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5 |Multiplexed Holographic Aperture
Masking with liquid-crystal
geometric phase masks

Adapted from
D. S. Doelman, P. B. Tuthill, B. Norris, M. J. Wilby, C. U. Keller,

M. J. Escuti, F. Snik
Proceedings of the SPIE, Volume 10701, 107010T (2018)

Sparse Aperture Masking (SAM) allows for high-contrast imaging at small
inner working angles, however the performance is limited by the small through-
put and the number of baselines. We present the concept and first lab results
of Holographic Aperture Masking (HAM) with extreme liquid-crystal geometric
phase patterns. We multiplex subapertures using holographic techniques to com-
bine the same subaperture in multiple non-redundant PSFs in combination with a
non-interferometric reference spot. This way arbitrary subaperture combinations
and PSF configurations can be realized, giving HAM more uv-coverage, better
throughput and improved calibration as compared to SAM, at the cost of detector
space.



164 Introduction

5.1 Introduction

Sparse aperture masking (SAM) is a technique that turns a single dish telescope
into an interferometer by masking out a large fraction of the pupil. The opaque
mask consists of a sparse combination of holes such that the point-spread function
(PSF) is a combination of interferometric fringes from each baseline. Because SAM
is an interferometric method it is possible to measure down to half the diffraction
limit of a single dish telescope. More importantly, with SAM it is possible to mea-
sure closure phases, an observable that is independent of the incoming wavefront
aberration. Both advantages make SAM a good option for high contrast imaging
and with the improved calibration that came with adaptive optics systems, sparse
aperture masking has been extremely successful in imaging asymmetric structures
around stars at small separations unreachable by other techniques like coronagra-
phy. SAM has been used to measure the shape and grain sizes of dust shells around
stars (Norris et al., 2012), discovering substellar companions around young stars
(Kraus & Ireland, 2012; Huelamo et al., 2011) and measure stellar multiplicity in
star-forming regions (Ireland et al., 2008; Martinache et al., 2009; Cheetham et al.,
2015).
Non-redundant masking is a subtechnique of SAM and requires the holes to be
places in non-redundant patterns. Only a limited amount of holes can be com-
bined in a non-redundant way and non-redundant masks therefore have a low
throughput. Techniques like segment tilting and pupil remapping are ways to
improve the throughput by making different non-redundant combinations of the
aperture. Both techniques are complex to implement for a given telescope com-
pared to the simplicity of sparse aperture masking where only one mask with holes
is needed. Holographic aperture masking (HAM) uses a single phase plate to com-
bine non-redundant subapertures at different focal plane locations, maintaining
the simplicity of SAM. The possibilities with HAM go beyond the segment tilting
as holographic techniques can be used to make multiple copies of each subaper-
ture, enabled by liquid-crystal technology. A comparison between SAM and HAM
is given in Fig. 5.1. HAM can incorporate SAM while adding more baselines by
interfering additional subapertures with PSF copies at a separate location in the
focal plane. While more detector space is required, HAM has more baselines and
closure phases, uses more subapertures, allows for broadband operation and can
be used to generate amplitude reference spots.
In this paper, we present the theory for blazed gratings and liquid-crystal tech-
nology in section 5.2, the design of holographic aperture masks in section 5.3, lab
results in section 5.4 and conclusions are presented in section 5.5.

5.2 Theory

Holographic aperture masking (HAM) uses the freedom that any subaperture of
the pupil can be imaged on any place in the focal plane. These subaperture
spots are interfered with other subapertures by placing copies of the point-spread
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Sparse aperture masking Holographic aperture masking

Figure 5.1: Comparison of sparse aperture masking (left) and holographic aperture
masking (right). Holographic aperture masking uses a phase plate to combine
otherwise redundant subapertures at separate locations in the pupil plane. A non-
redundant mask is shown on top left with the resulting PSF on the bottom left.
Top right is a schematic of the HAM combinations, where each subaperture with
the same color is combined at the PSF encircled in that color. Subapertures are
multiplexed to make multiple PSF copies. Combinations can be one dimensional
at the same location (red) or in triangles at a different location for each baseline
(blue). In green are the two subapertures that have non-interferometric PSFs
used for amplitude monitoring. Two copies of each PSF are created with opposite
circular polarization state.
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<latexit sha1_base64="7AqU+nz+4LdZPYARXZsBoF9cwvM=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpWSFEE3QtGNOyvYC7Q1TKaTOmRyYWYiDSHv4MZXceNCEbdu3Pk2TtostPWHgY//nMOZ89sho0IaxrdWWFhcWl4prpbW1jc2t/TtnbYIIo5JCwcs4F0bCcKoT1qSSka6ISfIsxnp2O5lVu88EC5o4N/KOCQDD4186lCMpLIs/fDacivj47gKzyG5S+qQwn5IYcWxEnecjuERzChO42pq6WWjZkwE58HMoQxyNS39qz8McOQRX2KGhOiZRigHCeKSYkbSUj8SJETYRSPSU+gjj4hBMrkphQfKGUIn4Or5Ek7c3xMJ8oSIPVt1ekjei9laZv5X60XSORsk1A8jSXw8XeREDMoAZgHBIeUESxYrQJhT9VeI7xFHWKoYSyoEc/bkeWjXa6ZRM29Oyo2LPI4i2AP7oAJMcAoa4Ao0QQtg8AiewSt40560F+1d+5i2FrR8Zhf8kfb5A6jHnCw=</latexit><latexit sha1_base64="7AqU+nz+4LdZPYARXZsBoF9cwvM=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpWSFEE3QtGNOyvYC7Q1TKaTOmRyYWYiDSHv4MZXceNCEbdu3Pk2TtostPWHgY//nMOZ89sho0IaxrdWWFhcWl4prpbW1jc2t/TtnbYIIo5JCwcs4F0bCcKoT1qSSka6ISfIsxnp2O5lVu88EC5o4N/KOCQDD4186lCMpLIs/fDacivj47gKzyG5S+qQwn5IYcWxEnecjuERzChO42pq6WWjZkwE58HMoQxyNS39qz8McOQRX2KGhOiZRigHCeKSYkbSUj8SJETYRSPSU+gjj4hBMrkphQfKGUIn4Or5Ek7c3xMJ8oSIPVt1ekjei9laZv5X60XSORsk1A8jSXw8XeREDMoAZgHBIeUESxYrQJhT9VeI7xFHWKoYSyoEc/bkeWjXa6ZRM29Oyo2LPI4i2AP7oAJMcAoa4Ao0QQtg8AiewSt40560F+1d+5i2FrR8Zhf8kfb5A6jHnCw=</latexit><latexit sha1_base64="7AqU+nz+4LdZPYARXZsBoF9cwvM=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpWSFEE3QtGNOyvYC7Q1TKaTOmRyYWYiDSHv4MZXceNCEbdu3Pk2TtostPWHgY//nMOZ89sho0IaxrdWWFhcWl4prpbW1jc2t/TtnbYIIo5JCwcs4F0bCcKoT1qSSka6ISfIsxnp2O5lVu88EC5o4N/KOCQDD4186lCMpLIs/fDacivj47gKzyG5S+qQwn5IYcWxEnecjuERzChO42pq6WWjZkwE58HMoQxyNS39qz8McOQRX2KGhOiZRigHCeKSYkbSUj8SJETYRSPSU+gjj4hBMrkphQfKGUIn4Or5Ek7c3xMJ8oSIPVt1ekjei9laZv5X60XSORsk1A8jSXw8XeREDMoAZgHBIeUESxYrQJhT9VeI7xFHWKoYSyoEc/bkeWjXa6ZRM29Oyo2LPI4i2AP7oAJMcAoa4Ao0QQtg8AiewSt40560F+1d+5i2FrR8Zhf8kfb5A6jHnCw=</latexit><latexit sha1_base64="7AqU+nz+4LdZPYARXZsBoF9cwvM=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARWpWSFEE3QtGNOyvYC7Q1TKaTOmRyYWYiDSHv4MZXceNCEbdu3Pk2TtostPWHgY//nMOZ89sho0IaxrdWWFhcWl4prpbW1jc2t/TtnbYIIo5JCwcs4F0bCcKoT1qSSka6ISfIsxnp2O5lVu88EC5o4N/KOCQDD4186lCMpLIs/fDacivj47gKzyG5S+qQwn5IYcWxEnecjuERzChO42pq6WWjZkwE58HMoQxyNS39qz8McOQRX2KGhOiZRigHCeKSYkbSUj8SJETYRSPSU+gjj4hBMrkphQfKGUIn4Or5Ek7c3xMJ8oSIPVt1ekjei9laZv5X60XSORsk1A8jSXw8XeREDMoAZgHBIeUESxYrQJhT9VeI7xFHWKoYSyoEc/bkeWjXa6ZRM29Oyo2LPI4i2AP7oAJMcAoa4Ao0QQtg8AiewSt40560F+1d+5i2FrR8Zhf8kfb5A6jHnCw=</latexit>

Rk(x, y) = ei�b(x,y)
<latexit sha1_base64="hSbkm8+I5DGUc5YRu+X3S83792U=">AAACBHicbVDLSsNAFL3xWesr6rKbwSJUkJKIoBuh6MZlFfuANobJdNIOnTyYmYghdOHGX3HjQhG3foQ7/8Zp2oW2HrhwOOde7r3HizmTyrK+jYXFpeWV1cJacX1jc2vb3NltyigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vBz7rXsqJIvCW5XG1AlwP2Q+I1hpyTVLN+6w8nCUHqJzRO8y1o0HzPVyZeSaZatq5UDzxJ6SMkxRd82vbi8iSUBDRTiWsmNbsXIyLBQjnI6K3UTSGJMh7tOOpiEOqHSy/IkROtBKD/mR0BUqlKu/JzIcSJkGnu4MsBrIWW8s/ud1EuWfORkL40TRkEwW+QlHKkLjRFCPCUoUTzXBRDB9KyIDLDBROreiDsGefXmeNI+rtlW1r0/KtYtpHAUowT5UwIZTqMEV1KEBBB7hGV7hzXgyXox342PSumBMZ/bgD4zPH3M7lrA=</latexit><latexit sha1_base64="hSbkm8+I5DGUc5YRu+X3S83792U=">AAACBHicbVDLSsNAFL3xWesr6rKbwSJUkJKIoBuh6MZlFfuANobJdNIOnTyYmYghdOHGX3HjQhG3foQ7/8Zp2oW2HrhwOOde7r3HizmTyrK+jYXFpeWV1cJacX1jc2vb3NltyigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vBz7rXsqJIvCW5XG1AlwP2Q+I1hpyTVLN+6w8nCUHqJzRO8y1o0HzPVyZeSaZatq5UDzxJ6SMkxRd82vbi8iSUBDRTiWsmNbsXIyLBQjnI6K3UTSGJMh7tOOpiEOqHSy/IkROtBKD/mR0BUqlKu/JzIcSJkGnu4MsBrIWW8s/ud1EuWfORkL40TRkEwW+QlHKkLjRFCPCUoUTzXBRDB9KyIDLDBROreiDsGefXmeNI+rtlW1r0/KtYtpHAUowT5UwIZTqMEV1KEBBB7hGV7hzXgyXox342PSumBMZ/bgD4zPH3M7lrA=</latexit><latexit sha1_base64="hSbkm8+I5DGUc5YRu+X3S83792U=">AAACBHicbVDLSsNAFL3xWesr6rKbwSJUkJKIoBuh6MZlFfuANobJdNIOnTyYmYghdOHGX3HjQhG3foQ7/8Zp2oW2HrhwOOde7r3HizmTyrK+jYXFpeWV1cJacX1jc2vb3NltyigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vBz7rXsqJIvCW5XG1AlwP2Q+I1hpyTVLN+6w8nCUHqJzRO8y1o0HzPVyZeSaZatq5UDzxJ6SMkxRd82vbi8iSUBDRTiWsmNbsXIyLBQjnI6K3UTSGJMh7tOOpiEOqHSy/IkROtBKD/mR0BUqlKu/JzIcSJkGnu4MsBrIWW8s/ud1EuWfORkL40TRkEwW+QlHKkLjRFCPCUoUTzXBRDB9KyIDLDBROreiDsGefXmeNI+rtlW1r0/KtYtpHAUowT5UwIZTqMEV1KEBBB7hGV7hzXgyXox342PSumBMZ/bgD4zPH3M7lrA=</latexit><latexit sha1_base64="hSbkm8+I5DGUc5YRu+X3S83792U=">AAACBHicbVDLSsNAFL3xWesr6rKbwSJUkJKIoBuh6MZlFfuANobJdNIOnTyYmYghdOHGX3HjQhG3foQ7/8Zp2oW2HrhwOOde7r3HizmTyrK+jYXFpeWV1cJacX1jc2vb3NltyigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vBz7rXsqJIvCW5XG1AlwP2Q+I1hpyTVLN+6w8nCUHqJzRO8y1o0HzPVyZeSaZatq5UDzxJ6SMkxRd82vbi8iSUBDRTiWsmNbsXIyLBQjnI6K3UTSGJMh7tOOpiEOqHSy/IkROtBKD/mR0BUqlKu/JzIcSJkGnu4MsBrIWW8s/ud1EuWfORkL40TRkEwW+QlHKkLjRFCPCUoUTzXBRDB9KyIDLDBROreiDsGefXmeNI+rtlW1r0/KtYtpHAUowT5UwIZTqMEV1KEBBB7hGV7hzXgyXox342PSumBMZ/bgD4zPH3M7lrA=</latexit>

I0
<latexit sha1_base64="N6idtF0gsszALIUWeOV52ptY8AU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHu76br9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHpu1bu/rNSv8ziKcAKncA4e1KAOt9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHCg41w</latexit><latexit sha1_base64="N6idtF0gsszALIUWeOV52ptY8AU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHu76br9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHpu1bu/rNSv8ziKcAKncA4e1KAOt9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHCg41w</latexit><latexit sha1_base64="N6idtF0gsszALIUWeOV52ptY8AU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHu76br9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHpu1bu/rNSv8ziKcAKncA4e1KAOt9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHCg41w</latexit><latexit sha1_base64="N6idtF0gsszALIUWeOV52ptY8AU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHu76br9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6qHpu1bu/rNSv8ziKcAKncA4e1KAOt9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHCg41w</latexit>

I+
<latexit sha1_base64="Z5Kf8hsoICySLXW23SO92vYwheU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXvRW0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrK6tbxQ3S1vbO7t75f2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W09cGxGrRxwn3I/oQIlQMIpWerjrnfXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibN86rnVr37i0rtOo+jCEdwDKfgwSXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz+6741r</latexit><latexit sha1_base64="Z5Kf8hsoICySLXW23SO92vYwheU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXvRW0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrK6tbxQ3S1vbO7t75f2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W09cGxGrRxwn3I/oQIlQMIpWerjrnfXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibN86rnVr37i0rtOo+jCEdwDKfgwSXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz+6741r</latexit><latexit sha1_base64="Z5Kf8hsoICySLXW23SO92vYwheU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXvRW0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrK6tbxQ3S1vbO7t75f2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W09cGxGrRxwn3I/oQIlQMIpWerjrnfXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibN86rnVr37i0rtOo+jCEdwDKfgwSXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz+6741r</latexit><latexit sha1_base64="Z5Kf8hsoICySLXW23SO92vYwheU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXvRW0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrK6tbxQ3S1vbO7t75f2DpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W09cGxGrRxwn3I/oQIlQMIpWerjrnfXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibN86rnVr37i0rtOo+jCEdwDKfgwSXU4Bbq0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz+6741r</latexit>

Pupil plane
<latexit sha1_base64="daS1isP/uGk66hSCf9jC9CifW2E=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WSyCp5KIoMeiF48V7Ae0oWy2k3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofFxpmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzf32E2gjYvWI0wT8iA2VCAVnaKV+udJDmGDWSBMhaSKZglm/XHVr7gJ0nXg5qZIcjX75qzeIeRqBQi6ZMV3PTdDPmEbBJcxKvdRAwviYDaFrqWIRGD9b3D6j51YZ0DDWthTShfp7ImORMdMosJ0Rw5FZ9ebif143xfDGz4RKUgTFl4vCVFKM6TwIOhAaOMqpJYxrYW+lfMQ042jjKtkQvNWX10nrsua5Ne/hqlq/zeMoklNyRi6IR65JndyTBmkSTibkmbySN2fmvDjvzseyteDkMyfkD5zPH3XulLI=</latexit><latexit sha1_base64="daS1isP/uGk66hSCf9jC9CifW2E=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WSyCp5KIoMeiF48V7Ae0oWy2k3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofFxpmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzf32E2gjYvWI0wT8iA2VCAVnaKV+udJDmGDWSBMhaSKZglm/XHVr7gJ0nXg5qZIcjX75qzeIeRqBQi6ZMV3PTdDPmEbBJcxKvdRAwviYDaFrqWIRGD9b3D6j51YZ0DDWthTShfp7ImORMdMosJ0Rw5FZ9ebif143xfDGz4RKUgTFl4vCVFKM6TwIOhAaOMqpJYxrYW+lfMQ042jjKtkQvNWX10nrsua5Ne/hqlq/zeMoklNyRi6IR65JndyTBmkSTibkmbySN2fmvDjvzseyteDkMyfkD5zPH3XulLI=</latexit><latexit sha1_base64="daS1isP/uGk66hSCf9jC9CifW2E=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WSyCp5KIoMeiF48V7Ae0oWy2k3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofFxpmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzf32E2gjYvWI0wT8iA2VCAVnaKV+udJDmGDWSBMhaSKZglm/XHVr7gJ0nXg5qZIcjX75qzeIeRqBQi6ZMV3PTdDPmEbBJcxKvdRAwviYDaFrqWIRGD9b3D6j51YZ0DDWthTShfp7ImORMdMosJ0Rw5FZ9ebif143xfDGz4RKUgTFl4vCVFKM6TwIOhAaOMqpJYxrYW+lfMQ042jjKtkQvNWX10nrsua5Ne/hqlq/zeMoklNyRi6IR65JndyTBmkSTibkmbySN2fmvDjvzseyteDkMyfkD5zPH3XulLI=</latexit><latexit sha1_base64="daS1isP/uGk66hSCf9jC9CifW2E=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WSyCp5KIoMeiF48V7Ae0oWy2k3bpZhN2J9IS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofFxpmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzf32E2gjYvWI0wT8iA2VCAVnaKV+udJDmGDWSBMhaSKZglm/XHVr7gJ0nXg5qZIcjX75qzeIeRqBQi6ZMV3PTdDPmEbBJcxKvdRAwviYDaFrqWIRGD9b3D6j51YZ0DDWthTShfp7ImORMdMosJ0Rw5FZ9ebif143xfDGz4RKUgTFl4vCVFKM6TwIOhAaOMqpJYxrYW+lfMQ042jjKtkQvNWX10nrsua5Ne/hqlq/zeMoklNyRi6IR65JndyTBmkSTibkmbySN2fmvDjvzseyteDkMyfkD5zPH3XulLI=</latexit>

Focal plane
<latexit sha1_base64="4/f483A1ZQ8jl8gtKrrSk7XpADk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiIB4r2FpoQ9lsp+3SzSbsTqQl9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YSKFQc/7dgpr6xubW8Xt0s7u3v6Be1humjjVHBo8lrFuhcyAFAoaKFBCK9HAolDCYzi6mfmPT6CNiNUDThIIIjZQoi84Qyt13XIHYYzZbcyZpIlkCqZdt+JVvTnoKvFzUiE56l33q9OLeRqBQi6ZMW3fSzDImEbBJUxLndRAwviIDaBtqWIRmCCb3z6lp1bp0X6sbSmkc/X3RMYiYyZRaDsjhkOz7M3E/7x2iv2rIBMqSREUXyzqp5JiTGdB0J7QwFFOLGFcC3sr5UOmGUcbV8mG4C+/vEqa51Xfq/r3F5XadR5HkRyTE3JGfHJJauSO1EmDcDImz+SVvDlT58V5dz4WrQUnnzkif+B8/gA8e5SN</latexit><latexit sha1_base64="4/f483A1ZQ8jl8gtKrrSk7XpADk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiIB4r2FpoQ9lsp+3SzSbsTqQl9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YSKFQc/7dgpr6xubW8Xt0s7u3v6Be1humjjVHBo8lrFuhcyAFAoaKFBCK9HAolDCYzi6mfmPT6CNiNUDThIIIjZQoi84Qyt13XIHYYzZbcyZpIlkCqZdt+JVvTnoKvFzUiE56l33q9OLeRqBQi6ZMW3fSzDImEbBJUxLndRAwviIDaBtqWIRmCCb3z6lp1bp0X6sbSmkc/X3RMYiYyZRaDsjhkOz7M3E/7x2iv2rIBMqSREUXyzqp5JiTGdB0J7QwFFOLGFcC3sr5UOmGUcbV8mG4C+/vEqa51Xfq/r3F5XadR5HkRyTE3JGfHJJauSO1EmDcDImz+SVvDlT58V5dz4WrQUnnzkif+B8/gA8e5SN</latexit><latexit sha1_base64="4/f483A1ZQ8jl8gtKrrSk7XpADk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiIB4r2FpoQ9lsp+3SzSbsTqQl9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YSKFQc/7dgpr6xubW8Xt0s7u3v6Be1humjjVHBo8lrFuhcyAFAoaKFBCK9HAolDCYzi6mfmPT6CNiNUDThIIIjZQoi84Qyt13XIHYYzZbcyZpIlkCqZdt+JVvTnoKvFzUiE56l33q9OLeRqBQi6ZMW3fSzDImEbBJUxLndRAwviIDaBtqWIRmCCb3z6lp1bp0X6sbSmkc/X3RMYiYyZRaDsjhkOz7M3E/7x2iv2rIBMqSREUXyzqp5JiTGdB0J7QwFFOLGFcC3sr5UOmGUcbV8mG4C+/vEqa51Xfq/r3F5XadR5HkRyTE3JGfHJJauSO1EmDcDImz+SVvDlT58V5dz4WrQUnnzkif+B8/gA8e5SN</latexit><latexit sha1_base64="4/f483A1ZQ8jl8gtKrrSk7XpADk=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiIB4r2FpoQ9lsp+3SzSbsTqQl9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YSKFQc/7dgpr6xubW8Xt0s7u3v6Be1humjjVHBo8lrFuhcyAFAoaKFBCK9HAolDCYzi6mfmPT6CNiNUDThIIIjZQoi84Qyt13XIHYYzZbcyZpIlkCqZdt+JVvTnoKvFzUiE56l33q9OLeRqBQi6ZMW3fSzDImEbBJUxLndRAwviIDaBtqWIRmCCb3z6lp1bp0X6sbSmkc/X3RMYiYyZRaDsjhkOz7M3E/7x2iv2rIBMqSREUXyzqp5JiTGdB0J7QwFFOLGFcC3sr5UOmGUcbV8mG4C+/vEqa51Xfq/r3F5XadR5HkRyTE3JGfHJJauSO1EmDcDImz+SVvDlT58V5dz4WrQUnnzkif+B8/gA8e5SN</latexit>

a) b)

Figure 5.2: Diagram of holographic blazed gratings. a) Visualized generation of
the holographic phase pattern. Hk(x, y) is blazed by using only one interference
term. b) A selected amount of the incoming wavefront is imaged at a separate
location in the focal plane. Image adapted from Dong et al. (2012) (Dong et al.,
2012) and Wilby et al. (2016)(Wilby et al., 2016).

function (PSF) of both apertures on the same location. This allows for arbitrary
combinations of subapertures at any location of the focal plane. We generate these
copies of a subaperture PSF using holographic blazed gratings.

5.2.1 Multiplexed holographic blazed gratings

Blazed gratings have an optimal diffraction efficiency to a single order. The gen-
eration of these holograms is depicted in Fig. 5.2, where we adapt the notation of
Dong et al. (Dong et al., 2012).

We generate an interferogram between a reference wavefront Rk(x, y) with a
biased phase φb(x, y) and a object wavefront Ok(x, y). The reference wavefront is
given by

Rk(x, y) = eiφb(x,y) (5.1)

and the object wavefront by

Ok(x, y) = e2iπ(fkxx+fkyy), (5.2)

where fkx and fky are the spatial frequencies the hologram is placed in the fo-
cal plane, fkx = x′k/fλ. Here the focal plane coordinates are given by (x′k, y

′
k).

HAM does not require a biased reference wavefront other than a piston term
(φb(x, y) = ck) that is used to phase scramble interferometric PSFs. The interfer-
ogram Hk(x, y) between the two waves is then given by

Hk(x, y) = |Ok(x, y) +Rk(x, y)|2 (5.3)

Hk(x, y) = |Ok|2 + |Rk|2 +O∗kRk +OkR
∗
k (5.4)

Hk(x, y) = 2 +O∗kRk +OkR
∗
k, (5.5)
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where ∗ stands for the complex conjugate operator. The interferogram now gen-
erates two PSF copies, the ±1 orders of the grating. Having only one of the two
copies is preferred for HAM, as having two would increase the necessary detec-
tor space by a factor of two. We therefore blaze the grating by selecting one
interference term,

Hk(x, y) = OkR
∗
k, (5.6)

and only one PSF copy is created. Selecting one term is possible because we
numerically generate the hologram.
The complex electric field in the pupil entering the holographic blazed grating can
be described by

Ψ(x, y) = A(x, y)eiφ(x,y), (5.7)

where A(x, y) is the pupil function of a subaperture of the telescope and φ(x, y)
is the incoming wavefront. The consecutive focal plane intensity is given by I =
|F [HkΨ] |2. Assuming a blazed grating, the intensity is given by

Ik(x′k, y
′
k) = δ(x′ − x′k)δ(y′ − y′k) ∗ |F [A(x, y)] |2 ∗

∣∣∣F
[
ei(φ(x,y)+ck)

]∣∣∣
2

, (5.8)

using ∗ is the convolution operator. Eq. 5.8 is the subaperture PSF at (x′k, y
′
k)

with a phase offset ck. The blazed grating therefore only generates one PSF copy.
Changing the PSF locations of subapertures is also possible with mirrors (Tuthill,
2012). Holography, however, allows for much more freedom than beam tilting only.
An example of the freedom is phase scrambling and was already mentioned above.
More importantly, holography enables multiplexing of holograms, creating more
than one copy for each subaperture. HAM does benefit greatly from this prop-
erty, we can choose to interfere subapertures arbitrarily with selected intensities
anywhere in the focal plane. We multiplex blazed gratings by taking the sum over
all complex interferograms scaled by a factor sk. Both the reference and object
wavefront have unity amplitude and therefore we create a phase-only hologram by
taking the argument of the multiplexed hologram,

φh(x, y) =
1

π
arg

[
N∑

k

skHk(x, y)

]
. (5.9)

An example of a multiplexed holographic grating is shown in Fig. 5.3.

5.2.2 Liquid-crystal technology

Phase patterns with the complexity required for HAM can be generated by apply-
ing geometric phase (or Pancharatnam-Berry) phase to circularly polarized light.
When light that is left- or right-handed circularly polarized propagates through a
half-wave retarder, the light acquires not only phase from the optical path differ-
ence between the fast-and slow-axis of the retarder, but also an extra phase shift
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<latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit>

�/D
<latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit>

x/D
<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

x/D
<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

�(rad)
<latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit><latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit><latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit><latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit>

log

✓
I

I0

◆
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Figure 5.3: Holographic multiplexing of an aperture. The light is multiplexed in
one, two and five holograms from left to right respectively.

is introduced. This extra phase shift φ only depends on the orientation of the fast-
axis θ of the half-wave retarder and the circular polarization state (Pancharatnam,
1956; Berry, 1987; Escuti et al., 2016)

φ = ±2θ. (5.10)

Note that the geometric phase is independent of wavelength but requires a retar-
dance that is half-wave. When the retardance deviates from half-wave, only the
amount of light that acquires the geometric phase (=efficiency), decreases and a
leakage term emerges. The leakage term does not acquire any geometric phase.
Generating the complex phase pattern for HAM requires an optic with locally
varying fast-axis orientation and a half-wave retardance. For broadband oper-
ation the retardance needs to be tuned to the desired wavelength range. Both
requirements can be satisfied with liquid-crystal technology. A fast-axis orienta-
tion pattern can be written in a liquid-crystal polymerizable polymer (LCP) layer
using a direct-write method (Miskiewicz & Escuti, 2014). This photo-alignment
layer orients itself to the varying angle of linear polarization of the incoming uv-
laser that scans the substrate. The retardance is tuned using birefringent self-
aligning liquid-crystal layers. By changing the thickness and twist in each layer
it is possible to achieve a retardance close to half-wave for very large bandwidths
(> 100%)(Komanduri et al., 2013). The layers are cured with uv-radiation, such
that the device passively retains it broadband performance. Many complex pat-
terns have been manufactured with this technology already (Escuti et al., 2016;
Kim et al., 2015; Doelman et al., 2017).
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5.2.3 Polarimetry with HAM (HAMPol)

Sparse aperture masking can be combined with polarimetry (SAMPol), making
optimal use of the very small inner working angles with the ability to measure
polarization signals (Tuthill et al., 2010). These polarization signals usually arise
from scattering or reflection of light and SAMPol was used to spatially resolve cir-
cumstellar dust shells at less than 2 stellar radii of three stars on the asymptotic
giant branch (Norris et al., 2012). SAMPol is complementary to other techniques
because SAMPol probes the most inner stellar regions not resolvable by conven-
tional imaging polarimetry. The VAMPIRES instrument installed at the Subaru
telescope takes advantage of the small diffraction limit in the visible to eventually
scales as small as 10mas (Norris et al., 2015).
With holographic aperture masking it is also possible to measure polarization,
similar to how the vector-apodizing phase plate can be used for polarimetry (Snik
et al., 2012). The thin liquid-crystal film applies geometric phase to circular polar-
ization states. The applied phase has a different sign for both polarization states
(Eq. 5.10). Combined with the ability to make single holographic copies, the de-
tector will have two holographic PSFs at opposite locations, one for each circular
polarization state. When the liquid-crystal device is placed between quarter-wave
plates, HAM separates linear polarization. HAM is therefore a natural implemen-
tation polarimetric imaging with aperture masking.

5.3 Design

There is a lot more freedom when designing a holographic aperture mask com-
pared with a sparse aperture mask. Designing a sparse aperture mask involves
optimizing the number of apertures, aperture sizes and their location to maximize
uv-coverage and throughput under the constraint that they are non-redundant
(Carlotti & Groff, 2010). The advantage of HAM is that it allows to multiplex any
combination of subapertures at any location in the focal plane. The throughput
of HAM is then easily increased compared to SAM by imaging multiple non-
redundant combinations at different locations. The non-redundancy constraint
still applies to combinations at the same focal plane location but not to combina-
tions at different locations. In addition, subapertures can be multiplexed and can
therefore be used more than once with any relative intensity. The signal to noise
in the focal plane is optimal when combinations of subapertures have the same in-
tensity, but that is not constrained by the technology. In the end, HAM is limited
to the number of non-redundant combination PSFs that fit the detector space, as
every PSF has the size of λ/Ds, where Ds is the diameter of the subaperture.

5.3.1 Bandwidth

HAM manufactured with liquid-crystal technology applies geometric phase that
is independent of wavelength. While this would allow for broadband operation,
the element is diffractive and wavelength smearing washes out fringes quickly for
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off-axis PSFs. Mirror tilting does not have this disadvantage because it applies
optical path difference (OPD), such that the center of the off-axis PSFs does not
change with wavelength (Tuthill, 2012). A holographic grating that places a PSF
copy at 30λ/D smears the PSF over 0.3λ/D for a 1% bandwidth. Any gain in
throughput from HAM is then nulled by limiting the bandwidth to 1%. There are
two solutions to this problem. The first one is to use the design freedom to combine
subapertures in only one direction such that the fringes are one dimensional and
can be placed orthogonal to the smearing direction. The second solution is to use
a Wynne lens that corrects the dispersion by introducing a chromatic difference of
magnification with opposite sign. This is not entirely similar to segment tilting as
off-axis sources are still dispersed and the dispersion is a function of the distance
to the star. Using a Wynne lens has the advantage that it does increase the signal
per pixel, however it consists of a set of custom lenses and the dispersed planet
changes the fringe pattern.

5.3.2 One dimensional combinations

Combinations of subapertures in one dimension will create fringes in the same
direction. We place these fringes orthogonal to the wavelength smearing direc-
tion such that we can increase the bandwidth arbitrarily without decorrelating
the fringes. This is seen in Fig. 5.4. The fringes appear on both sides for opposite
polarization states, no leakage was simulated. Using achromatic phase enabled
by liquid-crystal technology, together with the optimal fringe placement, HAM is
able to operate on bandwidths much larger than a few percent that is typical for
sparse aperture masking. HAM design is now a trade-off between bandwidth and
detector real estate.

Only combining apertures in one dimension at one point in the focal plane
greatly reduces the number of baselines and closure triangles. The larger band-
width and the ability to use more subapertures can in certain cases make up for
the loss in the number of closure phases, especially when the detector is large and
the observed object has a simple geometry. However, closure phases are the most
used way of acquiring unambiguous measurements of an observed object. Another
way to increase the number of baselines and closure phases is to add holograms
to a SAM design, or some light can be multiplexed from a SAM design to loca-
tions on the detector for better amplitude calibrations, as shown in Fig. 5.1. The
bandwidth is then limited by the SAM design.
Having a large bandwidth is not only useful for more photons on the detector. The
phase offsets of each subaperture is wavelength dependent and therefore the fringes
will change as function of wavelength. Fitting the broadband fringes could enable
the extraction of closure phases, increasing the amount of information stored in a
single hologram. This was not simulated and is outside the scope of this paper.
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Figure 5.4: Bandwidth smearing of fringes (right) from a one dimensional combi-
nation of subapertures (left).

5.3.3 Multiplexed gratings

When the number of combined subapertures in one dimension is larger than two,
it is possible to reconstruct a closure phase and there is no need for multiplexing
the subapertures. Multiplexing is useful for combining subapertures that do not
line up. A closure triangle can be obtained by combining the individual combi-
nations per two subapertures at the location orthogonal to that specific baseline.
This way, the bandwidth smearing is radial and a much larger bandwidth can be
used compared to combining the three subapertures on one location of the focal
plane. Multiplexing can also be used to link two separate subaperture combina-
tions. However, to keep the intensities of all individual subapertures combinations
the same, the percentage of light per holographic PSF needs to be scaled. As an
example we assume that subapertures A, B and C are interfered at three different
locations in the focal plane and A is linked for 40% to another combination D. Now
A only has 60% of the light to make the combinations with B and C. Then the A-B
combination with equal intensity uses only 30% from subaperture B. This can be
compensated by making the B-C combination use 70% of subaperture B and C.
From this example it is clear that optimizing the combinations with multiplexing
can be very complex.

Moreover, multiplexing individual subapertures can be used for amplitude cali-
bration by making a copy that is not interfered with any of the other subapertures.
By measuring the encircled energy of this hologram, assuming the subaperture size
is on the size of the Fried parameter r0, the amplitude is directly obtained and
no longer a fit parameter in fringe fitting. This could improve the precision of the
calculated closure phases.
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<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

y

D<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

x/D
<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

y

D<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�/D
<latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit>

�/D
<latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit>

�(rad)
<latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit><latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit><latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit><latexit sha1_base64="uU2HJ9pVQQvVST82X0Wc/0ZnZnw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoMeiF48V7Ac0oWw2m3bpZhN2J2qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZekAquwXG+rZXVtfWNzdJWeXtnd2/frhy0dZIpylo0EYnqBkQzwSVrAQfBuqliJA4E6wSj66nfuWdK80TewThlfkwGkkecEjBS36546ZBjD9gj5DVFwtNJ3646dWcGvEzcglRRgWbf/vLChGYxk0AF0brnOin4OVHAqWCTspdplhI6IgPWM1SSmGk/n50+wSdGCXGUKFMS8Ez9PZGTWOtxHJjOmMBQL3pT8T+vl0F06edcphkwSeeLokxgSPA0BxxyxSiIsSGEKm5uxXRIFKFg0iqbENzFl5dJ+6zuOnX39rzauCriKKEjdIxqyEUXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeeuKVcwcoj+wPn8A0fiTsw==</latexit>

log

✓
I

I0

◆

<latexit sha1_base64="yJeFvkHHFbcdj1sK2gQuuz0SZX4=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFl0Y3cV7AOaECbTSTp08mDmRighWzf+ihsXirj1D9z5N07bLLT1wIXDOfdy7z1+KrgCy/o2VlbX1jc2K1vV7Z3dvX3z4LCrkkxS1qGJSGTfJ4oJHrMOcBCsn0pGIl+wnj++mfq9ByYVT+J7mKTMjUgY84BTAlryTOyIJHQEC6CeO4EkNG8VecuzisKRPBzBmWfWrIY1A14mdklqqETbM7+cYUKziMVABVFqYFspuDmRwKlgRdXJFEsJHZOQDTSNScSUm88+KfCpVoY4SKSuGPBM/T2Rk0ipSeTrzojASC16U/E/b5BBcOXmPE4zYDGdLwoygSHB01jwkEtGQUw0IVRyfSumI6LzAB1eVYdgL768TLrnDdtq2HcXteZ1GUcFHaMTVEc2ukRNdIvaqIMoekTP6BW9GU/Gi/FufMxbV4xy5gj9gfH5A8TImlw=</latexit><latexit sha1_base64="yJeFvkHHFbcdj1sK2gQuuz0SZX4=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFl0Y3cV7AOaECbTSTp08mDmRighWzf+ihsXirj1D9z5N07bLLT1wIXDOfdy7z1+KrgCy/o2VlbX1jc2K1vV7Z3dvX3z4LCrkkxS1qGJSGTfJ4oJHrMOcBCsn0pGIl+wnj++mfq9ByYVT+J7mKTMjUgY84BTAlryTOyIJHQEC6CeO4EkNG8VecuzisKRPBzBmWfWrIY1A14mdklqqETbM7+cYUKziMVABVFqYFspuDmRwKlgRdXJFEsJHZOQDTSNScSUm88+KfCpVoY4SKSuGPBM/T2Rk0ipSeTrzojASC16U/E/b5BBcOXmPE4zYDGdLwoygSHB01jwkEtGQUw0IVRyfSumI6LzAB1eVYdgL768TLrnDdtq2HcXteZ1GUcFHaMTVEc2ukRNdIvaqIMoekTP6BW9GU/Gi/FufMxbV4xy5gj9gfH5A8TImlw=</latexit><latexit sha1_base64="yJeFvkHHFbcdj1sK2gQuuz0SZX4=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFl0Y3cV7AOaECbTSTp08mDmRighWzf+ihsXirj1D9z5N07bLLT1wIXDOfdy7z1+KrgCy/o2VlbX1jc2K1vV7Z3dvX3z4LCrkkxS1qGJSGTfJ4oJHrMOcBCsn0pGIl+wnj++mfq9ByYVT+J7mKTMjUgY84BTAlryTOyIJHQEC6CeO4EkNG8VecuzisKRPBzBmWfWrIY1A14mdklqqETbM7+cYUKziMVABVFqYFspuDmRwKlgRdXJFEsJHZOQDTSNScSUm88+KfCpVoY4SKSuGPBM/T2Rk0ipSeTrzojASC16U/E/b5BBcOXmPE4zYDGdLwoygSHB01jwkEtGQUw0IVRyfSumI6LzAB1eVYdgL768TLrnDdtq2HcXteZ1GUcFHaMTVEc2ukRNdIvaqIMoekTP6BW9GU/Gi/FufMxbV4xy5gj9gfH5A8TImlw=</latexit><latexit sha1_base64="yJeFvkHHFbcdj1sK2gQuuz0SZX4=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFl0Y3cV7AOaECbTSTp08mDmRighWzf+ihsXirj1D9z5N07bLLT1wIXDOfdy7z1+KrgCy/o2VlbX1jc2K1vV7Z3dvX3z4LCrkkxS1qGJSGTfJ4oJHrMOcBCsn0pGIl+wnj++mfq9ByYVT+J7mKTMjUgY84BTAlryTOyIJHQEC6CeO4EkNG8VecuzisKRPBzBmWfWrIY1A14mdklqqETbM7+cYUKziMVABVFqYFspuDmRwKlgRdXJFEsJHZOQDTSNScSUm88+KfCpVoY4SKSuGPBM/T2Rk0ipSeTrzojASC16U/E/b5BBcOXmPE4zYDGdLwoygSHB01jwkEtGQUw0IVRyfSumI6LzAB1eVYdgL768TLrnDdtq2HcXteZ1GUcFHaMTVEc2ukRNdIvaqIMoekTP6BW9GU/Gi/FufMxbV4xy5gj9gfH5A8TImlw=</latexit>

b)

c) d)

Figure 5.5: a) Diagram with the combinations of subapertures. Every subaper-
ture with the same number is combined in one PSF on the focal plane and every
subaperture is multiplexed to have a non-interferometric reference PSF. b) Phase
pattern that corresponds to the design. The subapertures are cut out using a
grating mask. c) Simulated PSF of the design, where all interferometric PSFs are
placed in a ring. The reference PSFs within this ring are placed in smaller con-
centric rings, while the reference PSFs outside the ring are placed on a hexagonal
grid. d) Simulated PSF for 30% broadband light. No indiviual PSFs overlap.
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a) b)

c) d)

x/D
<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

x/D
<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

y

D<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

y

D<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�/D
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Figure 5.6: a) Diagram with the combinations of subapertures. Every subaperture
with the same number is combined in one PSF on the focal plane. The pattern is
optimized for the number of subapertures and closure phases. b) Phase pattern
that corresponds to the design. The subapertures are cut out using a grating
mask. c) Simulated PSF of the design, where all interferometric PSFs are placed
in concentric rings. d) Simulated PSF for 30% broadband light. No individual
PSFs overlap.
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Figure 5.7: Microscopic image of the liquid-crystal pattern for HAM design one
through crossed polarizers. The image is magnified 20 times and only contains the
central part. The pattern matches the design to a very high degree.

5.4 Lab results

We designed two holographic aperture masks to be tested in the lab. We used
a hexagonal aperture from Keck and the subapertures are similar to undersized
single mirror segments. Using such a regular grid and relatively large subapertures
greatly reduces the degrees of freedom. The designs are optimized by hand as a
global optimization process is still being researched. By printing a grating mask,
a high frequency grating outside of the used subapertures, there is no need for a
real amplitude mask for the specific designs (Doelman et al., 2017).

5.4.1 Manufactured design

The first design combines all possible one dimensional combinations of three sub-
apertures. The numbering and color in panel a) indicate the which subapertures
are combined at one location of the focal plane. For this design 18/36 subaper-
tures are used to get 18 baselines and 6 closure phases. We multiplexed every
subaperture such that it has a copy that can be used for amplitude calibration.
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The resulting phase pattern is shown in panel b). The monochromatic PSF and
the PSF for 30% bandwidth are shown in panel c) and d) respectively. The total
amount of spots is 48. The six interference point-spread functions are combined
at 60λ/D to minimize crosstalk and to keep the necessary field of view as small as
possible. The less important individual PSFs have been added to form the most
compact configuration, allowing for some crosstalk.
The second design has the same optimal basis as the first design with all combi-
nations of three subapertures. We optimized the amount of used subapertures,
baselines and closure phases by hand, starting from the interferometric PSFs of
design one. The second design has an extra combination of four subapertures,
number 7 in Fig. 5.6 a), and extra combinations of three subapertures, number
8-10. In total 31/36 possible subapertures have been used for 33 baselines and
12 closure phases with 42 spots. The combinations, the phase and the PSFs are
displayed in Fig. 5.6.

5.4.2 Manufacturing and lab testing

The designs were manufactured in December 2017 and both were printed on the
same two inch substrate with a single layer of liquid-crystals. The single layer has
an optimized thickness to tune the retardance to be half-wave at a wavelength of
532nm. The pixel size of the pattern is 5 micron and the maximum width of the
hexagonal aperture is 11mm. The subapertures are undersized by a factor of x and
the grating period of the grating mask is 35 micron. No anti-reflection coating
or wedges have been added. The pattern was inspected between crossed polarizers
under a microscope with a magnification of 20. The resulting image is shown
in Fig. 5.7. No significant differences between the design and the manufactured
pattern were found. We tested the lab plates on a preliminary version of the Leiden
HCI testbed. A laser diode (CPS532) from Thorlabs operating at 532nm is fed
into a single mode fiber for a diffraction limited input. The output of the fiber is
collimated and an iris stops the pupil down to a size of 12mm. The holographic
aperture mask is conjugated to this pupil plane with two intermediate focii and
one reflective pupil where no active element is installed. We image the beam on
a SBIG detector with a field of view of more than 200x200 λ/D. We compare
the result with a simulated PSF where the ratio between left and right circular
polarization was matched to the measurement. The simulated PSF is shown in
Fig. 5.8 and the measured PSF is shown in Fig. 5.9. The measured PSF has
only very small deviations from the simulated PSF, showing that liquid-crystal
technology is capable of accurately making the phase patterns required for HAM.
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y

D
<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

x/D
<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

y

D
<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�/D
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b)

c) d)

Figure 5.8: Simulated PSF for HAM design 2 for monochromatic light and a 1:3
ratio between left and right circular polarization. The simulated amount of leakage
is 0.2%.
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<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

x/D
<latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit><latexit sha1_base64="IjMAYgjeH8m/kRhRMs6jIwwWXHI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGV1O/9cC1EbG6x3HC/YgOlAgFo2ilu8eT61654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbzwM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmadVzq97tWaV2mcdRhAM4hGPw4BxqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj2/ffY2D</latexit>

y

D
<latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit><latexit sha1_base64="NEbtX0/005Dw0ShSEjiznvV9U9g=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9IQ9lsN+3SzW7YnQgh5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dipr6xubW9Xt2s7u3v5B/fCoa1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XT25nfe2LacCUfIUtYEJOx5BGnBKzkDyJNaJ4V+V0xrDfcpjsHXiVeSRqoRHtY/xqMFE1jJoEKYozvuQkEOdHAqWBFbZAalhA6JWPmWypJzEyQz08u8JlVRjhS2pYEPFd/T+QkNiaLQ9sZE5iYZW8m/uf5KUTXQc5lkgKTdLEoSgUGhWf/4xHXjILILCFUc3srphNiUwCbUs2G4C2/vEq6F03PbXoPl43WTRlHFZ2gU3SOPHSFWugetVEHUaTQM3pFbw44L86787ForTjlzDH6A+fzB8LakY0=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�

D
<latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit><latexit sha1_base64="hjHF/c+KSzObclOza/5RrZ/1kTU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokIuizqwmUF+4AmlMlk0g6dTMLMRCkxn+LGhSJu/RJ3/o3TNgttPTBwOOce7p0TpJwp7Tjf1srq2vrGZmWrur2zu7dv1w46KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3G11O/+0ClYom415OU+jEeChYxgrWRBnbNiyQmucdNJMRFflMM7LrTcGZAy8QtSR1KtAb2lxcmJIup0IRjpfquk2o/x1IzwmlR9TJFU0zGeEj7hgocU+Xns9MLdGKUEEWJNE9oNFN/J3IcKzWJAzMZYz1Si95U/M/rZzq69HMm0kxTQeaLoowjnaBpDyhkkhLNJ4ZgIpm5FZERNl1o01bVlOAufnmZdM4artNw787rzauyjgocwTGcggsX0IRbaEEbCDzCM7zCm/VkvVjv1sd8dMUqM4fwB9bnD6gPlD4=</latexit>

�/D
<latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit><latexit sha1_base64="h/Wr8HU41+uz06nxnt3waJJNzYo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqs6IoMuiLlxWsA9ph5LJZNrQJDMkGWEY+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXywWQJ9QUeShYxgo2VHvvcRkN8djuo1ty6OwNaJl5BalCgOah+9cOYpIJKQzjWuue5ifFzrAwjnE4q/VTTBJMxHtKepRILqv18tvAEnVglRFGs7JMGzdTfEzkWWmcisEmBzUgvelPxP6+XmujKz5lMUkMlmX8UpRyZGE2vRyFTlBieWYKJYnZXREZYYWJsRxVbgrd48jJpn9c9t+7dX9Qa10UdZTiCYzgFDy6hAXfQhBYQEPAMr/DmKOfFeXc+5tGSU8wcwh84nz86q5AE</latexit>
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c) d)

Figure 5.9: Measured PSF for HAM design 2 at a wavelength of 532nm.
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5.5 Conclusion

• Liquid-crystal technology enables the use of holographic techniques for mask-
ing interferometry.

• A standalone holographic aperture mask (HAM) with one dimensional sub-
aperture combinations can operate up to more than 30% bandwidth, however
the number of closure phases is limited.

• We spectrally resolve fringes with HAM using these one dimensional sub-
aperture combinations with large bandwidths.

• Multiplexing subapertures not used by sparse aperture masking (SAM) in-
creases the number of baselines, closure phases and throughput at the cost
of detector space.

• Leakage from deviations of half-wave retardance interfere with the SAM
point-spread function but can be controlled using a double grating technique.

• Holographic aperture masking works in the lab and will be on sky soon.

• Liquid-crystal technology also can be used for broadband achromatic nullers.
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