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Abstract: Quasi-static errors in the science leg and internal AO flexure will be corrected.
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1. Introduction

The Adaptive Optics (AO) system of the Gemini Planet Imager (GPI) must achieve ambitious performance goals to
enable the direct imaging detection of extrasolar planets. As part of this, the AO system will run at up to 2 kHz with
44 subapertures across the Gemini pupil. Though substantial performance gains can come from high frame rates and
small subapertures, GPI’s AO system will use adaptive wavefront control methods to obtain the best performance
under changing atmospheric conditions. Furthermore, the sensitivity of the science image to small quasi-static errors
requires adaptive calibration of the AO wavefront controller. These two areas have been a focus of the preliminary
design phase of the GPI instrument. The core components of the AO system which are involved are shown in Fig. 1.

WFS

Interferometer

Steering 
mirror 

Calculate 
slopes

Manage 
slopes

FFT

Recon filter
Periodograms

Project out 
Tip/Tilt

Determine new TFs 
(each Fourier mode)

Temporal filters
(each mode)

Misalignment filter

Dereference 
slopes

Fourier 
modes to 

refs

Tip/Tilt/
Focus

WFS 
centering

Temporal 
filter

Periodograms

Determine new TF

Synchronous 
detection unit

to FFT-1, 
Woofer, 
Tweeter

to Woofer, 
TT stage, 

M2

Tip/Tilt path

to Tweeter

Fig. 1. Conceptual block diagram of the relevant portion of the GPI AO control system. Light grey elements on
the left side execute adaptive calibration of the AO system. Dark grey elements on the right implement adaptive
wavefront control based on atmospheric statistics.



2. Adaptive temporal filtering of Fourier modes

At each time step, the wavefront is reconstructed with the Fourier Transform Reconstruction (FTR) [1]. In the figure,
this is the center column of white elements. In addition to substantial computational efficiency, Fourier modes are
desirable for controller optimization. As clearly expressed in the PSF expansion [2], at high Strehl ratios, the spatial
frequencies (i.e. Fourier modes) of the phase aberration directly correspond to scattered light at spatial locations in the
PSF. This means that optimization of each Fourier mode leads to optimization of each spatial location in the science
image. Under the assumption of wide-sense-stationarity of the random processes of the atmosphere and WFS noise,
the Fourier modes are uncorrelated with each other. This can be exploited to allow independent temporal filtering of
each Fourier mode without consideration of modal correlations.

System telemetry is analyzed to determine the best temporal filters. After reconstruction, the residual phase (in the
form of complex-valued Fourier modal coefficients) is buffered. The temporal PSD for each Fourier mode is estimated
with the periodogram method from the last few seconds of data. The temporal characteristics of the atmosphere are then
used to determine the best temporal filter for each mode. These temporal filters are implemented in the Fourier domain
and produce the best estimate of the full phase which must be compensated. This full phase is then compensated in a
Woofer-Tweeter arrangement with a MEMS mirror and a low-order DM [3].

GPI’s baseline adaptive filter is determined by modal gain optimization (developed by Gendron and Léna [4]) of a
leaky integrator. When used with FTR, this method is termed Optimal Fourier Control (OFC) [5]. OFC rapidly (at up
to ∼ 2 Hz) determines the optimal gain for each mode based on the atmospheric signal and WFS noise power levels.
The varying levels of power in the atmosphere, when coupled with discrete layers moving in different directions,
require a large range of optimal gain as a function of spatial frequency [6]. In addition, OFC can compensate for any
uncalibrated gains due to MEMS influence functions.

We have recently developed a predictive temporal filtering scheme, termed Predictive Fourier Control (PFC) [7].
This method generates predictive filters under the assumption of frozen flow atmospheric turbulence. PFC builds upon
the Kalman filtering formalism for closed-loop AO control that was developed by Le Roux, et al [8]. Under frozen flow,
each layer of turbulence produces a narrow spike in the temporal PSD of a given Fourier mode. This concentration
of power in a narrow region allows accurate detection of layers from closed loop telemetry. When coupled with the
Kalman framework, the optimal predictive filter has a compact form which effectively notches out each atmospheric-
layer peak. The exact coefficients for each predictive filter are determined by an iterative solution of the algebraic
Riccati equation. Compared to the performance of a generic (unoptimized, unadaptive) controller, OFC reduces the
scattered light everywhere in the PSF. When a dominant wind layer is present, the residual error forms a ‘butterfly’ or
‘hourglass’ shape in the PSF. The prediction of PFC removes this characteristic shape, leaving a PSF which is radially
symmetric and has no evidence of wind direction. In addition, PFC has lower noise propagation than OFC. While OFC
fits easily into GPI’s baseline off-the-shelf (OTS) control computer, PFC would require between 1 to 2 GFLOPs/sec
from the computer, depending on the number of layers. This amount may push the limits of current OTS technology.

Tip and tilt will always be removed from the main FTR/adaptive filtering path. They will be controlled separately
adaptive temporal filtering. In particular, this should allow for the reduction of vibration, as has been recently experi-
mentally demonstrated by Petit, et al [9].

3. Adaptive calibration

Dynamic errors which the AO system corrects will not be the limiting factor in final GPI science image contrast.
Instead, chromatic errors and the slowly-varying phase errors which the AO system either causes (due to uncalibrated
instrument flexure) or cannot fix (errors in the science leg) will limit performance. This is the motivation for the built-
in calibration system of an interferometer in the science leg of the instrument [10]. The interferometer will provide
measurements of the slowly varying phase aberrations present in the science beam after the final pupil stop in the
apodized Lyot coronagraph. The calibration unit will provide the AO system with tip, tilt and focus measurements,
and a spatial map of residual phase errors on the same sampling as the MEMS actuator grid. Interferometer data will
be used in two ways to update the calibration of the AO system.

First, reference slope values will be manipulated. For low-order modes the values of the reference slopes which
are necessary are simple: tip and tilt correspond to a constant offset in the slopes, and focus to a linear term. For the
higher-order spatial mapping of the residual phase error, a Fourier algorithm is used. This algorithm is in essence the
inverse of FTR. For each of the x- and y-slopes, a filter is applied which captures the measurement process of the
Shack Hartmann (see [5] for a specification of such a filter). Any additional filtering, such as fine x- and y-alignment,
or compensation for a known linear process in the interferometer’s measurement, can be done at the same time. The



new values are added to the present reference slopes in a sensible fashion. We have demonstrated the use of this
algorithm at the UCSC LAO Extreme AO testbed [11]. We have verified that this calibration method can be used to
manipulate the science residual phase at the sub-nm RMS level, and to correctly fix errors.

The second method of calibration is actually an adjustment of system alignment using steering mirrors. In particular,
tip, tilt and focus can be compensated for given optics which exist in the AO system. This type of correction is
especially important for tip and tilt. Because the WFS uses 2×2 pixel quadcells, there is a limit on the linear range of
the WFS. If the reference slopes are too large, the WFS will operate off-null and push actual slope measurements of
the dynamic atmosphere out of the linear range of the WFS.

Flexure can manifest as a dynamic error, wherein the quality of AO correction is reduced. An example is a drift of
the MEMS actuators relative to the WFS lenslet array. This will produce not a quasi-static error but a small increase
in dynamic error in the system. It will be possible in GPI that flexure-induced misalignments will lead to reduced
AO performance, making the dynamic error terms significant. Detection and correction of dynamic errors requires a
method separate from the calibration interferometer. Instead, the AO system itself will be used. The alignment of the
pupil to the WFS will be tracked with the WFS intensity measurements. Alignment of the lenlets to the MEMS will
be done by injecting known patterns (with both spatial and temporal characteristics) onto the MEMS and analyzing
the resulting AO telemetry. Such an approach, in a static manner, is used to align the AO system. For GPI we have
developed a robust optimization algorithm [11] which uses two different Fourier modes placed on the mirror to estimate
the registration between the MEMS actuators and the lenslet array.

The method of synchronous detection [12] is a prime candidate for enabling such calibration during closed-loop. In
this method, the desired signal on the MEMS is modulated temporally, which enables closed-loop on-sky operation.
The resulting AO telemetry is demodulated and then processed as required. For GPI it remains to be determined
whether or not it is necessary to monitor lenslet-MEMS registration during science imaging. Instead, we have adopted
a baseline strategy of injecting signals during the regular intervals where the science instrument is shuttered, but the
AO system remains in closed loop. Lenslet-MEMS registration will be monitored and then corrected by adjusting
physical items (e.g. steering the pupil with mirrors) or by using a misalignment compensation filter [13].
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