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Both works show an enhanced sensitivity in closed
loop with respect to a SHS. This was also more
recently confirmed by detailed numerical simulations in the framework of the first-light AO system
of the Large Binocular Telescope [7]. Moreover,
the diffraction effects play an essential role in the
physics of the PWS which seems to be directly
sensitive, to a certain extend, to the wave-front
phase [8]. In this paper, I propose an analytical
study of the PWS in its original version with dynamic beam modulation, even though the exact
role of modulation still needs to be clarified [9]. In
the next section, I recall the geometrical model that
describes the PWS as a slope sensor with variable
sensitivity. Section 3 presents the derivation of a
simplified diffraction-based model for the PWS
following a similar method presented for a SHS
model [10]. Section 4 sheds new light on the nature
of the PWS measurements. Some new properties
in terms of error propagation are highlighted in
Section 5. Numerical simulations have also been
performed to illustrate some of the main results.
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Fig. 1. Left: Optical setup of a pyramid wave-front sensor.
Right: Path of a ray in a circularly modulated beam; the path in
dashed line is that of ray effected by a local slope.

per sub-aperture of the incoming beam. The path
traced on the top of the pyramid by a ray coming
from a given sub-aperture, effected by a local tilt, is
shown in Fig. 1. For this ray, the intensity transmitted by a given facet is proportional to the time
spent by the ray on it. The relation between the
signal and the wave-front slope can be derived
from simple geometrical considerations [11,12]
k d/
;
ð2Þ
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where a is the modulation angle and / the wavefront phase. Eq. (2), taken in the weak perturbation regime (small signals), describes the PWS as a
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1.2 Current Status of the MagAO System
The entire MagAO system passed a rigorous PDR (Dec 5, 2009) and an external CDR (May 28, 2009).
The PI and Co-Is relocated to Italy for half of 2011 and completed the Integration and Testing phase of
the project. All telescope interfaces (ASM mount, NAS mount, M2 cooling lines, etc) were successfully
tested at Magellan’s Clay telescope during a 4 night “fit check” run in Dec. 2010. Today all key MagAO
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systems have been fabricated, integrated and tested. All MagAO components (including observatory
software) have been “end-to-end” close-loop tested in the 14m Test Tower (see Fig. 2) in Italy by the PI
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where Ii ðx; yÞ is the intensity in the sub-aperture
located at ðx; yÞ in the quadrant i, integrated during a modulation cycle; I0 is the average intensity
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In this section, the analytical model for the SHS
[10] is recalled and a PWS model is derived following the same method. The main assumptions
are monochromatic light and infinite telescope
size. For both sensors, the measurements are
defined and the associated photon noise error is
given for the purpose of comparing the signal-tonoise ratios (SNRs) in the next section.
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The optical setup of a PWS is shown in Fig. 1.
The image of the reference source to be sensed is
focused on the top of a pyramid-shaped prism. A
tip-tilt mirror located in a pupil plane permits the
application of a dynamic displacement (circular in
general) of the image with respect to the pyramid.!
!
The role of this beam modulation is to increase the
linearity and dynamic range of the sensor. A pupil
re-imager is used to form images of the pupil relayed by the four facets of the pyramid, on the
detector. The signal is computed for each sub-aperture with the following formula (similar to a
quad-cell signal):
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The schematic drawing above (3b) outlines how our proposed VisAO and Clio2 cameras are co-mounted
and can be used simultaneously (if desired). No instrument changes are ever needed to switch between IR
and visible science. In the campaign/queue mode envisioned for MagAO one will not use VisAO if seeing
is poor, nor will any telescope time be lost since 1-5.3 m Clio2 science can be done in >90% of the
seeing conditions at Las Campanas --an excellent (median V=0.64” ) seeing site (Thomas-Osip 2008).
The schematic drawing above (3b) outlines how our proposed VisAO and Clio2 cameras are co-mounted
and can be used simultaneously (if desired). No instrument changes are ever needed to switch between IR
and visible science. In the campaign/queue mode envisioned for MagAO one will not use VisAO if seeing
is poor, nor will any telescope time be lost since 1-5.3 m Clio2 science can be done in >90% of the
seeing conditions at Las Campanas --an excellent (median V=0.64” ) seeing site (Thomas-Osip 2008).
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