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ABSTRACT

A new wavefront sensor based on the pyramid principle is being built at MPIA, with the objective of integration
in the Calar Alto adaptive optics system ALFA. This sensor will work in the near-infrared wavelength range (J,
H and K bands). We present here an update of this project, named PYRAMIR, which will have its first light
in some months. Along with the description of the optical design, we discuss issues like the image quality and
chromatic effects due to band sensing. We will show the characterization of the tested pyramidal components
as well as refer to the difficulties found in the manufacturing process to meet our requirements. Most of the
PYRAMIR instrument parts are kept inside a liquid nitrogen cooled vacuum dewar to reduce thermic radiation.
The mechanical design of the cold parts is described here. To gain experience, a laboratory pyramid wavefront
sensor was set up, with its optical design adapted to PYRAMIR. Different tests were already performed. The
electronic and control systems were designed to integrate in the existing ALFA system. We give a description of
the new components. An update on the future work is presented.
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1. INTRODUCTION

The PYRAMIR instrument is a wavefront sensor based on the pyramid principle,1 which will be implemented
in ALFA complementing the existing adaptive optics (AO) system. In the last years pyramid wavefront sensors
(PWS) have been studied in laboratory, through simulations as well as on the telescope.2–6 PWSs are also
being implemented in other AO projects for telescopes, like the Large Binocular Telescope (LBT)7 and the
CHEOPS/Planet-finder for VLT.8 They are expected to achieve increased sensitivity in closed loop, enhancing
the limiting magnitude,9 when compared to a Shack-Hartmann wavefront sensor with the same configuration.
To achieve the highest sensitivity, which is expected with very small or no modulation, PYRAMIR was designed
to work without modulation. Even so a back-up solution exists to move the focus of the beam over the pyramid
by moving the first doublet lens (see Fig.1). The role and need of modulation3, 10 have been discussed, and the
modulation effect of the atmosphere has been analysed.11

At present the existing wavefront sensor in ALFA is a Shack-Hartmann working with visible light. The
new PWS is designed to work in a near-infrared wavelength range, extending the achievable sky coverage and
especially the sample coverage. To be observed with AO, the science target has to be within the same isoplanatic
patch as the natural guide star, if a laser guide star is not used. A comparative estimation of the sky and
sample coverage of the existing visible wavefront sensor with the new PWS has been done.12 It shows an
increase by a factor of about 1.5 for galactic regions of interest, while in special regions the increase can be much
higher. Within these are galactic star forming regions, where many of the objects can not be observed at visual
wavelengths, due to the molecular material surrounding the newly-born stars and the hole region. These objects
are often bright in the infrared and open the possibility of AO in these regions.

The motivation from a more technical point of view is that in the ALFA system the spatial sampling of the
wavefront (0.35 m due to the deformable mirror (DM) subaperture size), as well as the temporal characteristics
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Figure 1. The PYRAMIR optical design, starting with the new dichroic, which splits the infrared light into the sensor
after passing the first components of ALFA.

of the adaptive optics loop (f=100-200 Hz), allow higher Strehl ratios in the infrared, and therefore a better
bootstrapping, so that the loop can be closed. This happens on one side because the r0 in the infrared ranges
from 0.5-1.0 m, while in the visual it is approximately 0.1 m. On the other side, the proportionality of the
Greenwood frequency fG ∝ λ−6/5 allows a longer integration time at longer wavelengths. This, together with
the fact that the PWS has a higher sensitivity than the Shack-Hartmann once the loop is closed,9 explains the
high potential of this wavefront sensor for the ALFA system.

2. OPTICS

PYRAMIR was developed for integration in the existent adaptive optics system ALFA, as alternative to the
existent Shack-Hartmann sensor working with visible light.

The ALFA optical design Briefly, the optical design of ALFA13 consists of two off-axis paraboloids. The
first images the telescope pupil onto the deformable mirror, the second re-images the telescope focus on the
infrared science camera at the same position as the telescope’s Cassegrain focus. The F-ratio is changed from
F/10 without ALFA to F/25, when using adaptive optics. Before focussing on the science camera, part of the
light is split. When using the visible wavefront sensor, the infrared light is reflected to the science camera and
the visible light is transmitted to the WFS.

The PYRAMIR optical design A schematic representation of the PYRAMIR optical design is represented
in Fig.1. For PYRAMIR the visible/IR beamsplitter has been substituted. There will be installed two new
dichroics: one JH/K, which transmits J and H bands to the science camera and K band to the WFS, the
other K/JH, respectively splitting the light. A choice of wavelength-unsensitive beamsplitters, like 10/90% and
80/20%, will be used standardly, the first one to use the wavefront sensor for faint objects at the expense of
longer integration times on the science camera. The dichroics have a diameter of 70mm, approximately half of
the previous ones in ALFA. The thickness of this dichroics was also reduced from 10 to 4mm, to reduce the
non-common path static aberrations. Since the dichroic is mounted in an angle of 45 degrees, the resulting
aberrations and shifts obtained in transmission had to be compensated with a silica compensator plate.

The WFS will work is J, H and K band. For this reason the optical design was optimized for the range
of 1.0 − 2.35µm. The field of view has a 4′′ diameter. For dithering the infrared science field by moving the
telescope, the PWS can be moved through a x-y-stage by ±5′′ to follow the reference star.

To correct the system for the static aberrations produced by the dichroic, which can affect the performance
of the system, degrading the linearity of the sensor,14 a tilted silica plate is positioned after the dichroic. The
static aberrations remaining in the systems optical design are mainly chromatic (for a quantitative analysis see
Fig.2 and the next paragraphs). The non-chromatic errors were reduced to 0.05λ.
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3.3micron

Figure 2. In this figure one of the four pupils on the detector is represented. The pupil diameter is 320 µm. The interior
square with 320 µm side length corresponds to 20 pixels on the detector. The represented image is in H band, for the
complete field of view. In the small square a zoomed extract of the pupil is shown. We see the quality of the image, which
is 3.3 µm for this band, along the full field of view.

The layout of PYRAMIR consists basically of a combination of two doublets, which focus the beam on the
tip of the glass pyramid. The F/24 beam of ALFA is transformed in a F/100 beam. The full correction for static
aberrations and the telecentricity is only achieved in combination with the second doublet. The latter is required
because a shift of the PWS in the field would otherwise slightly change the angle of incidence on the pyramid.
PYRAMIR’s optical components are partially outside the dewar. As can be seen in Fig.1, the first doublet, a
cemented CaF2/FusedSilica lens with 20mm is at ambient temperature, the second, an spaced CaF2/FusedSilica
combination with the same diameter, is already inside the dewar in the cold environment at 77K. The dewar
window out of fused silica has a thickness of 3mm. The calculated bending through vacuum (5.9µm) and the
therefore resulting radius of curvature (34000mm) is negligible. Also in the cold environment, before the second
lens group, a filter wheel allows to choose the wavelength range for the sensor. This is a necessary complement
to the first dichroic due to the chromatically different refraction of the atmosphere, especially at larger zenith
distances.12 The thickness of the filters is 3mm, the diameter is 1 inch.

In the focal plane lies the tip of the pyramid, which separates the light in four beams. It consists of a foursided
fused silica prism, transmissible in the infrared. The angle of each of the sides with the horizontal is 1.5◦. This
angle, together with the specification for the tip quality of 10µm, was very difficult to achieve. Despite the
considerable difficulties found in the manufacturing process, we have now characterized very promising pyramids
(see section 3). The thickness of the pyramid is 5mm. Together with the small angle this reduces the chromatic
aberrations of the light traversing.

Immediately before the pyramid a field stop limits the FoV and therefore also the background from the sky.
This field stop will be changeable, ranging from 2−10mm diameter. The effects on this stop on the performance
of the PWS has been tested through simulations and lab-experiments,15 with the setup described later in this
paper.

The spaced triplet of CaF2/Fused Silica/LiF forms the four pupils on the detector. The separation was made
as small as possible, to minimize readout time. In the actual design they have 40 pixel diagonal center to center
distance. Each of them has a diameter of 320µm. This diameter corresponds to 18 pixels on the detector,
a Hawaii-1 with 1024 × 1024 pixels (18.5µm × 18.5µm) from Rockwell. This detector has previously worked
in Omega Prime at Calar Alto Observatory. It has been tested at MPIA16 and it meets the requirements of
PYRAMIR in terms of read-out noise and high frame rate. In future it is planned to upgrade PYRAMIR with
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Figure 3. Modulation transfer function for the system imaging the DM on the detector. The diffraction limit is also
represented in the plot. The frequencies are transferred almost diffraction limited at the center of the DM. For a more
detailed discussion see the text.

the AO-Mux from Rockwell. This update is possible without changing the optics, only changing the detector,
having instead 8 pixel per diameter pupils. One of the four pupils is plotted in Fig.2. The quality of the image
ranges from 3.3µm in H-band, 5.5µm in J-band to 7.4µm in K-band. This quality corresponds to a quality of
1/10 pixel to 1/5 pixel for the AO-Mux, for which the design was originally planned.

The analysis of the quality of the re-imaging of the deformable mirror on the detector can be done through
the modulation transfer function (MTF) of the optical system, which starts with the DM in the ALFA adaptive
optics system, has as limiting pupil the field stop in front of the pyramid and images the DM on the detector.
The MTF for a field stop of 8mm diameter is shown in Fig.3. Having 10 mirror actuators per diameter, these
will be imaged with 32µm per actuator on the detector. This corresponds to a frequency of 31 cycles/mm. The
contrast of the transmission of this frequency ranges from almost diffraction limited at the DM center to 35% at
the edge. The diffraction limit lies at 50%.

3. PYRAMID CHARACTERIZATION

One critical component of this wavefront sensor is the glass pyramid, which separates the light into four beams.
The edges and the tip of this pyramid have to satisfy certain specifications to avoid the loss of light, which could
affect the limiting magnitude that this sensor should achieve. Especially because the sensor is supposed to work
without any modulation, all the light will be focussed on the pyramid tip. The specification for the tip and the
edge-sizes was 10 µm. We estimated, that the light loss through the edges, for a F/100 beam, would stay below
10 − 14% for the working wavelength range.

Achieving the small angle required (1.5◦) and the small edge size has been a challenging task for the polishing
process. We tested many pyramids produced by different companies. The main problems we encountered were
big roof sizes, broken pieces at the tip, and deeply scratched surfaces. Some materials with low dispersion and
high near-infrared transmission were too soft, breaking easily. The material choice was at the end fused silica, a
glass with high transmission in the near-infrared bands. The silica pyramids we have now for PYRAMIR have
been observed with a light microscope, allowing as a rough estimate, that the tip quality is at least comparable
to the BK7 pyramid, that we used in the laboratory setup for testing purposes.

This BK7 pyramid was also manufactured by the same company and we have characterized it using a pro-
filometer (Tencor P-10). With this instrument we scanned the surface of the pyramid in two perpendicular

1192     Proc. of SPIE Vol. 5490

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/14/2015 Terms of Use: http://spiedl.org/terms



Figure 4. Measurements done with the profilometer. On the left is shown the surface plot of the pyramid, on the right
one of the line scans is plotted. The dotted lines show the fits for angle estimation and for tip size estimation. All axes
are in µm. For explanation and results see text and Tab.1.

directions, along the roof and perpendicular to it. This allows to plot the surface height (see Fig.4) and to
estimate the size of the roof at the tip as well as to determine the angle of the pyramid sides to the horizontal
(with the assumption that the angle has the same value on the two facing sides). We defined the tip as the
region, where the surface differs more than 0.1µm from the tangent plane on both sides of the scan cut on each
of the four pyramid sides. The measurement principle is exemplified in Fig.4 and the results of two independent
measurements with two different profilometers are tabulated in Tab.1. We suspect that the measurement(b),
with the estimated bigger tip size, is correct. Measurement (a) had some problems due to a small scan region
in one of the directions. In any case, as next step, the BK7 and the silica pyramid will be characterized by the
same method again.

4. LABORATORY SETUP

The laboratory setup was designed and built with the main objective of gaining experience on building a pyramid
wavefront sensor system, in matters like optical adjustment techniques and optical quality tests (of the pyramids,
for example), software routines for calibration and reconstruction and closed loop behavior in non-modulated
regime. For this purpose the optical setup is similar to the one of PYRAMIR in some aspects. A detailed
description of the setup is described in another paper,14 so we will only describe it briefly here.

The light source for our pyramid wavefront sensor in the laboratory setup, as sketched in Fig.5, is the He–
Ne laser connected to the µPhase 2 HR Digital Compact interferometer from FISBA Optik, providing a light

Table 1. Characterization of the pyramid used in the laboratory setup, manufactured by the same company, which
delivered us the silica pyramids for PYRAMIR.

Material BK7
Shape Square
Size 1.5mm × 1.5mm

Height 5mm
Angle 0.57◦

Surface Quality < 0.1µm
Tip Size (a) 3.5µm × 19µm
Tip Size (b) 18.5µm × 46µm
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Figure 5. The laboratory setup.

beam with a wavelength of λ = 632.8 nm, used with an objective which has an aperture diameter of 50mm. A
field stop with 9mm determines the diameter of the beam. The parallel light beam illuminates our deformable
mirror (OKO Technologies membrane deformable mirror with 15mm diameter and 37 actuators), wherefrom it
is reflected back to the interferometer, so that the actual shape of the mirror can be seen at any time. The
deformable mirror is held at approximately half the dynamic range, to have the ability of deformation in both
directions. In this configuration the shape of the mirror provokes a static defocus, which is corrected optically
in the design. The static aberrations left are corrected through a flattening routine. Through a beamsplitter
the light coming from the DM is separated into the WFS. A tip-tilt mirror (an ultra-fast piezo tip-tilt platform
(S-330) including a circular mirror with 25 mm in diameter from Physik Instrumente (PI) GmbH Germany)
allows us to use the system also with modulation, as in previous setups.2 The voltage range from 0 − 100V is
divided into values of 0 - 4095 digital units which were applied to the electronic device. The beam was aligned
on the optical axis with the mirror set to 2048 digital units, permitting a tilting range of 5 V in each direction.
Two lenses form a F/170 beam, which is focussed on the tip of a glass pyramid (characterized in section 3).
There is the choice of positioning a field stop immediately before the pyramid. The four beams are re-imaged
on a CCD (a DVC–1412 Camera from CHROMAPHOR Analysen-Technik GmbH) through a third lens. This
CCD has a high resolution of 1392(H) x 1040(V) pixels with a pixel size of 6.45µm x 6.45 µm in square format.
Each of the four pupils has a diameter of 80 pixels and is binned to 8 pixels per diameter. The camera and the
DM are in conjugated planes, as well as the first 9mm stop, due to the fact that we have parallel light, as was
checked in the optical design of the setup. From the intensity distribution in the four pupils we calculated the
signals in the usual way.

To introduce aberrations into the system, as well as to correct them afterwards, we used the DM. For the
calibration process we calculated the commands that should be given to each actuator to reproduce Zernike
modes on the mirror surface. The signals obtained were directly used to construct the interaction matrix and
through SVD the reconstruction matrix was computed. To correct the aberrations introduced into the system,
the calculated aberrations from the PWS signals (by multiplying the signals with the reconstruction matrix)
where transformed into mirror commands and applied to the mirror, after multiplying them with a gain factor
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Figure 6. A section through PYRAMIR.

in closed loop measurements. To check the correction achieved, the interferometer image of the DM was used.

The setup was used to see the effects of the edges of the pyramids we tested on the four-pupil images. We were
able to calibrate the system and close the loop without modulation (for comparison we also did measurements
with modulation) having static aberrations introduced into the system by the DM.14 The effect of the spatial
filter just before the pyramid has been tested with this laboratory setup and is described elsewhere.15 The
routines for calibration and reconstruction have been developed and are helping in the development of the
PYRAMIR software.

5. MECHANICS

Most of the optical and mechanical parts of PYRAMIR are situated inside the vacuum dewar, see Fig.6. This
dewar has two liquid nitrogen (LN2) tanks (volume 4.8 and 1.4 liters) which are designed in a way that nitrogen
cannot drain off at any telescope orientation, if they are filled up only half. To guarantee a holding time of at
least 27 hours three nested radiation shields are used. Two of them are thermally connected with one of the
LNs-tanks each, the third shield is only passively cooled by the cold exhaust gas of the tanks. The cold plate is
mounted directly on the inner LN2 tank and is so cooled to a temperature of 77K. The dewar in principle is a
diminished copy of the Omega200017 cryostat, which has proven to work very well. Three sets of spacers, made
from glass fiber reinforced plastic separate the warm and cold structure and allow the cold parts to shrink and
move in respect to the warm vacuum vessel during cooling-down. The cryostat is about 950mm long and has a
diameter of 216mm, the total weight including nitrogen is about 30Kg.

There are three motor driven elements inside the dewar. These are the filter wheel, the mask wheel and
the detector z-stage, which allows the detector to be moved along the optical axis by ±1mm. Since all these
elements work at a temperature of about 77K, we use Phytron cryogenic stepper motors together with modified
Harmonic Drive gears (reduction ratio 80:1) which are almost free of backlash.18 Each filter wheel position can
be checked by a set of micro switches.

The wheels, both cold lens groups and the pyramid are mounted to thin-walled cylindrical supports that are
piled up on each other. All these supports together also serve as the inner radiation shield.

The five cold lenses have a diameter of 20mm and have 40◦ chamfers on both sides. They are mounted in
aluminum mounts having the same kind of chamfers. This is necessary to compensate the mismatch of thermal
expansion between the lens and the mount material during cool-down and warm-up of the optics. So the lenses
can slide on the chamfers. This method is described in detail elsewhere17 for much bigger lenses, it works
excellently in Omega2000.

Due to its rectangular shape, the pyramid is mounted by six copper-beryllium springs, see Fig.7.
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Figure 7. The cold triplet in PYRAMIR.

6. SIMULATIONS

The simulations of the PYRAMIR system were done using a model of the instrument programmed in IDL
(Interactive Data Language, by Research Incorporated). The model contains all key-features of the system,
which are:

The telescope and optics which in this model are represented only by a transmission factor of 0.45. No static
aberrations were applied in the simulation described here.

The DM The deformable mirror, with its sampling of 10 actuators across the aperture, and its finite resolution
and stroke.

The pyramid A pyramidal prism with a pin-hole of 3′′ diameter in front. In this simulation no imperfections
of the pyramid’s shape were taken into account.

Telescope transmission (incl. ALFA) 0.45
Static Strehl ratio 1.0

No. of DM actuators 100
DM act. stroke 10 µm

Pin-hole diameter 3”
Aperture sampling on detector 17 pix

Detector quant. eff. 0.6
Detector flat err. 1×10−4

Detector read noise 15 e−

Detector gain 5
Seeing (K) 0.5′′

τ0 (K) 15 ms
No. of calibrated modes 9, 20, 35

AO loop frequency 50 Hz, 100 Hz, 150 Hz
Filter K

Sky background 17 mag per square arcsec
Guide star mag 6, 8, 9, 10, 11, 12, 13, 14

Table 2. The simulation parameters.
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Figure 8. Here we show the results of the simulation. We see the resulting average Strehl ratio for closed loop corrections
with different star magnitudes. This simulations were done for a system calibrated with 9, 20 and 35 modes and for three
different loop frequencies.

The detector with its flat-field accuracy, read-noise, dark-current, sensitivity, etc. In this case, it was assumed
that the four aperture images match perfectly onto the pixel grid.

A summary of the simulation parameters is given in Tab. 2 and the results are shown in Fig. 8. From the
plot we predict that the limiting star magnitude will be 12 for the system working in the conditions simulated.

7. ELECTRONICS/CONTROL

The new infrared wavefront sensor will be integrated into the ALFA adaptive optics system, as an alternative to
the visible Shack-Hartmann system. For this process to be as smooth as possible, we decided to use a new real
time computer (RTC), instead of using the existing one. It is a Primergy R450 4-way rack server, which has two
high speed interfaces, one to receive data from the camera read-out electronics and another one to send data to
the deformable mirror electronics, as can be seen in Fig.9. The first will be a Gigabit fiber link, the latter will
be a reflective memory system with PCI 64-bit 66MHz transfers. The RTC is connected to the user workstation
through ethernet. The workstation is connected to the deformable mirror electronics through a serial RS-232
interface. With the same type of serial interface it can be chosen from the workstation through a coaxial relay,
which WFS to use.

The deformable mirror, a Xinetics Inc. with 97 PMN ceramic piezo actuators, has a controller from Cambridge
Innovations, able to control up to 349 channels of this type of mirrors. It has already been tested with an
interferometer.

The connections to the motor controller, vacuum and temperature measurement systems are also done through
serial interfaces. The systems have been tested, the motors, compatible for use in vacuum and cryostats, are
already in-house, and the motion controller, developed at MPIA, is ready to use.

The connection through ethernet to all the different devices is done through a NPort Server.

The tip-tilt sensor from ALFA will be replaced by Pyramir, and tip and tilt will be sensed with the PWS.
The previous tip-tilt-mirror electronics will also be controlled by the deformable mirror electronics.
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Figure 9. The Pyramir control system simplified block diagram. The components in dark gray are specifically developed
for the new pyramid wavefront sensor. In medium gray we see the components from ALFA, which are still going to be
used in the new WFS.

8. FUTURE WORK

It is planned to start with the assembly, integration and testing of PYRAMIR in the second half of 2004. The
instrument will be installed at the telescope in Calar Alto in December 2004. First light is expected to be the
end of 2004/beginning of 2005.
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