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ABSTRACT 
 
In Astronomy the goal of the Adaptive Optics systems is the real time correction of the aberrations introduced from the 
turbolence of the air in the wavefront of the observed field of view. A wavefront sensor with pyramidic shape has being 
developed by a group of Italian researchers that offers the advantage of either variable gain against the wavefront 
deformation and tunable sampling of the telescope pupil. Single pyramid prototypes were made using the classical 
figuring and polishing techniques. This approach however, is not only very time consuming but also does not guarantee 
a uniform repeatability of the optical characteristics of the pyramids requested by this application (the implementation 
of a high number of these devices is needed for multi-conjugated adaptive optics). We therefore are investigating a 
manufacturing process for the pyramidal optical components based on the Deep X-ray Lithography (DXRL) 
technology, using X-ray synchrotron radiation, and exploiting a lithography dedicated beamline already operating at the 
ELETTRA Synchrotron in Trieste. This method foresees the irradiation of a transparent and amorphous plastic polymer 
like PMMA (Plexiglass) with a collimated high intensity X-ray beam. The radiation modifies the internal structure of 
the irradiated polymer that, once immersed into an appropriate chemical bath, permits its dissolution. In this way, by 
means of a mask and a series of exposures, it is possible to form a four-faces pyramid. After some preliminary tests, a 
mechanical system has been built to manufacture the plastic pyramids with tight tolerances. The pyramids manufactured 
with DXRL can be seen as the final product to be implemented in an AO system. To manufacture large numbers of this 
components (mass production) we are investigating their molding starting from a pyramid template made with DXRL. 
The manufactured mold, made by electrodeposition of a metal on the template pyramid, could then be used for the 
production of pyramids by Injection molding or hot embossing. 
 
Keywords: Adaptive Optics, MCAO, DXRL, LIGA, Pyramid wavefront sensor. 
 

1. INTRODUCTION 
 
The Pyramid Wavefront Sensor1, (PWFS) is an innovative device that is competitive respect to the Shack-Hartman or 
Shearing interferometers. In particular it is superior in gain (especially in closed loop) permitting a continuous change 
of this parameter and offer also a variable rebinning, without extra optics, that enable a better match of the system 
performances with the atmospheric conditions. Last but not least it is easy to implement and since it is a pupil plane 
sensor it is easily scalable to multi-references layer oriented wavefronts, enabling its use in the future Multi Conjugate 
Adaptive Optics (MCAO) that are designed to increase the size of the telescope corrected field of view. In this 
framework a prototype2 of a Layer-Oriented wavefront sensor has been built and tested by Italian researchers that use 
the PWFS. This demonstration prototype, although limited in number of sensed stars is conceptually identical to the 
systems that will be implemented on the 8m class telescopes. 
 
The working principle of the pyramid wavefront sensor is shown in Figure 1. 
This optical element consists of a four faces pyramid made of a transparent material acting as an image splitter. When 
the tip of the pyramid is placed in the focal plane of the telescope and a reference star is focused on its tip, the beam of 
light is split in four parts. Using a relay lens located behind the pyramid, these four beams are then re-imaged onto a 
CCD camera obtaining four images of the pupil of the telescope. Since the four edges of the pyramid act like a knife-
edge test (or Foucault test), these images contains essentially informations about the optical aberrations introduced in 
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the beam by the atmospheric perturbations. These aberrations are then used to correct the incoming wavefront with a 
deformable mirror.  
 

         
 
 
 
 

2. PYRAMID REQUIREMENTS 
 
The bread-board prototype that has been built to investigate the Layer-Oriented approach for AO consist of a single 
wavefront sensor able to look simultaneously at four references and hence using four pyramids. The system is designed 
to be easily fitted into the Adaptive Optical system  of the Telescopio Nazionale Galileo (AdOpt@TNG)3 located in the 
Canary Islands. Up to now this prototype is using four glass pyramids manufactured in a classical way. They have been 
made using the  figuring and polishing technique of glass surfaces as described in a previous article4. This approach can 
deliver pyramids with good optical characteristics but it can produce only a single pyramid at once. Even if in principle 
it is possible to grind a number of pyramids at once using a custom holder, we have found that it is then anyway 
necessary to finish individually every piece to obtain the optical performances required, a very time consuming 
procedure. Furthermore, the symmetry, the repeatability and the control of the vertex angle of the set of pyramids 
produced in this way is not very accurate when compared with the tight tolerances required for the arrays of pyramids 
necessary for MCAO. For example the eight pyramids with diameter 12.7 mm that will be necessary for the ESO 
Multiconiugate Adaptive-optics Demonstrator (MAD5), should have a vertex angle of 1.236 deg. (+/- 45 arcsec.) with a 
repeatability specification among them of 0.005 deg. (18 arcsec). In short words, the pyramids have to be very similar 
and with a very precise control of the vertex angle. To satisfy these requirements it has been proposed to use an 
alternative manufacturing procedure known as Deep X-Ray Lithograpy. To test the performances obtainable with this 
technique it has been decided to manufacture four pyramids that will be  implemented and tested in the MCAO bread-
board prototype. Since the acid test for the pyramids produced with the DXRL will be their implementation into this 
prototype and then (hopefully) in the AdOpt@TNG module, the physical dimensions and vertex angles of the four 
pyramid required are dictated by the optical characteristics of the telescope and of the AO module. In particular, to 
permit to the four images of the pupil to fall on a single CCD detector the pyramids should have a vertex angle of 1.744 
deg. (+/- 3.5 arcmin) with a repeatability of 0.007 deg (26 arcsec). The diameters have to be of 6 mm. With this MCAO 
prototype the required tolerances are less tight than for example for MAD but it is anyway a good occasion to evaluate 
the DXRL manufacturing procedure and the performances obtainable. 
 
 

3. A SHORT COURSE ON DXRL AND LIGA 
 
Before enter in the details of the manufacturing it worth to give an overview of the DXRL and of its use in a broader 
technique named LIGA. This last word is the acronym for the process steps of X-Ray Lithography, electroplating 
(German: Galvanik) and molding (German: Abformung). Figure 2 shows the basic steps of a typical LIGA process. An 
X-ray lithography mask is fabricated using an electron writer to produce on a chromium mask the desired pattern. After 
gold plating the photolithography pattern, the X-ray mask is used to fabricate the primary structure with synchrotron 
radiation. The 20 microns high gold structures on the X-ray mask are transferred to the resist by “shadow-printing” of 

Fig. 1 – Working principle of PWFS 
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the X-rays. The commonly used X-ray resist is PMMA (Polymethyl metacrylate) with very high molecular weight. A 
PMMA sheet is solvent bonded or glued to a metal-coated silicon wafer or other rigid conducting substrate. In exposed 
areas the PMMA reduces its mean molecular weight by main chain scission by two orders of magnitude and can be 
selectively developed and dissolved in a bath of an organic developer. With this method very precise sidewalls with 
only minor deviation from the perfect vertical can be produced up to several hundred microns, while the surface
roughness of the structure is of optical quality  with mean average roughness in the range of 20-50 nm or less. Starting 
from the conducting substrate the areas that have been dissolved by the developer can now be filled by means of 
electroplating with metal, typically Nickel or Nickel alloys. The structure can be purposely over-plated to ensure filling 
of different sized structures and so a whole massive unit gets formed that can be released from the substrate. After 
stripping the resist and substrate from the metal this structure can be  used or become a mold insert for injection 
molding or hot embossing. The molded plastic structures can be the final product or can be used as casts for 
microstructure fabrication. The molding step is what makes the LIGA process commercially very interesting because 
the molding cycle time is faster than the lithography step and a wide variety of materials (including for example plastics 
with different optical properties) become available. 
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4. MANUFACTURING METHOD 

 
To produce a pyramid using the DXRL, we propose the approach shown in Fig.3. A pre-cut square or cylindrical based 
block of PMMA  is placed on a holder with the inclination a versus the X-ray beam propagation direction necessary to 
obtain the desired pyramid vertex angle. A knife edge, acting as a mask, is then put in close contact to the PMMA block 
and the exposition with X-rays is performed to create the first pyramid face. The operation is then repeated three other 

times rotating the block of 90o around the axis between each exposition. To ensure proper dissolution of the PMMA a 
minimum dose of 1 kJ/cm

3
 must be deposited at half depth. After development in the chemical bath, the irradiated zones 

of the PMMA above the 4 faces of the pyramid are etched away and remaining is a PMMA pyramid with a vertex angle 

of 180o-2a and a tip at the centre of the initial base. The four faces of the pyramid obtained in this way are of optical 
quality because the surface of the knife-edge used as mask is superpolished with a microroughness better of 2-3 nm rms 
and has a curved profile to ease the alignment with the incoming x-rays. The material used for the knife-edge is 
electroless Nickel that can be polished till very low levels of microroughness. Since the longitudinal profile of the blade 
dictate also the profile of the surface produced, care must be taken during the polishing to ensure that in this direction 
the blade is a straight line. This in turn will generate a plane surface on every face of the pyramid. Due to simple 
geometrical considerations, if the PMMA piece doesn’t translate vertically between the four exposures, a point like tip 
should be obtained for the pyramid. A very small tip is generally difficult to obtain with the classical manufacturing 
because is difficult to stop the polishing of the last face at the right time. The pyramids produced in this way can be 
used as final product and implemented in an AO system. Infact the surfaces are clear (bottom base comprised) and the 
refraction index and dispersion values of the material are similar to those of common crown glasses (particularly BK7). 
The transmission in the visible and IR is around 92%.  An example of pyramids obtained in this way is shown in Fig.4 
and 5 where is visible a typical tip of a pyramid and a square pyramid 3x3 mm with a circular one having a diameter of 
8 mm. 
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5. SYSTEM SETUP AND RESULTS 
 

To implement the manufacturing of pyramids with DXRL a special holder has been built and installed in the DXRL 
beamline of the ELETTRA Synchrotron in Trieste. An overview of the holder is given in Fig.6 and Fig.7 while a close-
up is in Fig.8. The pieces of PMMA, with diameters of 6 millimetres, are immobilised using a vacuum system. Two 

motorised rotating stages allow respectively to give the desired tilt angle versus the beam, and to perform automatic 90o 
rotation between each pyramid face exposition. Two manual linear stages control the alignment of the blade respect to 
the PMMA. The system can easily be mounted and removed from the scanner requiring only small modifications from 
its standard configuration. A dummy exposure creating a single roof is initially performed to evaluate and calibrate the 
irradiation angle. After this initial step the PMMA cylinders has been exposed and developed. The exposure times 
depends from the energy of the synchrotron beam and from the thickness of the PMMA. The four identical pyramids to 
be produced required 1 hour of exposure per face hence the total time was 4 hours per pyramid. Typical development 

times are around 24 hours at  29 oC.  The characterization of the pyramids manufactured in this way has shown that the 
vertex angle obtained is of 1.727 deg. (1’ less of the 1.744 deg. goal) with a repeatability of +/- 25 arcsec. Either the 
values are within the required specifications (also very near to the 18 arcsec specifications for MAD). The error on the 
vertex angle is within the specification for the MCAO prototype but it is very likely that can be reduced using a better 
way to measure the calibration roof. The turned edges between the four faces are in the order of 30-40 microns. To 
reduce their values (that is also dependent from the value of the vertex angle) we have decided to use in the future tests 
a different material for the blade. Infact we have recently realized that the Nickel at the energies used for the pyramid 
exposures, emit x-rays secondary radiation, as fluorescence, that is isotropic. This reduce the contrast and affect the 
sharpness of the turned edges that can be obtained. 
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6. CONCLUSIONS AND FUTURE TESTS 
 
We have demonstrated that the DXRL manufacturing of pyramids is able to produce virtually identical pieces of this 
optical component. This is very important for the MCAO of the future that will need large numbers of identical 
pyramids. The time of production are faster than those necessary for the classical approach but do exist a further 
solution that has the potential to produce mass quantities of this component: the molding. It suffice to make a step 
further and use the full advantages offered by LIGA. The pyramids so far produced has been implemented in the 
MCAO prototype and used directly. As can be deducted from the LIGA description, is it possible instead to 
manufacture a number of pyramids (virtually identical) with the DXRL and then coat their surfaces with a very thin 
conductive layer of gold. Next, by means of the electroplating, the array of pyramids is covered by a suitable thickness 
of Nickel (some mm). After the removal (by cooling) of the pyramids in PMMA, a mold is created that can be used to 
obtain many pyramids at once, enabling also the use of different plastics than the PMMA. There are many different 
processes commercially available for the molding like Injection Molding, Compression molding and the Hot 
embossing

6
 that is probably the best choice for this application. We have already manufactured a 12.7 mm diameter 

pyramid that fit the requirements for MAD and in few time we will manufacture its mold. 
If the molded pyramids will retain with precision the shape of the mold it will be available a method of production of 
virtually identical copies of this optical component that is fast and cost effective. 
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