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ABSTRACT

Future NASA flagship missions will require the collecting area and resolving power of 6 meter or larger aperture
telescopes. Due to limits in fairing size, highly accurate and stable segmented primary mirrors are desirable
for achieving these apertures. Due to periodic discontinuities, hexagonally segmented mirrors have intrinsic
diffraction grating-like structures, causing pronounced starburst point spread functions (PSFs). To mitigate
unwanted image plane diffraction, we have designed and simulated a novel curved-edge segmentation method,
called pinwheel segmentation, which more closely emulates a filled circular primary aperture.

A parametric solution space for pinwheel segmentation has been developed and used to create in-house
Python code which can be integrated with two optical propagation software: Physical Optics Propagation in
Python (POPPY) and High Contrast Imaging in Python (HCIPy). Using HCIPy, we demonstrate optimized
pinwheel design solutions which are less sensitive to realistic degradation scenarios on-orbit such as optical surface
errors and beamwalk due to observatory pointing errors. Additionally, to demonstrate its potential benefits for
high-contrast astrophysics, coronagraphy was compared using 6-meter class hexagonal and pinwheel segmented
primary mirrors. Preliminary results demonstrate the advantages of alternative segmentation geometries when
degraded PSFs are considered. The increased performance and robustness of pinwheel segmentation have the
potential of significantly increasing science returns for future missions while reducing spacecraft operational
constraints and cost.
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1. INTRODUCTION

Future space telescope missions will require the collecting area and resolving power of 6 meter or larger primary
mirrors. However, due to limits in manufacturing and rocket fairing size, monolithic primary mirrors are not
feasible. Thus, highly accurate and stable segmented primary mirrors desirable for achieving large apertures.1

Future NASA flagships such as the ultraviolet optical infrared (UVOIR) observatory baseline hexagonally seg-
mented primary mirrors.2 These hexagonal segmented apertures have three sets of straight segment edges which
form diffraction grating-like structures which diffract the incoming wavefront along three respective axes in the
corresponding Fourier space, leading to a six-pointed starburst point spread function (PSF) shown in Figure
1. These diffraction spikes can mask faint astrophysical objects, crowded targets, or high-contrast objects of
interest. Additionally, they can contaminate stellar or exoplanet spectra, requiring complex data processing
algorithms3,4 or exotic apodizing masks to achieve high performance.5–7
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Figure 1. (a) A 6.5 meter diameter hexagonal segmented aperture. Segment edges are highlighted to show the three sets
of diffraction grating-like structures formed. (b) These diffract the incident wavefront (λ0 = 550 nm, 20% bandwidth)
along three respective axes in the corresponding image plane. The image shown is normalized and logarithmically scaled.

For future large field of view space telescopes especially, intrinsic field-dependent aberrations will create
non-linear shift invariant (non-LSI) PSFs across the image plane. These non-LSI PSFs, in addition to signal-
dependent shot noise, make image processing challenging and fundamentally uncertain. Another side effect of
starburst PSFs is their high slope in both amplitude and phase when considering the electric field at the focal
plane, as small perturbations will lead to large changes in the PSF, which is the modulus squared of the electric
field. This leaves the system vulnerable to degradations caused by fluctuating thermal gradients,8 beamwalk on
intermediate optics due to pointing errors,9 or optical surface errors.10

A chief goal for future NASA missions is to directly image and characterize Earth-like exoplanets to search
for signatures of life. However, these planets are typically 1010 times fainter than, and separated by fractions of
an arcsecond from their host star.11,12 To achieve these extreme contrasts, coronagraphs are used to attenuate
starlight and allow for exoplanet detection at small separations.13,14 For hexagonally segmented telescopes a
combination of active deformable mirror (DM) control, complex apodizers, and focal plane masks are required
to suppress diffraction flares caused by the gaps between mirror segments.15

Figure 2. Basic coronagraph instrument layout. (a) The input wavefront with diameter Dap is corrected by a DM and sent
to a (b) focal plane mask. A sinc-squared band-limited occulter is used in this example. This diffracts on-axis starlight to
the outer edge of the pupil, which is blocked by an undersized (c) Lyot stop with diameter Dlyot. Residual starlight and
off-axis light from exoplanets or debris disks makes it through the Lyot stop to the (d) final science image. The science
image has a representative dark hole dug from 2 to 10 λ/D.

Several methods of compensation for these errors using closed-loop wavefront control have been introduced,
including stroke minimization and electric field conjugation algorithms.16–18 These calculate the DM shape
required to minimize the amount of residual starlight within a specified region of the image known as the ”dark
hole”.

Physical Optics Propagation in Python (POPPY)19 and High Contrast Imaging in Python (HCIPy)20 are
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open-source Python libraries primarily developed by teams of astronomers at the Space Telescope Science Insti-
tute and Leiden University respectively. They are open to contributions from scientists and software developers
around the world, and are used to simulate physical optics propagation. They propagate the complex electro-
magnetic wavefront through the optical system using either the Fraunhofer or Fresnel approximations of scalar
electromagnetic theory. In-house Python code compatible with both POPPY and HCIPy has been developed
to create pinwheel apertures and model its diffraction effects in the context of astronomical telescopes and
coronagraphs.

In the following sections, we present an overview of pinwheel segmentation, and for the first time define a
parameterized solution space for constructing pinwheel apertures. We analyze these parameters and their impact
on the PSF. Additionally, we model two UVOIR-like telescopes as suggested in the 2021 Decadal Survey.1 Using
these models, we demonstrate a dark hole dug using a pinwheel aperture, and compare its performance to a
hexagonally segmented aperture in the presence of on-orbit degredations.

2. PINWHEEL SEGMENTATION

In this section, we give a overview of the theory behind and define a parameterized solution space for pinwheel
segmented apertures.

2.1 Theory and Construction

Astronomers have demonstrated the use of curved secondary mirror spiders to minimize diffraction effects since
the mid twentieth century.21 Fraunhofer diffraction theory has since been applied to show that pupil obscurations
in the form of circular arcs result in fanned out ”searchlight” or ”bow-tie” diffraction flares.22 These diffraction
flares subtend the same angle as the circular arc used to create them, but in two directions. This can be intuitively
understood using Fourier theory by dividing the arc into many smaller straight-line segments.23 Thus, if the
arc is a semicircle (or an integer multiple thereof) the resulting diffraction pattern would simply be a complete
circle, resulting in the suppression of unwanted image plane diffraction spikes. Pinwheel segmentation builds
upon this by using inscribed circular arcs as spokes to slice an aperture into azimuthal segments.24–28 As long as
the combination of these spokes constitutes an integer multiple of a semicircle, the result will be an azimuthally
symmetric, quasi-airy PSF (Figure 3).

Figure 3. (a) A complete circle (2 semicircles) is broken into 5 arcs which are used to inscribe (b) a 5-spoke pinwheel
segmented aperture with radius rap and a central segment with radius rc. (c) The same 5-spoke pinwheel modeled as a 6.5
meter diameter unobscured aperture. (d) An incident wavefront (λ0 = 550 nm, 20% bandwidth) is propagated through
the pinwheel aperture and creates an azimuthally-symmetric, quasi-Airy PSF.

This boundary condition imposes a discrete solution space for pinwheel segmented apertures based on aperture
geometry and the desired number of segments. To construct a pinwheel aperture, we begin by definining the
number of spokes (Nspoke) or inscribed arcs with length (larc). This slices the aperture into a set number of
azimuthal segments which can be scaled up through the introduction of annular rings. We know that these
inscribed arcs when translated and set end-to-end, must constitute an integer multiple (n) of a semicircle with
radius R:
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larcNspoke = nπR , (1)

larc is also defined by the central angle inscribed by a spoke (θ) and R:

larc = θR , (2)

By combining Eqs. (1) and (2), we can solve for θ:

θ =
πn

Nspoke
, (3)

However, what we need is R. To find this, we first assume the chord (lchord) spanned by each spoke is equal
to the difference between the aperture radius (rap) and central segment radius (rc):

lchord = rap − rc , (4)

lchord is also defined by the R and θ:

lchord = 2R sin
θ

2
, (5)

By combining Eqs. (4) and (5), then solving for the R, we get:

R =
rap − rc
2 sin (θ/2)

, (6)

Finally, combining Eqs. (3) and (6) gives:

R =
rap − rc

2 sin (πn/2Nspoke)
, (7)

Figure 4. Solution space for a 9-spoke pinwheel aperture with aperture radius rap and a segment with radius rc = 0.2rap.
Example pinwheel segmented apertures that use (a) 1, (b) 3, and (c) 6 inscribed semicircles to create spokes are shown
as well.

With rap and rc set by aperture geometry, this leaves n and Nspoke as free parameters when segmenting a
pinwheel aperture. Nspoke defines the number of segments, and as stated previously can be scaled up through the
introduction of annular rings. n controls spoke curvature, as a smaller value corresponds to fewer semicircles the
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spokes combine into, which leads to each arc constituting a smaller portion of a semicircle. Note that the values
n can take range from 1 to Nspoke, which corresponds to each spoke being a complete semicircle. An example
solution space for a 9-spoke pinwheel aperture with aperture radius rap and a segment with radius rc = 0.2rap
is shown in Figure 4.

2.2 Point Spread Function Analysis

We demonstrate the effects of changing n, Nspoke, and gap width on a pinwheel PSF. Unobscured pinwheel
apertures measuring 6 meters in diameter (D) were modeled as binary apodizing masks using in-house Python
code compatible with HCIPy and POPPY. Each aperture contained two annular rings and had a central seg-
ment with diameter D/5. Unaberrated, monochromatic PSFs (λ0 = 550 nm) were modeled for each aperture
using Fraunhofer diffraction in HCIPy. Normalized and logarithmically scaled images of PSF irradiance are
presented for qualitative comparison of PSFs. Additionally, azimuthally averaged radial plots of PSF irradiance
are presented. These plots show azimuthal variations by plotting colored regions corresponding to one standard
deviation (σ) above and below the mean irradiance.

First, we show how changing Nspoke impacts the PSF. Pinwheel apertures with 5, 9, and 15 spokes were
modeled. For these apertures, gap width was kept constant at D/2000. In addition, n was set to 1, corresponding
to the least curved spoke solution for each aperture. Figure 5 shows each aperture along with a corresponding
PSF images and radial plots.

Figure 5. (a) 5-Spoke, (b) 9-spoke, and (c) 15-spoke pinwheel apertures.
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We can see that as Nspoke increases, the PSF remains unchanged within the first 9 airy rings. However, past
this point, we can see ovular lobes which become more distinct as Nspoke increases. This is reflected in the radial
profiles which show the standard deviation increasing with Nspoke the further you are from the center of the
PSF. This shows that Nspoke, or in general the total number of segments, should be kept to a minimum to limit
these diffraction artifacts. This makes intuitive sense because fewer segments means fewer segment edges for the
light to diffract off of, decreasing the amount of diffraction artifacts.

Next, we show how changing n, or spoke curvature, impacts the PSF. 9-spoke (Nspoke = 9) pinwheel apertures
with n equal to 1, 3, and 5 were modeled. For these apertures, gap width was kept constant at D/2000. Figure
6 shows each aperture along with a corresponding PSF images and radial plots.

Figure 6. 9-Spoke pinwheel apertures that use (a) 1, (b) 3, and (c) 5 total semicircles to create spokes.

We can see that as n increases, the PSF remains relative unnaffected. This can also be seen in the radial
profiles which not only have similar shapes, but similar deviations as well. Each of these apertures fulfills the
primary boundary condition of having the spokes constitute an integer multiple of a semicircle. Thus, one might
expect spoke curvature to not have a significant impact on the PSF. However, in the real-world, spoke curvature
would likely be minimized for ease of manufacturability.

Lastly, we show how gap width between segments impacts the PSF. 9-spoke (Nspoke = 9) pinwheel apertures
with n = 1 and gap widths corresponding to D/2000, D/5000, and D/10000 were modeled. Figure 7 shows each
aperture along with a corresponding PSF images and radial plots.
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Figure 7. 9-Spoke pinwheel apertures with n = 1 and gap widths set at (a) D/2000, (b) D/5000, and (c) D/10000.

We can see that changing the gap width between segments has the most pronounced effect on the PSF. As
the gap width decreases, the PSF becomes more azimuthally-symmetric. At a gap width of D/10000, which for
D = 6 meters corresponds to 600 microns, the PSF is nearly indistinguishable from a standard Airy pattern.
This is reflected in the radial profiles which show the standard deviation decreasing to near zero with a shape
similar to an Airy pattern at smaller gap widths. As the reason for using a pinwheel aperture is to emulate an
Airy pattern as close as possible, this shows that we want to keep gap width to a minimum.

3. CORONAGRAPHY SIMULATIONS AND ANALYSIS

Telescope and Lyot coronagraph models were created in Python using HCIPy. These were used to compare
the performance between systems which use pinwheel and hexagonal segmentation in the presence of realistic
on-orbit degredations.

3.1 Telescope and Instrument Model

Two unobscured, 6 meter diameter telescopes were modeled in Python using HCIPy. One used pinwheel segmen-
tation to split the aperture into 19 segments using 9 spokes and 2 annular rings. The radius used to create spokes
was set to 6.9 meters, corresponding to the least curved solution. The other model used hexagonal segmentation
to split the aperture into 19 segments measuring 1.3 meters from flat-to-flat. The gap width between segments
for both apertures was set to D/2000, corresponding to 1 millimeter.
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In each model, a 550 nm wavefront was first sent a binary aperture mask. A phase screen was then used to
inject 5 nanometers RMS of wavefront error. This aberrated telescope wavefront was then corrected by a 48 by
48 actuator DM. The corrected wavefront was then propagated to a focal plane mask and Lyot stop for starlight
rejection. For the focal plane mask, a sinc-squared band-limited occulter with the first zero set at 6 first zero
λ0/D was used. The Lyot stop for each aperture measured 0.9D in diameter and had the gap width between
segments scaled up by a factor of 20. The aperture, focal plane mask, and Lyot stop for each system is shown
in Figure 8.

Figure 8. (a) A 6 meter pinwheel segmented aperture. Gap widths were set at 3 millimeters. (b) A sinc-squared band-
limited occulter was used as a focal plane mask. (c) The pinwheel segmented Lyot stop measured 0.9D meters in diameter
and had gap widths scaled up by a factor of 20. (d) A 6 meter hexagonal segmented aperture. Each segment measured
1.3 meters flat-to-flat and had gap widths set at 3 millimeters. (e) The same band-limited occulter was used as a focal
plane mask. (f) The hexagonal segmented Lyot stop measured 0.9D meters in diameter and had gap widths scaled up by
a factor of 20.

3.2 Coronagraphy Simulation Results

EFC using Tikhonov Regularization18 was used to dig half of an annular dark hole between 2 and 10 λ/D for
each aperture. A half dark hole was dug due to the use of only one DM, which only allows for correction of
amplitude and phase errors in one half of the field. Other coronagraphs may use two DMs for correction of
amplitude and phase errors across the whole field.29 Future work may explore digging a full dark hole using two
DMs. Once a dark hole was established, temporal degradation caused by beamwalk was then simulated. From
the starting point, 100 random draws were taken from a Gaussian distribution with a standard deviation of 10
milli-arcseconds pointing error. These pointing errors were converted by assuming 1 millimeter of beamwalk per
arcsecond. This was used to shift the phase screen before re-propagating the wavefront through the system.
These 100 images were averaged together for a final dark hole which includes starlight leakage due to beamwalk.

In the presence of these degradations, the pinwheel aperture dark hole reached a lower average contrast
of 3.9 × 10−10 contrast compared to the hexagonal aperture dark hole which reached an average contrast of
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9.7 × 10−10. Both apertures had similar standard deviations in dark hole contrast. Dark hole images and
azimuthally averaged radial plots of dark hole contrast are presented in Figure 9. These plots show azimuthal
variations by plotting colored regions corresponding to one standard deviation (σ) above and below the mean
contrast.

Figure 9. (a) A dark hole dug using EFC for a pinwheel segmented aperture. (b) A radial plot of contrast within the dark
hole is also shown. (c) A dark hole dug using EFC for a hexagonally segmented aperture. (b) A radial plot of contrast
within the dark hole is also shown.

While these preliminary results are promising, future work is needed to fully compare performance and
robustness between pinwheel aperture coronagraphs and the more advanced coronagraphs being developed for
future flagship missions. We expect a pinwheel aperture to be more robust to degradation thanks to its gentler
slopes in amplitude and phase when considering the complex PSF.

3.3 Future Coronagraphy Analysis

Vector vortex phase plates present an attractive alternative to standard occulting focal plane masks due to their
smaller inner working angles, higher throughput, and completely clear off-axis discovery space.30 Additionally,
advanced coronagraph designs such as the apodized pupil Lyot coronagraph5,31 (APLC) or phase-induced am-
pliltude apodization complex mask coronagraph32 (PIAACMC) require pupil shaping using complex apodizing
masks to achieve high contrasts. We believe the use of a pinwheel aperture may bypass the need for pupil shaping
thanks to its inherently quasi-Airy PSF.

As a preliminary demonstration, we show how a pinwheel aperture achieves a ”circularized” intensity distri-
bution in the Lyot plane when paired with a charge-6 vector vortex. This is in stark contrast to the hexagonal
aperture case which would require pupil shaping due to diffraction caused by hexagonal segments. Future work
will explore creating pinwheel segmented vector vortex coronagraphs without the need for apodizing masks. This
would enable more robust and less complex coronagraph designs for increased throughput and science yield on
future flagship missions.
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Figure 10. Pinwheel and hexagonally segmented apertures were paired with a charge-6 vector vortex phase plate to create
vector vortex coronagraphs. Normalized intensity plots are shown to demonstrate how pinwheel segmentation achieves a
”circularized” intensity distribution in the Lyot plane without the need for apodizers.

4. CONCLUSION

In this work, we present an overview of pinwheel segmentation, and for the first time define a parameterized
solution space for constructing pinwheel apertures. We analyze the impact of Nspoke, n, and gap width between
segments on the PSF. We show that minimizing gap width is the most important parameter in accurately
emulating the Airy pattern given by a monolithic circular aperture.

In addition, we modeled two unobscured 6 meter telescope and Lyot coronagraph instruments. Using these
models, we demonstrate dark holes dug using pinwheel and hexagonally segmented apertures. Our preliminary
results demonstrate deeper dark hole contrast for a pinwheel aperture in the presence of 5 nanometer RMS surface
error and beamwalk caused by 10 milli-arcseconds RMS pointing error. Future work will explore using pinwheel
segmentation for more robust and less-complex coronagraphs designs, further advancing a key technology in the
search for life beyond our solar system.
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