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We have recently seen the emergence of automatic differentiation softwares thanks to advancements in Deep Learning. This allows for the gradients to be calculated easily and makes simple algorithms such as gradient
descent trivial to implement. Our examples were primarily implemented using TensorFlow [1] and MORPHINE [2] (a Python package extending POPPY [3] with automatic differentiation capabilities). Optical optimisations
are well primed for such methods as the mathematical equations underpinning optical simulations are fully differentiable. Here we look at sample problems for phase retrieval and phase design.
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The metrics used to drive the
gradient descent aimed to restrict
light to the main disk, and reduce
light in the outer, inner and central
regions. Additionally, the objective
was to maximise the gradient energy
and flat top radially weighted gradient
energy of the PSFs, which is used
to encourage a high density of peaks
in the main disk.

THE TOLIMAN MISSION

TinyTol Pupils

TOLIMAN Pupils
Existing TinyTol Pupil

Reconstructed PSF
After ClippingTrue Saturated PSF Recovered Pupil

True Unsaturated PSF

PHASE RETRIEVAL

CORONAGRAPH PHASE DESIGN DIFFRACTIVE PUPIL DESIGN FOR THE TOLIMAN MISSION

Ti
ny
To
l

Fa
ce
s

Target PSF Reconstructed PSF Recovered Phase

M
od
e
B
as
is

Pi
xe
lB
as
is

PHASE RETRIEVALWITH A CONSTRAINT PHASE RETRIEVAL FROM A SATURATED PSF
Phase retrieval is the task of recovering phase information from a point spread function (PSF). This
is particularly tricky because the measurement suffers a loss of phase information at the detector,
so the original electric field cannot be recovered by reversing mathematical operations using an
inverse Fourier transform.

Phase retrieval can benefit from domain knowledge which can be incorporated into the phase
retrieval algorithm in the form of constraints. These can reduce the size of the search space making
the optimisation process more efficient, while also ensuring that the solution is realistic and physical.
For example, this could be to meet fabrication requirements, impose symmetry or reflect prior
knowledge of the optical system.

Apodizing Phase Plate (APP) coronagraphs are powerful tools for direct imaging but are challenging to design. Here we
demonstrate a naïve APP annular coronagraph which suppresses light between 3 and 7 λ/D. We simulated an 8m
telescope with a 2.36m secondary mirror and 4 spiders at right angles to each other. The objective function aimed to
minimise the largest value in the annulus while maximising the central peak.

Detector saturation is an issue that often needs to be considered in astronomical phase retrieval.
This occurs when the flux count is too high for the detector and results in a nonlinear detector
response - typically observed at the central peak of the PSF.
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Gradient descent for phase retrieval. TinyTol: phase solution is known. Faces of two co-authors:
arbitrary PSF where the phase solution is unknown and may not exist. Starting with random phases,
the gradient descent updates each phase pixel in the pupil plane so that it minimises the
error between the reconstructed and target PSFs.

APP coronagraph optimisation with gradient descent. Top: coronagraph design and resultant PSF when optimising using
a custom mode basis. Bottom: results of further optimisation performed in the pixel basis and initialising with the solution
obtained in the mode basis. Right: comparison of the resultant PSFs.

Top: Unconstrained phase retrieval for the QM pattern. Bottom: phase retrieval for the QM pattern
where a 4-phase colouring was enforced by adding an extra term in the gradient descent objective
function.

Phase retrieval of a saturated PSF. The pixels in the true TinyTol PSF were saturated by clipping the
values such that the maximum was ~23% of the original maximum. Phase retrieval with gradient
descent was then performed by comparing a clipped reconstructed PSF with the saturated PSF.

Sample diffractive pupils produced using the TinyTol and TOLIMAN metrics. Solutions were initialised with
different seeds. Each solution achieves similar results in the objective function although the relative contributions
of the different optimisation terms vary. The TinyTol colour scales are normalised to the maximum value in the
existing TinyTol pupil, while TOLIMAN PSFs are normalised to the maximum across the ensemble.

Quantum Monodromy (QM) Pattern

The QM pattern [4] maintains a uniform density of
points as a function of radius. Each of the peaks are
constructed from a Gaussian of equal height and
width, approximately the same size and shape of
speckles. These properties were determined to be
desirable for the TOLIMAN PSF. The phase solution
may not exist.

The TOLIMAN Mission is an ambitious mission to detect exoplanets in
the α Cen A/B binary system by way of very high precision relative
astrometry between α Cen A and α Cen B. In order to reach the
precision required for exoplanet detection, the TOLIMAN mission takes
the novel approach of using a diffractive pupil to create a richly-featured
PSF. Observations of the binary system will then result in overlapping
fringes, which can be used to make the required precise relative
positional measurements.

A candidate pupil for the TOLIMAN Mission is the existing TinyTol
pupil [5], which has discrete regions with a π phase step difference. By
construction, there are equal areas of 0 and π phases, which induces a
null at the origin of the PSF. This aids in diverting light into the fringes of
the pattern and also compensates for light leakage, which will manifest
as a central peak.

The final design requirements for the TOLIMAN pupil are subject to
ongoing review, but the two major design considerations are:
- the PSF must span a large enough region of the detector, being
uniformly filled with sharp features, so that the fringes from each star in
the α Cen system overlap
- The pattern ascribed to the pupil must be made of reasonably sized
contiguous regions in order to ensure the design is within realistic
fabrication
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