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Adding this phase on your telescope pupil…..

….makes this PSF for all objects in your focal plane

• Chromatic
• Impossible to make complex patterns
• Only 180 degree search space
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Opposite handed polarisation has 
opposite phase shift



Enabling freeform phase patterns

Miskiewicz
& Escuti (2014)

Typically 1 micron accuracy over >50mm optics



Vector APP coronagraph
Orientation of fast axis encodes the phase shift

• Inherently achromatic
• Liquid crystal allows complex patterns
• Two PSFs
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Fig. 8. The MTR fabrication procedure resulting in a monolithic broadband element, on
a single substrate and alignment layer: (a) alignment layer processing; (b) LCP coating
(m= 1); (c) LCP photo-polymerization; and (d) repeat LCP coating and curing for (m≥ 2).

glass (PG&O). Vendor-recommended processing was used (1500 rpm spin, then hotplate bake
of 1 min at 100◦C), and was then exposed to a UV LED source (0.5 J/cm2, 365 nm, Clearstone
Technologies) with linear polarizer arranged to set the desired φ0. All subsequent LCP layers
were based on RMS10-025 (discussed in Sec. 2.1), doped with various small amounts of chiral
agents CB-15 and MLC-6247 (both Merck Chemicals Inc), which have positive and negative
twist sense, respectively, along with a solvent PGMEA (Fisher Scientific). The LCP layers were
photo-polymerized under a dry nitrogen environment, with the same unpolarized UV source
and fluence as for the photo-alignment layer (but without the aforementioned polarizer). This
fluence was sufficient to polymerize the LCP completely and prevent any dissolution from the
mixtures of any subsequent layers. We found it convenient to develop several mixtures, as listed
in Table 3, and used the spin recipes in Table 4. With our current processing, the tolerances on
the twist angles and the thicknesses of the individual MTR layers are within 1◦, and 25 nm
respectively, which is sufficient for achieving excellent performance in the visible range.

Table 3. LCP mixtures for 2TR and 3TR QW designs.

MIX Materials wt : wt Ratio Net Chiral : LCP-solids : Solvent

Raw-LCP (set by vendor) (set by vendor) 0 : 0.3 : 0.7
A CB-15(+) : PGMEA 0.02: 0.98 0.02 : 0 : 0.98
B MLC-6247(− ) : PGMEA 0.02: 0.98 0.02 : 0 : 0.98

C Mix-A : Raw-LCP 0.4 : 1 0.0057 : 0.21 : 0.79
D Mix-A : Raw-LCP 0.05 : 1 0.0009 : 0.28 : 0.72
E Mix-B : Raw-LCP 0.19 : 1 0.0032 : 0.25 : 0.75
F Mix-A : Raw-LCP 0.13 : 1 0.0023 : 0.26 : 0.74
G Mix-A : Raw-LCP 0.1 : 1 0.0018 : 0.27 : 0.73
H Mix-A : Raw-LCP 0.47 : 1 0.0064 : 0.2 : 0.8
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Fig. 7. Simulated output of the (achromatic) 2TR and (super-achromatic) 3TR HW designs,
and their comparative Pancharatnam examples: (a) and (b) show the output for the lin-lin
HW MTRs, with a linear (horizontal) input polarization; whereas (c) and (d) show the
output from cir-cir HW MTRs, with a circular (right) input. Curves: 2TR (dashed), 3TR
(bold), and corresponding Pancharatnam (dotted and dash dot, respectively).

exactly. In summary, the 2TR HW-B and 3TR HW-B designs achieve achromatic and super-
achromatic HW behavior for cir-cir transformation.

5. Experimental validation

We now outline the essential MTR fabrication procedure, describe the specific experimental
parameters we employed to generate several of the elements described above. We then char-
acterize these samples and compare with both simulation and commercial alternatives. Our
analysis reveals that MTRs are easily fabricated with standard tools and materials, and achieve
excellent optical properties in all cases that correspond well to the simulations above.

5.1. Fabrication

In principle, MTR fabrication is as easy as coating at least three polymer layers, as shown
in Fig. 8. First (a), the alignment layer is applied. Second (b), a layer of LCP is coated and
allowed to align to the layer below. Third (c), the LCP layer is cured, usually by (UV) photo-
polymerization, to form a cross-linked polymer network. Finally (d), one or more additional
layers LCP are coated and cured, aligned by the top surface of the immediately prior LCP layer
to orient its start angle, until the full MTR is completed. In practice, fabrication is quick (few
minutes), very repeatable, and scalable to large areas - we routinely coat 2 to 6 inch diameter
elements. We often laminate a glass endcap onto the exposed LCP final layer, for protection
and anti-reflection effects.
For the results here, we used a photo-alignment material LIA-C001(DIC Corp), on borofloat
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exactly. In summary, the 2TR HW-B and 3TR HW-B designs achieve achromatic and super-
achromatic HW behavior for cir-cir transformation.

5. Experimental validation

We now outline the essential MTR fabrication procedure, describe the specific experimental
parameters we employed to generate several of the elements described above. We then char-
acterize these samples and compare with both simulation and commercial alternatives. Our
analysis reveals that MTRs are easily fabricated with standard tools and materials, and achieve
excellent optical properties in all cases that correspond well to the simulations above.

5.1. Fabrication

In principle, MTR fabrication is as easy as coating at least three polymer layers, as shown
in Fig. 8. First (a), the alignment layer is applied. Second (b), a layer of LCP is coated and
allowed to align to the layer below. Third (c), the LCP layer is cured, usually by (UV) photo-
polymerization, to form a cross-linked polymer network. Finally (d), one or more additional
layers LCP are coated and cured, aligned by the top surface of the immediately prior LCP layer
to orient its start angle, until the full MTR is completed. In practice, fabrication is quick (few
minutes), very repeatable, and scalable to large areas - we routinely coat 2 to 6 inch diameter
elements. We often laminate a glass endcap onto the exposed LCP final layer, for protection
and anti-reflection effects.
For the results here, we used a photo-alignment material LIA-C001(DIC Corp), on borofloat
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Fig. 5. (a) Illustration of the three layer MTR (3TR). (b) The polarization evolution within
the 3TR QW-A design, on the Poincaré sphere (425 to 750 nm shown, spacing of 50 nm).

4. Achromatic and super-achromatic half-wave MTRs

Another important polarization element is the half-wave (HW) retarder, which transforms
to/from linear to another (rotated) linear polarization (lin-lin), sometimes used to accomplish
optical rotation. Similarly, HW retarders are sometimes used to transform circular to orthog-
onal circular (cir-cir) polarizations. Here we describe two classes of MTR HW designs that
accomplish both transformations. The most preferable 2TR and 3TR designs were found for
the bandwidths 450-650 nm and 400-800 nm, respectively, and are shown in Table 2. The
following results show that the normalized bandwidths of 2/3TR HW designs are similar to
the analogous QW MTRs (i.e., 37% and 75%, for the achromatic 2TRs and super-achromatic
3TRs, respectively). In this HW case, the analogous normalized bandwidth definition is the
wavelength range for which |S(1 or 3)|≥ 0.99, divided by the center wavelength.

4.1. Achromatic and super-achromatic half-wave MTRs (lin-lin)
Admittedly, a single twisted LC layer can accomplish rotation of linear polarizations over mod-
est bandwidths when the Mauguin [13] condition is satisfied. However, MTRs can be used
to achieve wider bandwidths at relatively smaller thicknesses. For lin-lin HW MTRs (“A” de-
signs), we assumed a horizontal linear input polarization, and set the target output polarization
as vertical linear (e.g., St = (1,−1,0,0)T ).

Table 2. Summary of 2TR and 3TR HW designs (lin-lin =“A” and cir-cir =“B”).

DESIGN φ0(◦) d1(µm) φ1(◦) d2(µm) φ2(◦) d3(µm) φ3(◦) S(1 or 3)(λ )

2TR HW-A −18.5 1.94 171 3.20 −62.4 - - −0.99
3TR HW-A 9.2 0.86 0 3.29 66.7 1.66 14.1 −0.99

2TR HW-B −3.4 1.56 69.7 1.56 −69.7 - - −0.99
3TR HW-B 47.3 1.1 76.4 2.27 0 1.1 −76.4 −0.99
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Fig. 7. Simulated output of the (achromatic) 2TR and (super-achromatic) 3TR HW designs,
and their comparative Pancharatnam examples: (a) and (b) show the output for the lin-lin
HW MTRs, with a linear (horizontal) input polarization; whereas (c) and (d) show the
output from cir-cir HW MTRs, with a circular (right) input. Curves: 2TR (dashed), 3TR
(bold), and corresponding Pancharatnam (dotted and dash dot, respectively).

exactly. In summary, the 2TR HW-B and 3TR HW-B designs achieve achromatic and super-
achromatic HW behavior for cir-cir transformation.

5. Experimental validation

We now outline the essential MTR fabrication procedure, describe the specific experimental
parameters we employed to generate several of the elements described above. We then char-
acterize these samples and compare with both simulation and commercial alternatives. Our
analysis reveals that MTRs are easily fabricated with standard tools and materials, and achieve
excellent optical properties in all cases that correspond well to the simulations above.

5.1. Fabrication

In principle, MTR fabrication is as easy as coating at least three polymer layers, as shown
in Fig. 8. First (a), the alignment layer is applied. Second (b), a layer of LCP is coated and
allowed to align to the layer below. Third (c), the LCP layer is cured, usually by (UV) photo-
polymerization, to form a cross-linked polymer network. Finally (d), one or more additional
layers LCP are coated and cured, aligned by the top surface of the immediately prior LCP layer
to orient its start angle, until the full MTR is completed. In practice, fabrication is quick (few
minutes), very repeatable, and scalable to large areas - we routinely coat 2 to 6 inch diameter
elements. We often laminate a glass endcap onto the exposed LCP final layer, for protection
and anti-reflection effects.
For the results here, we used a photo-alignment material LIA-C001(DIC Corp), on borofloat
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4. Achromatic and super-achromatic half-wave MTRs

Another important polarization element is the half-wave (HW) retarder, which transforms
to/from linear to another (rotated) linear polarization (lin-lin), sometimes used to accomplish
optical rotation. Similarly, HW retarders are sometimes used to transform circular to orthog-
onal circular (cir-cir) polarizations. Here we describe two classes of MTR HW designs that
accomplish both transformations. The most preferable 2TR and 3TR designs were found for
the bandwidths 450-650 nm and 400-800 nm, respectively, and are shown in Table 2. The
following results show that the normalized bandwidths of 2/3TR HW designs are similar to
the analogous QW MTRs (i.e., 37% and 75%, for the achromatic 2TRs and super-achromatic
3TRs, respectively). In this HW case, the analogous normalized bandwidth definition is the
wavelength range for which |S(1 or 3)|≥ 0.99, divided by the center wavelength.

4.1. Achromatic and super-achromatic half-wave MTRs (lin-lin)
Admittedly, a single twisted LC layer can accomplish rotation of linear polarizations over mod-
est bandwidths when the Mauguin [13] condition is satisfied. However, MTRs can be used
to achieve wider bandwidths at relatively smaller thicknesses. For lin-lin HW MTRs (“A” de-
signs), we assumed a horizontal linear input polarization, and set the target output polarization
as vertical linear (e.g., St = (1,−1,0,0)T ).

Table 2. Summary of 2TR and 3TR HW designs (lin-lin =“A” and cir-cir =“B”).

DESIGN φ0(◦) d1(µm) φ1(◦) d2(µm) φ2(◦) d3(µm) φ3(◦) S(1 or 3)(λ )

2TR HW-A −18.5 1.94 171 3.20 −62.4 - - −0.99
3TR HW-A 9.2 0.86 0 3.29 66.7 1.66 14.1 −0.99

2TR HW-B −3.4 1.56 69.7 1.56 −69.7 - - −0.99
3TR HW-B 47.3 1.1 76.4 2.27 0 1.1 −76.4 −0.99
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Another important polarization element is the half-wave (HW) retarder, which transforms
to/from linear to another (rotated) linear polarization (lin-lin), sometimes used to accomplish
optical rotation. Similarly, HW retarders are sometimes used to transform circular to orthog-
onal circular (cir-cir) polarizations. Here we describe two classes of MTR HW designs that
accomplish both transformations. The most preferable 2TR and 3TR designs were found for
the bandwidths 450-650 nm and 400-800 nm, respectively, and are shown in Table 2. The
following results show that the normalized bandwidths of 2/3TR HW designs are similar to
the analogous QW MTRs (i.e., 37% and 75%, for the achromatic 2TRs and super-achromatic
3TRs, respectively). In this HW case, the analogous normalized bandwidth definition is the
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est bandwidths when the Mauguin [13] condition is satisfied. However, MTRs can be used
to achieve wider bandwidths at relatively smaller thicknesses. For lin-lin HW MTRs (“A” de-
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Fig. 7. Simulated output of the (achromatic) 2TR and (super-achromatic) 3TR HW designs,
and their comparative Pancharatnam examples: (a) and (b) show the output for the lin-lin
HW MTRs, with a linear (horizontal) input polarization; whereas (c) and (d) show the
output from cir-cir HW MTRs, with a circular (right) input. Curves: 2TR (dashed), 3TR
(bold), and corresponding Pancharatnam (dotted and dash dot, respectively).

exactly. In summary, the 2TR HW-B and 3TR HW-B designs achieve achromatic and super-
achromatic HW behavior for cir-cir transformation.

5. Experimental validation

We now outline the essential MTR fabrication procedure, describe the specific experimental
parameters we employed to generate several of the elements described above. We then char-
acterize these samples and compare with both simulation and commercial alternatives. Our
analysis reveals that MTRs are easily fabricated with standard tools and materials, and achieve
excellent optical properties in all cases that correspond well to the simulations above.

5.1. Fabrication

In principle, MTR fabrication is as easy as coating at least three polymer layers, as shown
in Fig. 8. First (a), the alignment layer is applied. Second (b), a layer of LCP is coated and
allowed to align to the layer below. Third (c), the LCP layer is cured, usually by (UV) photo-
polymerization, to form a cross-linked polymer network. Finally (d), one or more additional
layers LCP are coated and cured, aligned by the top surface of the immediately prior LCP layer
to orient its start angle, until the full MTR is completed. In practice, fabrication is quick (few
minutes), very repeatable, and scalable to large areas - we routinely coat 2 to 6 inch diameter
elements. We often laminate a glass endcap onto the exposed LCP final layer, for protection
and anti-reflection effects.
For the results here, we used a photo-alignment material LIA-C001(DIC Corp), on borofloat
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4. Achromatic and super-achromatic half-wave MTRs

Another important polarization element is the half-wave (HW) retarder, which transforms
to/from linear to another (rotated) linear polarization (lin-lin), sometimes used to accomplish
optical rotation. Similarly, HW retarders are sometimes used to transform circular to orthog-
onal circular (cir-cir) polarizations. Here we describe two classes of MTR HW designs that
accomplish both transformations. The most preferable 2TR and 3TR designs were found for
the bandwidths 450-650 nm and 400-800 nm, respectively, and are shown in Table 2. The
following results show that the normalized bandwidths of 2/3TR HW designs are similar to
the analogous QW MTRs (i.e., 37% and 75%, for the achromatic 2TRs and super-achromatic
3TRs, respectively). In this HW case, the analogous normalized bandwidth definition is the
wavelength range for which |S(1 or 3)|≥ 0.99, divided by the center wavelength.

4.1. Achromatic and super-achromatic half-wave MTRs (lin-lin)
Admittedly, a single twisted LC layer can accomplish rotation of linear polarizations over mod-
est bandwidths when the Mauguin [13] condition is satisfied. However, MTRs can be used
to achieve wider bandwidths at relatively smaller thicknesses. For lin-lin HW MTRs (“A” de-
signs), we assumed a horizontal linear input polarization, and set the target output polarization
as vertical linear (e.g., St = (1,−1,0,0)T ).

Table 2. Summary of 2TR and 3TR HW designs (lin-lin =“A” and cir-cir =“B”).
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2TR HW-A −18.5 1.94 171 3.20 −62.4 - - −0.99
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2TR HW-B −3.4 1.56 69.7 1.56 −69.7 - - −0.99
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onal circular (cir-cir) polarizations. Here we describe two classes of MTR HW designs that
accomplish both transformations. The most preferable 2TR and 3TR designs were found for
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as vertical linear (e.g., St = (1,−1,0,0)T ).
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Fig. 5. (a) Illustration of the three layer MTR (3TR). (b) The polarization evolution within
the 3TR QW-A design, on the Poincaré sphere (425 to 750 nm shown, spacing of 50 nm).

4. Achromatic and super-achromatic half-wave MTRs

Another important polarization element is the half-wave (HW) retarder, which transforms
to/from linear to another (rotated) linear polarization (lin-lin), sometimes used to accomplish
optical rotation. Similarly, HW retarders are sometimes used to transform circular to orthog-
onal circular (cir-cir) polarizations. Here we describe two classes of MTR HW designs that
accomplish both transformations. The most preferable 2TR and 3TR designs were found for
the bandwidths 450-650 nm and 400-800 nm, respectively, and are shown in Table 2. The
following results show that the normalized bandwidths of 2/3TR HW designs are similar to
the analogous QW MTRs (i.e., 37% and 75%, for the achromatic 2TRs and super-achromatic
3TRs, respectively). In this HW case, the analogous normalized bandwidth definition is the
wavelength range for which |S(1 or 3)|≥ 0.99, divided by the center wavelength.

4.1. Achromatic and super-achromatic half-wave MTRs (lin-lin)
Admittedly, a single twisted LC layer can accomplish rotation of linear polarizations over mod-
est bandwidths when the Mauguin [13] condition is satisfied. However, MTRs can be used
to achieve wider bandwidths at relatively smaller thicknesses. For lin-lin HW MTRs (“A” de-
signs), we assumed a horizontal linear input polarization, and set the target output polarization
as vertical linear (e.g., St = (1,−1,0,0)T ).

Table 2. Summary of 2TR and 3TR HW designs (lin-lin =“A” and cir-cir =“B”).

DESIGN φ0(◦) d1(µm) φ1(◦) d2(µm) φ2(◦) d3(µm) φ3(◦) S(1 or 3)(λ )

2TR HW-A −18.5 1.94 171 3.20 −62.4 - - −0.99
3TR HW-A 9.2 0.86 0 3.29 66.7 1.66 14.1 −0.99

2TR HW-B −3.4 1.56 69.7 1.56 −69.7 - - −0.99
3TR HW-B 47.3 1.1 76.4 2.27 0 1.1 −76.4 −0.99

#176332 - $15.00 USD Received 17 Sep 2012; revised 30 Nov 2012; accepted 3 Dec 2012; published 4 Jan 2013
(C) 2013 OSA 14 January 2013 / Vol. 21,  No. 1 / OPTICS EXPRESS  412
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APP reimages star onto lenslet 
array with single mode fibres

E.H. Por and S.Y. Ha↵ert: The Single-mode Complex Amplitude Refinement (SCAR) coronagraph

+phase plate
microlens

array
single-mode
�ber array

Fig. 6. The schematic layout of the proposed system. The phase plate
located in the pupil-plane alters the PSF that is imaged on the microlens
array. Each microlens focus is imaged on a single-mode fiber. An o↵-
axis source will be spatially separated in the focal-plane and its Airy
core will fall on a di↵erent microlens.

Table 1. The design parameters used for all SCAR designs throughout
this work. All SCAR designs generated with these parameters can be
found in Figures 7 and 8.

Parameter name Value
Raw contrast limit {1 ⇥ 10�4, 3 ⇥ 10�5, 1 ⇥ 10�5}
Spectral bandwidths {0%, 10%, 20%}
Tip-tilt errors 0.06�/D peak-to-peak
Microlens circum-diameter 1.8�/D
Microlens shape Hexagonal
Fiber mode shape Gaussian
Fiber mode-field-diameter 1.7�/Dmla
Pupil mask {unobstructed,VLT}

phase-only solution must therefore be a global optimum of both
problems.

The fiber coupling integral in Eq.1, or rather the amplitude
of the coupled electric field

Ecoupled =

R
E
⇤
inEsmdA

���
R

EsmdA

���
(5)

is still linear in the input electric field Ein, so we can apply the
same method here. We maximize the throughput of the central
fiber, while constraining the coupling through the specified o↵-
axis fibers. To counter the chromaticity mentioned in Sect. 2.2,
we constrain the o↵-axis stellar intensity at several wavelengths
simultaneously, which ensures that the contrast is attained over
a broad spectral bandwidth. Jitter resistance is kept in check in
a similar manner: the desired raw contrast must be attained for
several tip-tilt positions simultaneously.

In Fig. 7 we show a few examples of optimizations for 1, 3
and 6 fibers for a contrast of 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5

using a 0%, 10% and 20% spectral bandwidth, along with their
corresponding PSF and chromatic response. The design param-
eters are shown in Table 1. These design parameters were cho-
sen to show a variety of SCAR designs for realistic implemen-
tations. At the shown contrast limits, the residual atmospheric
speckles will limited the on-sky contrast, even after an extreme
AO system. The spectral bandwidths were chosen as wide as
possible, without compromising on planet throughput. The re-
sulting spectral bandwidths are large enough to apply spectral
cross-correlation techniques.

Note that in each case the optimizer prefers a second order
null. This second order null is much more stable against band-
width and tip-tilt jitter. The reason for this is explained graphi-
cally in Fig. 1. Furthermore, note that this second order null is
even present in monochromatic optimizations and in optimiza-

Table 2. The di↵erent throughput terms that are important for the SCAR
coronagraph. A distinction is made between theoretical and experimen-
tal terms. Experimental throughput terms will be non-existent with per-
fect manufacturing, while theoretical throughput terms are unavoidable.
Typical values in the visible are shown for each term.

Throughput term Typical values
Theoretical

Geometric lenslet throughput ⇠ 80%
Fiber injection losses 90% � 95%
Planet location 50% � 100%
Phase plate Strehl reduction 60% � 80%

Experimental
Phase plate transmission > 85%
Fresnel losses on the fiber ⇠ 90%
Microlens transmission > 95%
Strehl ratio of the AO system ⇠ 50%

tions without tip-tilt errors added. This means that the second-
order null requires less phase stroke to achieve and therefore
provides higher Strehl ratios.

As the optimizer can handle arbitrary apertures, optimiza-
tions for other aperture shapes are also possible. Figure 8 shows
optimizations for a VLT aperture for the same parameters as
for the clear apertures. The aperture was subject to a 1% binary
erosion, ie. undersizing the pupil and oversizing central obscu-
ration, spiders and other pupil features by 1% of the aperture
size, to accommodate for a misalignment in the pupil mask. Al-
though the overall structure is quite similar, there is one key dif-
ference compared to a clear aperture: the relative transmission T

is lower for all phase plate designs. This means that the relative
transmission depends strongly on the size of the central obscura-
tion. This is obvious as larger central obscurations strengthen the
first Airy ring and brighter features typically cost more stroke,
and therefore relative transmission, to change, similar to con-
ventional APP design. E↵ectively, this means that each feature
in the phase pattern becomes larger to compensate for larger cen-
tral obscurations.

We summarize the multitude of SCAR phase pattern designs
in Figure 9. This figure shows the total planet throughput ⌘p,
provided that the planet is located in the center of the o↵-axis
microlens. This throughput includes all theoretically unavoid-
able terms, but excludes all experimental terms. A summary of
important throughput terms are listed in Table 2.

In the rest of this paper, we consider the outlined SCAR de-
sign in Fig. 7 and 8 using a 10% spectral bandwidth for a con-
trast of 3⇥ 10�5. Although optimized for only 10%, this specific
design performs exceptionally well and a contrast of < 10�4 is
obtained for a spectral bandwidth of 18% centered around the
design wavelength.

4. Single-mode fiber coronagraph properties

In this section we show the properties of this new corona-
graph and perform parameter studies on the fixed parameters
in Table 1. We discuss the mode-field-diameter of the single-
mode fiber in Sect. 4.1, throughput and inner-working angle in
Sect. 4.2, the chromatic response in Sect. 4.3, the tip-tilt sensitiv-
ity of the SCAR designs in Sect. 4.4 and the sensitivity of other
modes in Sect. 4.5.
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Fig. 7. A series of optimizations for 1, 3 and 6 fibers on the first ring of microlenses for a clear aperture. The design spectral bandwidth were
0%, 10% and 20% and the contrasts 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5. A 0.06�/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8�/D. For each SCAR design we show the pupil-plane phase pattern, its corresponding point spread
function, its raw contrast ⌘s/⌘p as a function of wavelength averaged over the marked fibers and its relative transmission compared to the unaltered
PSF transmission. In this case, the unaltered PSF transmission was 78% of the total light input. The relative transmission T indicates the reduction
in throughput due to the inclusion of the phase plate in the system. The chromatic response shows the raw contrast after the single-mode fiber. The
second-order nulling on the fiber face is clearly visible in every design. In Table 1 we list the fixed and varied parameter in this figure. A summary
of the throughput of all SCAR designs can be found in Figure 9.
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Fig. 7. A series of optimizations for 1, 3 and 6 fibers on the first ring of microlenses for a clear aperture. The design spectral bandwidth were
0%, 10% and 20% and the contrasts 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5. A 0.06�/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8�/D. For each SCAR design we show the pupil-plane phase pattern, its corresponding point spread
function, its raw contrast ⌘s/⌘p as a function of wavelength averaged over the marked fibers and its relative transmission compared to the unaltered
PSF transmission. In this case, the unaltered PSF transmission was 78% of the total light input. The relative transmission T indicates the reduction
in throughput due to the inclusion of the phase plate in the system. The chromatic response shows the raw contrast after the single-mode fiber. The
second-order nulling on the fiber face is clearly visible in every design. In Table 1 we list the fixed and varied parameter in this figure. A summary
of the throughput of all SCAR designs can be found in Figure 9.
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Fig. 7. A series of optimizations for 1, 3 and 6 fibers on the first ring of microlenses for a clear aperture. The design spectral bandwidth were
0%, 10% and 20% and the contrasts 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5. A 0.06�/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8�/D. For each SCAR design we show the pupil-plane phase pattern, its corresponding point spread
function, its raw contrast ⌘s/⌘p as a function of wavelength averaged over the marked fibers and its relative transmission compared to the unaltered
PSF transmission. In this case, the unaltered PSF transmission was 78% of the total light input. The relative transmission T indicates the reduction
in throughput due to the inclusion of the phase plate in the system. The chromatic response shows the raw contrast after the single-mode fiber. The
second-order nulling on the fiber face is clearly visible in every design. In Table 1 we list the fixed and varied parameter in this figure. A summary
of the throughput of all SCAR designs can be found in Figure 9.
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Fig. 7. A series of optimizations for 1, 3 and 6 fibers on the first ring of microlenses for a clear aperture. The design spectral bandwidth were
0%, 10% and 20% and the contrasts 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5. A 0.06�/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8�/D. For each SCAR design we show the pupil-plane phase pattern, its corresponding point spread
function, its raw contrast ⌘s/⌘p as a function of wavelength averaged over the marked fibers and its relative transmission compared to the unaltered
PSF transmission. In this case, the unaltered PSF transmission was 78% of the total light input. The relative transmission T indicates the reduction
in throughput due to the inclusion of the phase plate in the system. The chromatic response shows the raw contrast after the single-mode fiber. The
second-order nulling on the fiber face is clearly visible in every design. In Table 1 we list the fixed and varied parameter in this figure. A summary
of the throughput of all SCAR designs can be found in Figure 9.
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Fig. 7. A series of optimizations for 1, 3 and 6 fibers on the first ring of microlenses for a clear aperture. The design spectral bandwidth were
0%, 10% and 20% and the contrasts 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5. A 0.06�/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8�/D. For each SCAR design we show the pupil-plane phase pattern, its corresponding point spread
function, its raw contrast ⌘s/⌘p as a function of wavelength averaged over the marked fibers and its relative transmission compared to the unaltered
PSF transmission. In this case, the unaltered PSF transmission was 78% of the total light input. The relative transmission T indicates the reduction
in throughput due to the inclusion of the phase plate in the system. The chromatic response shows the raw contrast after the single-mode fiber. The
second-order nulling on the fiber face is clearly visible in every design. In Table 1 we list the fixed and varied parameter in this figure. A summary
of the throughput of all SCAR designs can be found in Figure 9.
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Fig. 7. A series of optimizations for 1, 3 and 6 fibers on the first ring of microlenses for a clear aperture. The design spectral bandwidth were
0%, 10% and 20% and the contrasts 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5. A 0.06�/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8�/D. For each SCAR design we show the pupil-plane phase pattern, its corresponding point spread
function, its raw contrast ⌘s/⌘p as a function of wavelength averaged over the marked fibers and its relative transmission compared to the unaltered
PSF transmission. In this case, the unaltered PSF transmission was 78% of the total light input. The relative transmission T indicates the reduction
in throughput due to the inclusion of the phase plate in the system. The chromatic response shows the raw contrast after the single-mode fiber. The
second-order nulling on the fiber face is clearly visible in every design. In Table 1 we list the fixed and varied parameter in this figure. A summary
of the throughput of all SCAR designs can be found in Figure 9.
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T=63%
Robust to 0.1 lambda/D tip tilt error!



 SCAR APP tested in the lab



…and multi-fibre SCAR on the waymulti-fiber SCAR

courtesy: Sebastiaan Haffert



Adding holograms to make 
focal plane wavefront sensors

Wilby+ 2007



Adding holograms to make 
focal plane wavefront sensors

Wilby+ 2007



gvAPP+WFS for balloon experiment 
HiCiBaS in Aug 2018



vAPP for HiCIBaS

leakage term (F&F phase retrieval)

phase diversity spots

modal WFS spots



Conclusions

• Complex broadband phase patterns are 
now possible

• Rich diversity of designs realisable

• Combining coronagraphs and wavefront 
sensing in one optic

• Pushing up the TRL
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Fig. 7. A series of optimizations for 1, 3 and 6 fibers on the first ring of microlenses for a clear aperture. The design spectral bandwidth were
0%, 10% and 20% and the contrasts 1 ⇥ 10�4, 3 ⇥ 10�5 and 1 ⇥ 10�5. A 0.06�/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8�/D. For each SCAR design we show the pupil-plane phase pattern, its corresponding point spread
function, its raw contrast ⌘s/⌘p as a function of wavelength averaged over the marked fibers and its relative transmission compared to the unaltered
PSF transmission. In this case, the unaltered PSF transmission was 78% of the total light input. The relative transmission T indicates the reduction
in throughput due to the inclusion of the phase plate in the system. The chromatic response shows the raw contrast after the single-mode fiber. The
second-order nulling on the fiber face is clearly visible in every design. In Table 1 we list the fixed and varied parameter in this figure. A summary
of the throughput of all SCAR designs can be found in Figure 9.

Article number, page 6 of 13


