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ABSTRACT

The exoplanet direct imagers Gemini/GPI and VLT /SPHERE are built around extreme adaptive optics (ExAO)
to correct the atmospheric turbulence and the aberrations associated with the optical surfaces. However, ad-
ditional strategies are necessary to correct the non-common path aberrations (NCPA) between the ExAO and
science paths that can limit the instrument contrast performance. To perform an adequate calibration, we have
developed ZELDA, a Zernike sensor to achieve NCPA measurements with nanometric accuracy. We report the
results of a new design analysis that maximizes the dynamic range, and from laboratory demonstrations on the
LAM high-contrast testbed and on VLT/SPHERE during its integration.
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1. INTRODUCTION

The instruments Palomar/P1640," Gemini/GPI,?> and VLT/SPHERE? have recently been deployed on ground-
based telescopes to directly image and extract the spectrum of warm or massive, gaseous exoplanets which are
10° to 107 times fainter than their host bright star in the near-infrared. These instruments use extreme adaptive
optics (ExAO) to compensate for the atmospheric turbulence and coronagraphy to suppress the star diffraction
due to the telescope aperture.

However, the contrast performance of these instruments is limited by the presence of non-common path aber-
rations (NCPA) existing between the ExAO and the science path of the instruments. These residual aberrations
produce a halo of speckles in the coronagraphic field, making the observation of companions 106 times fainter
than their host bright star very challenging. NCPA are typically of the order of a few tens of nanometers and
require a calibration with nanometric accuracy to observe companions of one order of magnitude fainter.* With
SPHERE, a pointing error smaller than 0.5 mas rms was specified to ensure a satisfying centering of the star
image on the coronagraph and reach the scientific objectives of the instrument.® Results of recent on-sky tests
have showed excellent agreement with these requirements.®

Several post processing methods have been proposed to remove these speckles over the past few years.” !2

Instrumental concepts have also been developed to measure NCPA, relying on classical or coronagraphic phase
diversity methods,!>15 interferometric approaches,'®'® speckle nulling and wavefront control techniques'® 2!
or analysis of the light blocked by a coronagraph.??23 The Zernike sensor and its different flavors?* 27 also
constitutes a promising option to measure these small errors with the adequate accuracy. We have developed
the Zernike Sensor for Extremely Low-level Differential Aberrations (ZELDA) to perform NCPA measurements
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with nanometric accuracy in high-contrast imaging instruments,?® see Figure 1. Based upon the Zernike phase-
contrast techniques, this sensor uses a focal plane phase mask to produce interference between a reference wave
created by the mask and the phase errors present in the system. As a result, this sensor converts the aberrations
in the entrance pupil into intensity variations in the exit pupil.

To prepare for future potential upgrade of the current exoplanet direct imagers, we analyze the properties of
ZELDA to develop new designs with a maximized dynamic range, see Section 2. In our previous communications,
we reported first experimental results on the LAM high-contrast testbed,?? and we pursue our efforts with the
development of a closed-loop system, see Section 3. Work on ZELDA in VLT /SPHERE?? has also been persued,
and very interesting first results obtained during installation of the instrument at Paranal with a new mask
providing larger dynamic range are reported in Section 4. We finally discuss the next steps of the project.

Light propagation direction >
Entrance pupil Focal Exit pupil
plane A plane B plane C

Figure 1. Basic illustration of the ZELDA concept. Phase aberrations in the entrance pupil (left) are coded as intensity

variations in the exit pupil (right) thanks the interference with the reference wave created by diffraction at the Zernike
phase mask (centre).

2. ZELDA PROPERTIES

ZELDA performs a phase-to-intensity conversion that depends on the mask characteristics, i.e. the diameter d
and the depth which is related to the sensor phase delay 6. The principle and formalism of this Zernike sensor
were detailed in N'Diaye et al.?® We here derive some interesting properties from the formalism presented in this
paper to design new masks according to the specific application. In the following, A and D denote the wavelength
and the diameter of the telescope aperture. We recall the expression of the ZELDA signal Io as a function of
the phase error ¢ for a given pixel in the entrance pupil:

Ic = P? +2b%*(1 — cos @) 4 2Pb [sin ¢ sin § — cos (1 — cos 0)] . (1)

where P and b denote the amplitude pupil function and the amplitude diffracted by the focal plane phase mask
of diameter d. The term 6 represents the phase shift introduced by the mask.

For a typical mask size d = 1.06 \/D, a phase shift § = 7/2 and considering a normalized amplitude in the
entrance pupil P = 1, b ranges between 0.4 and 0.6 (see N'Diaye et al. Figure 3). In the following, we assume
0 =m/2, P=1and b= 0.5. The previous expression simplifies as follows:

Ic =1+40.5(1 —cosf) + [sinpsinf — cos p(1 — cosh)] . (2)

Figure 2 shows the ZELDA signal as a function of the wavefront error for a given pixel, considering masks
with three different optical path difference (OPD). The intensity received by a pixel depends on the WFE on the



location of that pixel with a sinusoidal function. However, the sinusoid is not symmetric about zero aberration,
giving rise to an asymmetric dynamic range defined by the monotonic range around zero. The limits of the
dynamic range is given by the changes of gradient sign of I, i.e. dIx/dp = 0. In the case of a classical /2 mask
depth (OPD=M/4), the dynamic of the sensor ranges between —A/8 and 3 \/8, as illustrated with the added
arrows in Figure 2.

This intensity function also varies with the mask design: a shallow mask has a symetrized dynamic range but
with reduced sensitivity (falling to zero for zero depth), and a deep mask, tending towards a Roddier & Roddier
phase mask coronagraph,3!~33 has reduced range, but a flux level at zero WFE tending towards zero so that the
photon noise associated with the detection of very low aberration levels could be made small. These interesting
aspects must be taken into account in the design of such sensors according to the specific application.
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Figure 2. ZELDA pupil intensity as a function of phase aberration for a given pixel. Intensity is normalized with respect
to the pupil intensity in the absence of mask. Curves are showed for different values of phase mask delay (values in the
legend indicate mask OPD in A). The dynamic range for the A/4 phase delay mask is underlined in this plot, showing
that phase ranging between —\/8 and 3 A/8 can theoretically be measured with this mask design.

3. LABORATORY DEMONSTRATION

ZELDA has been implemented on the High Dynamic-range Imaging testbed at LAM (Figure 3) and a first
experiment demonstrating its capacity to correct wavefront deformations in closed loop was conducted.?? In this
setup, ZELDA received a beam coming from an adaptive optics system based on an ALPAO deformable mirror
(DM), with a 5.5mm pupil covering the central 5x5 actuators of the 9x9 actuators mirror.

ZELDA measured the wavefront at a rate of about 0.1 Hz and calculated the corresponding slope map which
was fed back to the AO loop in the form of wavefront sensor reference slopes thanks to a specially made
Matlab interface. Calculation of the slope map was done using a control matrix obtained by singular value
decomposition (SVD) of the influence functions, made by imposing positive and negative pokes on the DM
actuators. Convergence towards a flat wavefront with less than 9nm rms residual wavefront error was reached
within two iterations, see Figure 4. Figure 5 shows the original and final wavefront as estimated by ZELDA.
This experiment allowed us to demonstrated the functionality of the sensor and its capacity to work in closed
loop together with an AO system.

4. PRELIMINARY RESULTS OF A PROTOTYPE IN VLT/SPHERE

As part of a strategy to improve SPHERE performance by implementing high-order NCPA calibration as a future
upgrade path, a prototype ZELDA mask has been installed in the infrared coronagraph wheel. A first version
was tested during initial assembly in France, but tests indicated that this mask, using a deep design with a small
dynamic range (see Section 2) was not suitable for practical operation in SPHERE.?°



Figure 3. The LAM High Dynamic range Imaging testbed. In the foreground, the source, deformable mirror, and wavefront
sensor operate in closed loop, launching an AO-corrected beam towards the coronagraph. Just before arriving at the
coronagraph, a beamsplitter sends part of the flux towards the Zernike mask and the ZELDA camera. In the science
path, the coronagraph is followed by a Lyot stop and a high-dynamic camera.
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Figure 4. Convergence of the wavefront error while running ZELDA as an on-line calibration sensor for a 5x5 actuator
adaptive optics loop. With initial calibration errors set to 13 nm, the final performance of below 9 nm was reached in two
iterations.

A new prototype was therefore manufactured and installed during integration of the instrument at Paranal
in April 2014. We here report on preliminary tests made before the first commissioning run of SPHERE in
May 2014. The new mask was designed to provide a larger dynamic range (200nm negative range in the H
band instead of 60nm) than the one original prototype thanks to a shallower mask profile (0.22A/D instead of
0.42)\/D), and was hence expected to be more linear and tolerant to NCPA, and less affected by dead actuators
in the DM.

By varying the reference slopes of the differential tip-tilt sensor located just in front of the coronagraph wheel,
the image of an internal point source was scanned across the ZELDA mask. A tilt ramp was thus created with
steps of 0.5 to 1 pixel of 12.5mas (0.3\/D at 1600nm). Analysis of these data was first done pixel-by pixel,
creating wavefront maps scaled in nm using the mathematical framework developed earlier.?® These maps were
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Figure 5. ZELDA images obtained during the LAM demonstration experiment before (left) and after (right) closed-loop
correction.

then decomposed on the Zernike polynomial basis, allowing quantitative study of the aberrations present and
the influence of the tilt ramp.

Figure 7 shows wavefront maps for two different tilt cases: near zero, corresponding to an estimate of the
wavefront seen by the SPHERE infrared coronagraphs (left) and the tilt produced by a 2-pixel (25mas) shift
of the source (right). As expected, the latter shows a considerable intensity gradient representing the tilt, but
also, towards the left in the image, an inversion of the gradient due to the limited dynamic range of ZELDA as
explained in Section 2. This feature imitates a cylindrical wavefront deformation, corresponding to a combination
of equal parts of defocus and astigmatism. Figure 8 shows a histogram representation of the variation of the
first Zernike modes during this ramp. The variability of focus and astigmatism is clearly seen, and we also see
smaller movements in other aberrations, in particular coma and trefoil, imitating the tilt ramp with a five times
smaller amplitude.

A closer look at these data is provided by Figure 9 showing estimated tip, tilt, focus and astigmatism
coefficients evolving with imposed tilt aberration. It confirms the linear behaviour of the tilt ramp for small
aberrations with a gradient slightly below unity, as predicted in our previous paper.?® The evolution of focus
and astigmatism is parabolic, with stationary values around zero tilt.

In Figure 10, the first 36 Zernike coefficients representing the wavefront for close to zero tilt is shown. Ignoring
tip, tilt and focus, which are minimized by the coronagraph alignment template before each observation, the
wavefront aberration at the infrared coronagraph of SPHERE is dominated by the two astigmatism terms (12
and 22 nm rms respectively) and reaches a total estimated wavefront error of 33 nm rms.

ZELDA in
coronagraph
wheel

y

Figure 6. Installation of a ZELDA prototype in the SPHERE coronagraph wheel in April 2014.
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Figure 7. Wavefront maps obtained on SPHERE with ZELDA in the H-band, for near-zero tilt (left) and 2-pixel (25mas)
offset (right). The scale is in nm. Data were obtained in May 2014.
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Figure 8. Representation of low-order Zernike aberrations as a function of tilt. The colour code indicates tilt values
expressed in terms of spot position in pixels on the SPHERE differential tip-tilt sensor within a 30x30 pixel window. The
tilt ramp is clearly observed, saturating as expected when the dynamic range is exceeded. Much smaller movements are
seen in other aberration terms, in particular focus and astigmatism showing a parabolic movement, and coma and trefoil
imitating the tilt ramp with a five times smaller amplitude.

5. CONCLUSION AND PROSPECTS

More thorough tests of ZELDA on SPHERE are programmed for fall 2014 with the aim to demonstrate reduction
of static speckles within the adaptive optics control radius. This is challenging, both in terms of algorithmic
interfacing with the SPHERE instrument control software, and in terms of measurement precision and impact
of DM defects, amplitude errors, etc. Compared with other methods for NCPA compensation and speckle
nulling techniques such as electric field conjugation (EFC) and its avatars?®:2! or coronagraphic phase diversity
(COFFEE),** which are also foreseen to be tested on SPHERE, major advantages of ZELDA are its rapidity
of measurement and simplicity of data processing. Indeed, while EFC requires several hours of calibration and
COFFEE typically takes ten minutes of computing time per iteration, ZELDA captures an image and calculates
corresponding phase maps in a few seconds.

Common for all these NCPA calibration methods is their inherent off-line nature: aberrations are measured
using an internal source at a given moment, and their validity over time relies on the stability of the instrument.
While the actual lifetime of speckles for SPHERE in the telescope environment remains to be characterized, an
estimation made during SPHERE cold tests®® estimated an evolution at a rate of 70 pm/min, indicating the need
for several calibrations per night. An interesting option offered by the ZELDA concept is to implement it in



100 ;

Measured aberration
(nm RMS)

-300 -200 -100 0 100 200 300 400
Imposed Tip (hnm RMS)

Tip Tilt —e— Defocus —e— Astig 3x — — - Tilt fit
Figure 9. The estimation of tilt with ZELDA is linear over a range of £100nm rms with a coefficient slightly below unity

as expected.?® The movement seen in tip is probably due to drift during the observation. The parabolic change in focus
and astigmatism is caused by the limited range of the ZELDA sensor, as discussed in the text. They are both stationary

around zero tilt.
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Figure 10. The first 36 Zernike coefficients in the plane of the infrared coronagraph of SPHERE, for near-zero tip-tilt
errors, as estimated by ZELDA.

parallel with observations by the aid of a beam splitter taxing a fraction of the science light.2® In SPHERE such
a concept is already implemented in the form of a differential tip-tilt sensor consisting of an auxiliary camera
located just upstream of the coronagraphic focus providing on-line calibration of the SPHERE tip-tilt loop at
about 0.1 Hz. Implementing ZELDA into this camera, as illustrated in Figure 11 would allow on-line calibration
of higher-order aberrations, providing ultimate performance for the instrument. An interesting operational mode
for this sensor would be to use it as a stabilizer for dark-hole configurations, possibly obtained using another
calibration method such as COFFEE.34:36

We are currently also developing a high-contrast imaging testbed at STScl to provide complete solutions
in wavefront sensing, wavefront control and starlight suppression with complex aperture telescopes.?” Recent
updates, including design overview and first-light results, are detailed in N'Diaye et al. this conference.?® This
testbed will include low- and mid-order wavefront sensors, possibly based on static (ZELDA) or dynamic Zernike
phase mask concepts.?”?® We have already designed and manufactured a ZELDA prototype for HICAT testbed
to measure wavefront errors in the presence of unfriendly apertures and perform segment fine phasing through
a coronagraph. Its implementation will be performed in the forthcoming year.

In the context of direct imaging and spectroscopy of exoplanets, ZELDA could find an application in the
future ELTs on the ground, probe-class missions,?? 4! WFIRST-AFTA and its coronagraphic module*? and the

post-JWST flagship mission ATLAST.*3
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Figure 11. Schematic showing a classical ExAO system (within the blue dotted line) feeding the coronagraph system.
Non common path aberrations occur both in the sensing arm (blue arrows) and science path (red arrows). The ZELDA
zernike sensor taxes light just upstream of the coronagraph ensuring minimal and stable differential aberrations.
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