k-space using an algorithm

akin to the conjugate symmetry approach, but that also accounts for the phase variations in object

space. This works because the data towards the center is sufficient to resolve the slowly varying

phase distortions in the beam. The net result is that a good image can be reconstructed with about

60% of k-space, even when phase distortions are present (more or less data is needed depending on

the spatial bandwidth of the phase distortions).

Parallel Imaging

Another potential method of speeding up MAS-IPSII (or other forms of IPSII) is parallel imaging.

This method would use multiple detectors to effectively measure multiple small FOV images which

are then combined into one large image. Examples of this idea include hybrid techniques that

combine IPSII with traditional imaging systems. SIM is one example of this where each pixel of

the imaging detector effectively measures a 2x2 pixel image, and these are all combined to make

and image with double the resolution of what the imaging system alone could accomplish.

This idea can be taken farther, however, to work with an arbitrary FOV and detector pixel count.

The IPSII k-step would just need to be small enough to make the IPSII FOV about the size of one

pixel. An example of this is the multibeam technique employed at MIT [17].

Using auto-calibrating parallel imaging algorithms used in MRI such as SENSE or GRAPPA

[37–39], parallel imaging could be done even with overlapping and unknown detector regions. This

would allow for parallel imaging that would be unaffected by lens distortions and blurring between

pixels in the conventional imaging system. Completely lensless parallel imaging could also be done

in this manner if multiple detectors could be made to have distinct spatial responses (such as by

placing a detector array close to the object, using a micro aperture array, or both—note though, that
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this would not be constrained the same as other on-chip microscopy techniques, because diffraction

between the object and the detector is less important).

Parallel imaging with N detectors could increase the speed of MAS-IPSII by up to a factor of N,

though it may be somewhat less than N if auto-calibrating algorithms are used, and depending on

the overlap of information between detectors. For example, if a low resolution traditional imaging

system were used, such as a 128x128 pixel array, then arbitrary FOV and pixel count could still

be obtained using IPSII, but 16,384 times faster than single pixel IPSII. This could be particularly

powerful when combined with modern smart-pixel detector arrays [40–45] such as correlation

sensors, which could do the analog lock-in detection on chip. Such sensors have been developed

with some impressive processing capabilities, but are too limited in pixel count to generally be

useful in conventional imaging systems. Combining them with IPSII techniques, however, would

make good use of their capability without limiting the resolution or pixel count of the final image.

Multispectral Imaging

Another way to speed up IPSII is to image with multiple wavelengths at the same time. Examples of

this include our own dual wave setup described in Chapter 2, as well as DEEP and F -basis [19,20].

This could increase the speed of a system by a factor of N where N is the number of wavelengths

used within a spectral band over which the object does not change. For example, when measuring

a monochrome (black and white) object, a red, blue and green laser could be used in the same

mechanical sweep to measure the object 3 times faster. (With a full color object the speed would

not be increased, but full color information could be obtained.)

If wavelengths very close together were used, such that they did not produce interference

patterns with appreciably different k-values, they would need to be scanned separately somehow

to measure k-space components far enough apart to be useful. This would likely be less useful

with MAS-IPSII (which would need a separate scanable interferometer for each beam), but is a key
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component of F -basis, and the primary reason it can be so fast (along with acousto-optic controlled

angle changes). For MAS-IPSII multiple beams could be used in the same interferometer to speed

up a scan as long as they are separated in wavelength to change dk sufficiently to measure unique

data.

Compressive Sensing

IPSII is also naturally suited to a set of techniques referred to as ‘compressive sensing’, which

allows an image to be taken with fewer measurements than the pixel count of the final image.

Compressive sensing requires some prior knowledge about the object to be imaged, which is an

assumption that the image will be ‘sparse’ in some known image basis (i.e. will contain a large

number of near zero values in that basis). It turns out that nearly all types of object images we are

interested in have this property in Fourier related domains (and some others). By contrast, an image

with little to no sparsity in the Fourier domain would most likely appear to be random noise to us.

Compressive sensing works by transforming a partial dataset (with less than N points of data) to the

known sparse domain (with N points of data). Because there are more points in the transformed

basis than the initial dataset, there is not a unique solution. Instead, a solution with a high amount of

sparsity, but still consistent with the data from the original dataset is found. This is then transformed

to the object domain to recreate the object image.

Compressive sensing techniques have been applied with great success in MRI [46], where the

data is taken on a randomized grid in k-space and the sparsity is minimized on a regular grid (even

though both basis sets are composed of sinusoidal functions, they are different because of the chosen

k-values). Due to the similarities between MAS-IPSII and MRI, the same approach and algorithms

used in MRI could be applied. Unlike MRI, MAS-IPSII could also easilly use non-sinusoidal basis

functions to potentially optimize speed even more [47–49]. In other imaging fields where it has

been applied, compressive sensing can often cut the number of measurements needed by a factor of
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3 to 10 without visually degrading the resulting image reconstruction.

Combined Speed Improvements

All of these methods could be used together, resulting in the imaging speed increasing by the product

of the speed improvement factors of the individual methods. For example, 4 lasers with slightly

different wavelengths could be used with 4 high speed detectors, partial Fourier reconstruction, and

compressive sensing with a modest compressive factor of 3 to improve the imaging speed by a net

factor of 4×4×1.7×3 = 82. This would change the previously quoted example of a continuous

rotation scan from a 6s scan time for a 1 MPixel image to only 73 ms, or about 14 frames/s—fast

enough for many video microscopy applications. All of this could be done without the use of any

lenses. Note, however, that this is just given as an example of what I believe is technically possible.

We have not implemented some of these methods, so I can not comment on the technical difficulty

of engineering such a system.

4.7 Dynamic Range

Dynamic range can be more problematic when imaging in the Fourier basis. Real life images tend

to be relatively ‘sparse’ in the Fourier basis, meaning most of the k-space values are near zero,

with a handful that are very large (relative to the image average). Experimentally, this means the

signal on the detector will be very, very small for most measurements. It can not be amplified much,

however, or the signal will saturate when measuring values near the center of k-space. The small

values away from the center of k-space are where all the high resolution data is contained, though.

Because of this, IPSII (similarly to MRI) requires sensors with a large dynamic range.

We have found that phase distortions in the interfering beams can significantly reduce the

sparsity of the image in the Fourier domain (you can also think of this as changing the basis to one
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in which the image is less sparse). The result is to effectively ‘spread’ the image energy around in

k-space, drastically reducing the required dynamic range. This is demonstrated in Fig. 4.11, in which

raw sensor data was truncated to various bit depths before analysis and image reconstruction. The

resulting image reconstructions demonstrate, qualitatively, that the image made with the distorted

beam requires 2-3 fewer bits, indicating dynamic range was reduced by a factor between 4 and 8.

The reason for this is demonstrated in 4.12, which contains a histogram of the two k-space data sets,

as well as k-space plots. Various quantitative estimates for dynamic range (e.g. comparing max

value to the .1 percentile, or the non-zero min) indicate a dynamic range decrease by a factor of 3

to 7 in the distorted k-space data relative to the undistorted data (in agreement with the qualitative

factor mentioned above).
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Figure 4.11 Bit depth and dynamic range. Shown are the resulting image constructions
after truncating the raw signal data to a given number of bits. The reconstructions from the
distorted imaging basis are much better at lower bit depth, demonstrating that they require
a much lower dynamic range. See also Fig. 4.2.
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Figure 4.12 Effect of distortions on k-space sparsity. K-space magnitude density distribu-
tions are plotted (above) along with k-space magnitude images (below) from two scans,
one with clean beam modes, and the other with one mode distorted by a lens (see Fig. 4.11
for corresponding image reconstructions). The axes and bins of the histogram are all
logarithmically scaled. Note that distribution of values for the distorted mode is cut off
at the high end, relative to the clean mode. The small number of measurements that fit
into this area for the clean mode correspond to the peak in the center of k-space, and are
responsible for the high dynamic range. Note how these areas of k-space appear smeared,
or spread out in the k-space spectrum of the distorted mode.



Chapter 5

Conclusion

In this dissertation I have proposed and demonstrated a novel type of lensless imaging referred

to as MAS-IPSII. This imaging technique can be done with nothing but flat optics, a single pixel

detector, and a coherent wave source. No curved mirrors, lenses or other refractive focusing optics

are required anywhere in the system. This leads to a singularly unique set of features: the ability to

decouple working distance from resolution, even at subwavelength resolutions, and without a lens.

The theoretical limit of resolution of MAS-IPSII is λ/4. The fact that MAS-IPSII can be done

without any lenses, and still achieve subwavelength resolution means that it could feasibly be

used to improve on the state of the art resolution in areas of the spectrum where focusing devices

(particularly those with high NA) are difficult or impossible to manufacture, such as the UV or x-ray

regimes. Requiring only a single pixel detector is an additional benefit in these regimes.

Another advantage of MAS-IPSII is that it decouples resolution, optic size and working distance.

It could be used to perform subwavelength imaging at arbitrarily large distances without arbitrarily

large optics. This is very different from conventional imaging with focusing optics, which require an

optic on the same scale as the working distance to reach resolutions on the order of the wavelength.

Because lens size is very limited in practice (high NA focusing optics are only available up to a few

centimeters in diameter), even state of the art microscopy can only be done at very close distances.
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MAS-IPSII could be done from meters away. This is also very different from other lensless imaging

techniques, which require even shorter working distances than conventional imaging to reach

wavelength scale resolutions.

I also showed how to derive a signal equation summarizing the theory of 2D MAS-IPSII, and

showed how this signal equation could be used in various types of 2D imaging. Those imaging types

include measurements of an object, measurements of the intensity of a beam, or even a full complex

measurement of a light field on a plane (i.e. a hologram). I showed data from proof-of-concept

experiments performing each of these types of measurements.

In chapter 4 I discussed and quantified various practical issues that could arise with MAS-IPSII.

Many of these are problems that we have dealt with, and I described solutions or workarounds to

most of them.



Appendix A

Publications

A.1 MAS-IPSII

Our published works related to MAS-IPSII include a patent application [50] two peer reviewed

conference proceedings [51, 52], and article in Optics Express [53].

A.2 Light Splitting with Imperfect Wave Plates

Abstract: We discuss the use of wave plates with arbitrary retardances, in conjunction with a

linear polarizer, to split linearly polarized light into two linearly polarized beams with an arbitrary

splitting fraction. We show that for non-ideal wave plates, a much broader range of splitting ratios is

typically possible when a pair of wave plates, rather than a single wave plate, is used. We discuss the

maximum range of splitting fractions possible with one or two wave plates as a function of the wave

plate retardances, and how to align the wave plates to achieve the maximum splitting range possible

when simply rotating one of the wave plates while keeping the other one fixed. We also briefly

discuss an alignment-free polarization rotator constructed from a pair of half-wave plates. [54]

88
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A.3 Laser Wavelength Metrology with Color Sensor Chips

Abstract: We present a laser wavelength meter based on a commercial color sensor chip. The chip

consists of an array of photodiodes with different absorptive color filters. By comparing the relative

amplitudes of light on the photodiodes, the wavelength of light can be determined. In addition to

absorption in the filters, etalon effects add additional spectral features which improve the precision

of the device. Comparing the measurements from the device to a commercial wavelength meter and

to an atomic reference, we found that the device has picometer-level precision and picometer-scale

drift over a period longer than a month. [55]

A.4 Magneto-Optical Trap Field Characterization with the Di-

rectional Hanle Effect

Abstract: We demonstrate the use of spatial emission patterns to measure magnetic fields. The

directional aspect of the Hanle effect gives a direct, visual presentation of the magnetic fields, in

which brighter fluorescence indicates larger fields. It can be used to determine the direction as

well as the magnitude of the field. It is particularly well suited for characterizing and aligning

magneto-optical traps, requiring little or no additional equipment or setup beyond what is ordinarily

used in a magneto-optical trap, and being most sensitive to fields of the size typically present in a

magneto-optical trap. [56]



Appendix B

Motorized Mirrors

We found that commercial motorized mirror mounts were lacking in either range or precision,

i.e. they lack an effective ’dynamic angular range’ (the ratio of the angular range to the angular

precision). They are also very expensive (a single mirror would cost more than the rest of our setup

combined). The dynamic range issue could, perhaps, be overcome by combining some commercial

parts (i.e. a motorized adjustment screw with long range, and a compatible mirror mount), but we

decided to make our own solution to get the range we need and save on cost. To do so we used

standard manual kinematic mirror mounts, and 3D printed an attachment module used to mount

inexpensive stepper motors on the commercial mirror mounts (see Fig. B.1). We used ultra fine

threaded adjustment screws (254 TPI) to generate extra precision in our angular motions. The

performance of these mounts is shown in Fig. B.2.
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Figure B.1 Motorized mirror mounts. These mounts are made by using 3D printed parts
to attach stepper motors to high TPI actuators placed in a 2 in kinematic mirror mount.
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Error (arcsec)

Angular Precision and Accuracy Tests

Single-Point Repeatability: 0.5±0.3arcsec
(2.5±1.6µrad)

Multi-Point Repeatability: 2.3±1.8arcsec
(11.0±8.5µrad)

Accuracy: 4.4±2.3arcsec
(21.4±11.3µrad)

Figure B.2 Mirror performance. These data were taken by focusing a laser onto a CCD
detector, with the lens placed before a motorized mirror. The position of the spot on the
CCD detector was calculated to sub-pixel precision by calculating the first moment of the
image. The position was then used to calculate the angular position of the spot relative
to the mirror. Repeatibility was tested by adjusting the mirror from a measured point to
a random position and back again, and measuring the net change in the position (which
ideally should be 0). This test was done for a single randomly chosen point, and for a set
of 10 randomly chosen points. The motor was then calibrated by using linear fit between
motor position and physical angle. The accuracy of the calibration was tested by picking a
random point, setting the corresponding motor position, and measuring the error between
set and the measured spot location. Each test was done with 1000 measurement, and a
distrubution of the errors of each test is displayed. Note that the repeatability is about 10x
better than the accuracy. This is because non-linear couplings between the motor steps and
the physical angle changes, which could theoretically be calibrated for if enough position
data were measured.
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Calibration Code

Python code:

import numpy as np

# This code helps find the calibration numbers to move mirrors in sync
# The goal is that each arm of the intf should be able to change angle without
# changing the beam position *at the plane of the object *
#
# Unfortunately , the axis are not independent , which means a horizontal
# adjustment in one mirror requires horizontal and vertical adjustments in the
# second. However, this effect is small , so if the intf is set up symmetrically ,
# and the object is about the same distance away as mirror 2 is from mirror 1,
# then the correction should be close to a factor of −2 in the same axis . i .e . if
# m1 is set to angle (a ,b) then mirror two should be set to angle (−2a, −2b).
# This is a good starting point for what to expect .
#
# points are in this format :
# [ mirro1_position , mirror2_position ]
# = [(h1,v1) , (h2, v2)] (where h1, etc . absolute steppermotor positions , or angles )
#
# To find calibration , make beam small (with iris ) , put an iris directly in
# front of a detector at the object location , connect to o−scope. Move m1 (mirror1) to
# maximize signal . Reset home coordinates . Set m2 to some angle (towards edge of
# range . manualMove(m1) to get the beam back on center and maximze signal again .
# Copy coordinates from:
#
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# [m1,m2,m3,m4] = intf. mirrors
# [(m.stepperH. position , m.stepperV. position ) for m in [m1,m2]]
#
# Repeat for several angles . Paste points below in an array . Run array through
# code for linear regression fits . This will tell you the calibration values , as
# in if m1 is set to (a ,b) the m2 should be set to
# (a2, b2) = (h1*a+v1*b+c1, h2*a+v2*b+c2)
# The fit values should be close to (h1, v1, h2, v2) = (2, 0, 0, 2)
# The resulting beam angle is approximately (a2−a1, b2−b1)
#
# Then this whole process should be repeated for arm2 (m3 and m4)
#
# Note, the fit is done twice , once allowing for a fit offset , c , which should be
# close to 0 ( if you started at the right position ) , and once without the offset
#
# From mathematica − if you want to go to intf angle to ( th , tv )
# a = −((c1−th−c2 v1+tv v1+c1 v2−th v2)/(1+h1−h2 v1+v2+h1 v2))
# b = −((−c2−c2 h1+c1 h2−h2 th+tv+h1 tv)/(−1−h1+h2 v1−v2−h1 v2))
# then m1 = (a, b)
# and m2 = (h1*a+v1*b, h2*a+v2*b) ~= (28th
# but beam angle is 2x mirror angle , and intf angle = arm1+arm2
# so for beam angle ( th , tv ) you should input ( th /4, tv /4)

# Calibration data
points_arm1 = [[(0,0) , (0,0) ],

[(23408, 0) , (−50328, 234) ],
[(−23408, 23408), (47753, −47753)],
[(23408, −23408), (−47753, 48689)],
[(−23408, −23408), (53371, 47753)],
[(23408, 23408), (−53137, −47285)],
[(0, 23408), (−2574, −47519)]
]

points_arm2 = [[(0, 0) , (0, 0) ],
[(0, 23408), (−2106, −49860)],
[(23408, 0) , (−51264, −3745)],
[(23408, 23408), (−53371, −51499)],
[(−23408, −23408), (52201, 44008)],
[(−23408, 0) , (51030, −3043)],
[(0, −23408), (1638, 45178)]
]

# Insert data set here
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datasets = [np.vstack ([np.hstack (p) for p in points_arm1]) ,
np.vstack ([np.hstack (p) for p in points_arm2]) ]

names = [ ' Arm1', ' Arm2']

# Perform regressions for each arm
for j in range( len ( datasets ) ) :

p = datasets [ j ]
print (" Fitting {} 1st without offset , second with ( better ?)" . format(names[j ]) )

# Perform the regression both with an offset , and without
# ( If calibration was done properly , offset should be 0)
for i in [0,1]:

m1 = np.c_[p [:,0:2], i*np.ones( len (p)) ]
m2H = p[:,2]
m2V = p[:,3]
h1, v1, c1 = np. linalg . lstsq (m1, m2H)[0]
h2, v2, c2 = np. linalg . lstsq (m1, m2V)[0]
fs = "{:+04.4f}"
print ( ' Horizontal m2 axis h1, v1, c1, : {0}, {0}, {0}' . format( fs ) . format(h1,

v1, c1))
print ( ' Vertical m2 axis h2, v2, c2, : {0}, {0}, {0}' . format( fs ) . format(h2,

v2, c2))
fs = "{:+04.5f}"
print ( ' Calibration String : [{0},{0},{0},{0}] ' . format( fs ) . format(h1,v1,h2,v2))

print ( ' \n ' )



Appendix D

Scan Errors

Image Log K-Space Description

The battery powering a very noise sen-
sitive circuit was low, so the circuit was
switched to be powered by an AC adapter.
The resulting increase in noise is clearly
visible as a strip in k-space.

Reference signal or interferometer not
tuned up very well resulting in some miss-
ing data points. Missing points are some-
what periodic.
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Periodic spots of missing data. In both
cases the fringes on the pinhole were
formed with non-ideal wavefronts in one
or both beams. The pinhole signals were
weaker and more noisy as a result, leading
to occasional failures in the demodulation
algorithm. The source of the periodicity is
unknown, but could be related to periodic
non-linearities in the stepper motors con-
tributing to small misalignments, result-
ing in particular noisy signals periodically
throughout the scan.

Motorized mirror failures leading to bad
k-space data. Top: A stepper motor at-
achement slipped off one of the mirrors
partway through the scan. Bottom: bind-
ing of one of the adjustment screws in one
of the mirrors.
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Beam mode distorted so much (from plas-
tic in beam) that the lock in algorithm of-
ten failed. Note that this occurred in large
contiguous regions.

A mirror was bumped causing a small mis-
alignment partway through the scan caus-
ing a shift in k-space for the rest of the
scan, as well as a drop in SNR.

A stepper motor attachment came off to-
wards the end of the scan causing the re-
maining data to be ‘smeared’ in the y di-
rection.
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Scan mistakenly started far away from cen-
ter of k-space, such that all measurements
were in one quadrant.

Table D.1 Scan error effects. A list of k-space and object space images are shown
demonstrating results of various errors during the scan process.
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