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ABSTRACT

The objective of the PYRAMIR project is to complement the Calar Alto Adaptive Optics System - ALFA - with
a new pyramid wavefront sensor working in the near IR, replacing the previous tip-tilt tracker arm. Here we
describe the Science as well as the Technical motivation for such a system. The optical design will be presented,
discussing the particular requirements posed by sensing the wavefronts in the infrared like a cooling system for
the opto-mechanical components, etc. We will also talk about the components, like the IR detector we plan
to use - PICNIC, as one option, the successor of NICMOS3 from Rockwell, together with the AO-Multiplexer.
It is described how we expect to integrate the system into the optical, mechanical electronical and control
architecture of ALFA.

Keywords: Pyramid wavefront sensor, infrared wavefront sensing

1. INTRODUCTION

The pyramid wavefront sensor (PWS) as it was proposed by Roberto Ragazzoni in 1996 has been studied
extensively since then and eventually demonstrated in April 2002 that it can successfully drive the adaptive
optics module of the 3.5-m Galileo telescope on La Palma. One of the PWS's intrinsic advantages { it does not
divide the full telescope aperture optically into � (D=r0)

2 sub-apertures as it is the case for Shack-Hartmann
sensors (SHS) { can be used to increase its sensitivity once the PWS bene�ts from the Adaptive Optics as well as
the science camera (see section 2). If astronomers ask for wavefront sensors that can operate on infrared reference
sources and if the AO system is designed to deliver di�raction limited images in exactly the same wavelength
regime, then a PWS will outperform a SHS. In section 3 we describe the optical and opto-mechanical set-up for
such an infrared PWS. Section 4 outlines how we will integrate it into the ALFA system.

2. MOTIVATION

One of the basic limitations of natural guide star (NGS) AO systems is the achievable sky coverage: The
science target always has to be within the same isoplanatic patch as the guide star, i.e. one always needs a star
brighter than R � 12mag and closer than � 2000 (in K-band) to the science target. One of the possibilities to
overcome this limitation is the use of arti�cial, laser guide stars (LGS). However, after ALFA's LGS facility was
de-commissioned in 2000, a new device to extend the possible choices of sciences targets had to be created.

Sky Coverage The sky coverage of an AO system is the percentage of sky that can be observed while ful�lling
certain restrictions. We calculated the sky coverage for ALFA for the case of high-SNR operation, i.e. the Strehl
numbers are limited by photon noise on the wavefront sensor. This occurs for ALFA if a guide star is brighter
than mV � 12mag. In this case the sky coverage can be calculated as the area of � � (2000)2 divided by the
area of the sky. Instead of using the complete sky, we did the calculation on several galactic, extra-galactic, and
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Figure 1. Sky coverage (left) and sample coverage (right) for ALFA's visual WFS and PYRAMIR.

�elds of special interest, each 1Æ2 in size. Catalogue searches of the Tycho2 catalogue give the sky coverages
shown in Fig. 1: The coverage inside the galactic plane is generally about 1%, in extragalactic �elds roughly one
tenth of a percent. When comparing this to a similar calculation for an infrared sensor which is photon-noise
limited down to mK � 11mag�, we see that the �eld coverage increases by a factor of about 1.5, except for
special regions, where much higher increases can be achieved.

Sample Coverage These regions of special interest were one of the prime science drivers for the PYRAMIR
project: In galactic star forming regions, observations generally su�er a high extinction originating from large
amounts of molecular material enshrouding the newly born stars and e�ectively the complete star forming
regions. This results in a high reddening of stars inside these regions, i.e. most of the objects are invisible at
visual wavelengths but bright in the IR. The result of such a comparison can be seen in the right part of Fig. 1.
Here we compare a sample of ultra-compact Hii regions from Kurtz, Churchwell & Wood (1991),1 a sample of
young, massive stars from Chan, Henning & Schreyer (1996),2 and a sample of TTau and Herbig Ae/Be stars
for the two wavefront sensors. It can clearly be seen that for the massive stars, which generally develop faster
than low-mass stars and are thus more deeply embedded in dust for a considerable fraction of their lifetime, an
IR sensor increases the chances to observe such objects from practically zero up to a respectable 20%.

Technical Motivation - The Pyramid Principle Apart from increasing the coverage of MPIA science
cases, we also hope to increase achievable Strehl ratios and limiting magnitudes due to the principle of a
Pyramid sensor3 operating at a wavelength where the correction is most e�ective: A pyramid sensor bene�ts
from closed-loop operation to its intrinsic limitation only by the di�raction by the full telescope aperture
(whereas a Shack-Hartmann sensor is always limited by the lenslet sub-apertures di�raction e�ects).4 This
means the PWS works with higher sensitivity than the SHS. This allows to have a gain in limiting magnitude
of about 2,4, 5 this gain beeing even increasing with decreasing modulation amplitude.
Adaptive Optics Systems using a PWS have been already tested extensively in the lab6 and are already beeing
used on the sky.7

3. INFRARED PYRAMID WAVEFRONT SENSOR

The new wavefront sensor is beeing developed for integration in the Calar Alto ALFA AO system. It is going
to be used as an alternative to the Shack Hartmann sensor (SHS), which is currently in use and operated

�We currently estimate this to be the limit for PYRAMIR, but it is not yet an accurately calculated number.
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Figure 2. The CAD drawing of the ALFA breadboard, with all its optical and mechanical components. In the upper
left corner there is the cylindrical dewar where the optics of PyramIR is enclosed.

with visible light (CCD Detektor). The Pyramid wavefront sensor is going to work in the near-infrared, in a
wavelength range of 1:0�m � 2:4�m.

In Fig.2 we have a representation of the optical bench of the ALFA system, with the SHS and the new PWS.
The optical system of ALFA consists of two o�-axis paraboloids, in which the �rst images the telescope pupil
onto the DM, and the second re-images the telescope focus on the infrared camera. Since the re-imaged focus
is at the same position as the telescope's Cassegrain focus, the telescope can still be used without ALFA just
by sliding two mirrors out of the beam. The default focus of the telescope is F=10, which ALFA converts into
an F=24 focus. The DM was purchased from Xinetics Inc., USA. It has 97 PMN (lead magnesium niobate)
ceramic piezo actuators with a 2�m interactuator stroke. There are 11 actuators per diameter of the telescope
(3:5m).

The second folding mirror is used as a beamsplitter reecting the infrared light downward into the infrared
camera and transmitting the visible into the wavefront sensor arm, where it is directed into the SHS. This is
also the interface for the new PWS. The beamsplitter is going to be substituted, including a new changeable
mount in the mechanical design, where we can put 4 di�erent dichroics, each with a diameter of 70mm. This
means we are reducing the size of the beamsplitter by about 1=2 of the currently used ones. This diameter still
permits us to use the 0:0400 and the 0:0800 resolution, or in terms of FoV, the 4000 and 8000, from the infrared
science camera, Omega-Cass.8 The caracteristics of these beamsplitters are going to be discussed later in this
paper. The thickness of the dichroic is also going to be reduced from 10mm to 4mm of silica glass to reduce
static aberrations in transmission.

Fig.3 shows a detailed view of the optical design of the PWS. In the following we are going to describe and
explain the relevant optical components. To reduce further the static aberrations produced by the dichroic we
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Figure 3. The optical design of PyramIR done with the Zemax ray tracing program.

have positioned a tilted silica plate in the optical path.

The incoming beam is then transformed into an F=100 beam by a �rst system of lenses. The following com-
ponents of the system are going to be held at low temperature inside a dewar. After passing a �lter the light
transverses the second doublet. These lenses turn the beam telecentric, this means from every direction of the
�eld of view the beam is going to focus vertically on the pyramid. This is important so that at di�erent angles
of the �eld of view and with modulation of the beam the pupils still remain in the same position on the detector.

The pyramid, located in the focal plane of the F=100 beam, is a four sided prism of glass, transmissible in
the infrared. The angle of each of the sides with the horizontal is 1:5Æ. The angle was chosen taking into acount
the minimum angle possible to avoid any overlap of the 4 beams after the refraction through the glass, so as to
get a determined distance between the four pupil images and a certain size of every pupil image on the detector.
The edges, a very critical parameter, in cross-section diameter should not measure more than 10�m across.
This precision limits the lost light through di�raction to about 10� 14% for the wavelengths 1:0� 2:4�m. We
have found companies that can achieve the degree of precision we need. To obtain this precision the heigth of
the pyramid had to be 5mm in a �rst try. We have chosen the small angle of 1:5Æ, despite the critical tolerances
it imposes, to reduce the chromatic aberrations the light would su�er transversing the pyramid. The height of
the pyramid was also chosen to be as small as possible.

Immediatly before the pyramid we have put a �eld stop to limit the thermal background radiation falling
on the detector. This �eld stop will be changeable, so that there is the choice between di�erent diameters,
according to the position of the star in the FoV and the observing conditions.
After transversing another doublet the four pupil images are projected on the detector, on which they have a
size of 640�m each, corresponding to a diameter of 16 pixels. The positions of the pupils were chosen to be as
near as possible from each other to minimise the read-out time. For di�erent wavelengths we have a di�erence in
pupil position of around 1=10 pixel, which was achieved reducing the chromatic e�ects through an optimisation
of the system.

We were especially carefull to correct the system well for the static aberrations, so that the spot that falls
on the pyramid is only distorted by the atmosphere. With other wavefront sensors this is less crucial, because
the non-common path aberrations between science camera and wavefront camera can be calibrated out. This
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�lter wavelength/�m bandwidth/�m
J 1.25 0.3
H 1.65 0.3
K 2.20 0.4

Table 1. Filter wavelength and bandwidth for J, H and K bands

high optical quality is necessary in the PWS because we want to operate our system without dynamic modu-
lation,7, 9 and every distortion degrades the linearity of the system. A non-common static aberration would
degrade the performance because it would not be corrected, even in closed-loop.

The FoV of the sensor is going to be � 500 in both directions. This is going to be realised by a moveable
stage in x-y direction, where all the components of the system (from the dichroic on) are mounted on.

In case of need of modulation, because of high static coma or astigmatism or adverse atmospheric conditions, we
still have provided for a possibility of modulation through moving the �rst doublet in the plane perpendicular
to the axis. This has the e�ect of moving the focus on the pyramid, without changing the pupil position on
the detector. Moving it � 0:5mm we obtain a modulation of � 100. This would be a solution with a �xed am-
plitude, that can't be changed dynamically during measurements. With piezos we can achieve a range of � 0:200.

The IR array chosen for the system is the PICNIC from Rockwell. PICNIC is a 256x256 SWIR hybrid with
four independent quadrant outputs. The PICNIC device comes to replace by the NICMOS3 which has better
noise performance. The NICMOS and PICNIC devices are identical in unit cell size, number of outputs and
general architecture.

Thermical background estimation

The estimate of the thermical background noise was made for a 'worse case' situation, using our optical design.
We estimated the amount of thermic photons that would reach the detector pixel, if all the light would fall onto
one pixel only (what of course is never the case), coming through the �eld stop before the pyramid. We further
assumed that the PWS is located in an environment of 293 K temperature and calculated the black body ux
from such an environment that can optically enter the entrance window (ba�e) of the infrared sensor. The
result is nevertheless very low ( 150 Photons/s in a spectral band from 2{2.3 microns), and we will be limited
by the detector or the sky background noise.

4. INTEGRATION INTO ALFA

Beamsplitters

After passing ALFA the light is split between the science camera and the wavefront sensor arm by a beamsplitter
(BS). The visible/infrared BS mounted now is not usefull for our sensor, so we had to think about other
possibilities. One is to use a BS that splits the hole wavelength range, so that we get polychromatic light into
the sensor arm. This can be done with a 80=20% BS where 80% of the light goes into the sensor and 20%
into the science channel. The lower percentage of light can be compensated by integrating longer with the
science camera. We intend also to have also a 50=50% BS that can be used complementary. This solution
has necessarily to be accompanied by the use of �lters (for J,H,K bands) in front of the sensor, because of the
chromatically di�erent refraction in the atmosphere, that is considerably big at a zenith distance of 60Æ. For
the �lters speci�ed in table 1, we will have to limit the measurements to one band or to combinations of certain
bands, because with the full wavelength range 1:1� 2:4�m the dispersion is too high. The calculations where
based on a formula for the refractive index, depending on pressure, temperature and relative humidity of the
air.10 There will be a limitation to the bandwidths usable according to the zenith angle.
Instead or in combination to the speci�ed BS, we will have also dichroics for splitting the light. Combinations
are shown in table 2.
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Science PWFS
J, H K
(K J or H)
(J K, H)

Table 2. Dichroic beamsplitter combinations

Control Architecture and Real-time Computer

The integration of a second high-order wavefront sensor into the existing ALFA system will be done as smoothly
as possible. For that reason we selected a solution with a new realtime computer (RTC) instead of using the
existing one11 . At present we opt for a quad-cpu solution based on either Ultra-Sparc III or Pentium CPUs.
Two high speed interfaces are required, one to receive data from the pyramid wavefront sensor detector and
another one to send data to the deformable mirror controller. The operating system running on the new RTC
will depend on the eventually selected CPU hardware (either Solaris or a Linux variant). The ALFA system
uses a Cambridge Innovations deformable mirror controller able to control up to 349 channels of Xinetics Inc.
deformable mirrors. A �ber optic link will allow a suÆciently fast communication between the RTC and the
DM controller. At present we opt for a �ber optic reective memory interface with a transfer rate of up to
13.4 Mbyte per second. Such a solution requires the development of a new DM controller board that is able to
receive data from PYRAMIR's RTC as well as from the ALFA visible wavefront sensor RTC. A serial RS232
interface between a user workstation running the ALFA control graphical user interfaces and the DM controller
allows to tell the DM controller which wavefront sensor data to use.

To feed PYRAMIR's RTC with data from the PICNIC/AO-MUX detector we plan to use MPIA's standard

Figure 4. Schematic view of the PYRAMIR control architecture.
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camera interface from EDT Inc. This PCI-bus parallel interface (PCD60) has a maximum DMA transfer rate
of 60 Mbyte per second. An MPIA custom �ber optic gigabit link converts the parallel data into a serial stream
on the detector side and vice versa on the RTC side. Similar to the RS232 serial interface between the DM
controller and the user workstation, another RS232 serial interface between the RTC and the PICNIC/AO-MUX
readout electronics allows the control of integration time, bias control, triggering, windowing, gain selection etc.
of the infrared detector. Four CPUs will run CPU-locked programs to 1) communicate with the detector, 2)
communicate with the DM controller, 3) run the AO modal control system, and 4) run the entire PYRAMIR
graphical user interface as well as all other tasks to keep the system running. Data will be shared among the
processes via shared memory access.

PYRAMIR's control system will be quite similar to the existing one in ALFA.12 A modal control approach
using Karhunen-Lo�eve functions together with a proportional-and-integral (lead/lag) compensator will be the
standard set-up. Additionally, we plan to integrate a newly developed maximum-a-posteriori (MAP) phase es-
timator13 into PYRAMIR's control system as well as a linear-quadratic-gaussian (LQG) compensator (so called
optimal controller).14

5. FUTURE WORK

From the technical point of view the next steps that have to be taken for the developement of the IR-PWFS
are to work out a mechanical design, that perfectly integrates in the ALFA breadboard. Also the real optical
components, like the dichroics, lenses, �lters, etc. have to be �xed and ordered, as well as the mounts and all
mechanical components. There was made a big e�ort to �t the new sensor as smoothly as possible what means
that the implementation of the system, once the mechanics and optics are �nished, will not be too complicated
and time-consuming.
Planned are also the simulations for the estimation of the expected sensitivity of the sensor and the limiting
guide star magnitude, now that the optical design has been worked out.
Computer interfaces that connect the RTC with the PWS and the DM are currently investigated and a decision
will be made by the end of 2002.
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