Header for SPIE use

Cold optics of MIDI: the mid-infrared interfero metric ins trument for the VLTI

Jan Willem Pel a , Annelie W. Glazenborg-Klutti g b , Jos C. M. de Haas b , Hiddo Hanenburg b , Rainer

Lenzen c a Kapteyn Astronomical Institute, Groningen, Netherl ands b NFRA, Dwingeloo, Netherlands c Max-Planck Institut fur Astronomie, Heidelberg, German y

ABSTRACT

ESO’s ne wVer yLarge T elescope will consist of fo ur 8.2mtelescopes and three moveable 1.8 mtelescopes. Light fro mthese can be combined in the Ver yLar ge T elescope Interferometer (VLT I) providing milli-arcseco nd resolutio n with high sensitivity. T he VLT I will first operate in the infrared and will produce first fringes in 2001. MIDI is the VLT I instrument for interfero metr yin the mid -infrared (10-20 microns) and is under develop ment b ya Ger man-Dutch-French consortium

[MPIA Heidelberg, NOVA/NFRA Netherland s, Observatoire Meudon France]. T he initial aim of MIDI is to co mbine the beams of two telescopes in the 10 micron ‘N-band’ and to achieve spatial resolutions o f 20 milli-arcseconds at a spectral resolution o f 200-300. Modulation of the optical path difference can be done using piezo-driven mirrors at room temperature, but beamco mb ination and detection o f the interfero metric signal has to be done at cryogenic temperatures due to the ‘ther mal’ wavelength domain. T he MIDI cold bench is therefore mounted inside a cr yostat, cooled bymeans of a closed cycle cooler to about 40K for the cold optics and 8 K for the detector. This poster describes the design and implementation of the MIDI cold bench.

Keywords: Interfero metr y, MIDI, infrared, VLT I, VLT , cryogenic

1. GENERAL DESCRIPTION

1.1 Optical layout

T he aimo f MIDI is to co mbine interfero metrically the parallel beams of two different VLT telescopes , which can be either

8.2m Unit T elescopes (UT s) or 1.8m Auxiliar yT elescopes (AT s) . T he wavelength range o f MIDI is centered around 10 microns (N-band). In a later phase this can be extended to the 20-micron region (Q-band). An o verview of the MIDI design can be found in Leinert (1999)(2000) 4 5 .

T he layo ut of the MIDI cold optics on top of the cold bench is relatively simple and consists of four sectio ns. Fro mthe cryo stat en trance windo wto the detector (most likely a Raytheon 240x320 Si:As BIB array) light passes the `re-ima ger ´, the beam-co mb iner, the dispersion/ filter ing section and the camera optics. Up to the beamco mbiner the system is purely reflective and all optical elements are in pairs, one set for each beam. After the bea m co mbiner, all beams pass through the same refractive elements. T h e optical configuration is sho wn in Figure 1 and a more detailed description of the MIDI optical design is given in Glazenborg (1999) 1 .

T he two MIDI input beams enter the cr yostat with 18 mm beamdiameter , separated by30 mm to allo w for baffling . In the re-imager sectio n both beams first pass an undersized cold pupil stop. T he off-axis paraboloids M1 then create an inter mediate focal plane where pinholes, slits or fibers can be selected for spatial filtering. A second pair of off-axis paraboloids M2 , mounted on a focusing stage, re-collimates the beams to a diameter of 10 mm. A folding flat reflects the se beams up ward s into the beamco mbiner.

In the beamco mb iner ( made of ZnSe) both beams are split and the four partial beams are reco mbined crosswise into the two beams that contain the inter fero metric infor mation. A fraction of the light of the inp ut beams b ypasses the beam combiner and is used for photo metric monitoring.

After the beam co mbiner there are thus four beams: two interfero metric channels and two photo metric reference channels.

Via the filter wheel (choice of 10 passband filter s) and the dispersi ve element (grism or prism ; spectral resolution ~300 or

~30 ) and the camera optics these beams are imaged as fo ur parallel spectra on the detector, with the dispersion in the horizontal direction. T he camera optics are mounted on a slider mechanism that allo ws a choice between the main spectroscopic camera ( with toroidal optics optimized for different pixel matching in the dispersio n and field directions), a spherical camera optimized for the imaging mode ( without grism/prism) and a simp le pupil imaging camera for diagnostic purposes. Figure 2 sho ws an overview of the cold bench.

All optics exchange mechanisms contain spare positions for extra co mponents, such as additional filters and grisms or the special beamco mbiner and camera optics that will be needed if the wavelength range is extended to the Q-band. T he beam combiner slider has six positions, providing selections with/without photo metric channels, N-band or Q-band optics, or two positions for alignment checks.

T he wavelength range o f MIDI is the `ther mal infrared´ and therefore the entire cold bench has to be cooled down to about

40 K and the detector even to 8 K. T he whole instrument will be mo unted in an isolated vacuum chamber of about

5 7 x 60 x 80 c m (lx wxh) size .

1. 2 Subsystems

T he main subsystems o f the cryo genic MIDI optics are:

1. Shutter ˘ the shutter can independently switch o n and off the inco ming light beams

2. Cold stop ˘ defines the pupil of the inco ming beams and blocks straylight

3. Parabolic mirror s M1 with focusing mechanism ˘ re-image s focal plane and allo ws adjustment of the inter mediate focus

4. Intermediate focus ˘ a range of pinholes and slits are available for spatial filtering in the focal plane ; a position for spatial filtering b y a fiber is foreseen

5. Parabolic mirror s M2 ˘ recollimate s the beams to a diameter of 10 mm

6. Fixed folding flat M3 ˘ directs the beams into the beamco mbiner

7. Beam Combiner ˘ splits and re co mbines the 2 inco ming beams to produce 2 interfero metric beams and also allo ws for so me light to be split off to form 2 photo metric reference beams, one for each inco ming beam

8. Filters ˘ ten filter positio ns are available

9. Dispersion ˘ a full N-band grism and a lo wresolution prism are available initially, ho wever the mechanism has 4 spare positions

10. Camera ˘ 3 cameras are included, one for spectroscop y, one for imaging and a pupil imaging test camera, a fourth position is reserved for a Q-band camera

11. Detector ˘ detects the inco ming signals in the two interfero metric beams and the two photometric reference beams

12. Autocollimation ˘ a number of autocollimation flats for alignment checks are foreseen in various place s on the cold bench

13. Cold bench ˘ an aluminium optical table (~ 42 x 57 cm) supports the entire cr yo genic optics

2. DESIGN ISSUES

T hrough the entire mechanical design, specifications are set b ythe inter fero metric requirements of the instr ument.

T herefore the optical model and tolerance analysis dictate most o f the design constraints (Glazenborg(1999) 2 ). T he second ver yimportant consideration co mes fro mthe cr yo genic requirements. T he cold bench operating temperature is about 40 K and the detector temperature is about 8 K. All optics, mo untings and str uctures sho uld be designed to guarantee optical alignment and stability at cr yogenic temperatures and to withstand cooling do wn and war ming up over a range of about 270

K in ~ 20 hours ( pre-cooling to 100 K in ~ 6 hours ) . T he fact that all mo ving parts of the cold optics operate at 40 K in vacuum puts extra constraints on the design of the cr yo genic mechanisms . In the follo wing paragraphs we summarize the main design strategies applied in MIDI.

a) M onolithic structures. It is well known that mo unting techniques like welding or brazing introduce stresses in materials.

B olted connection s can result in slip-stick effects and in poor ther mal co nnectio ns. T o prevent such sources of mechanical instabilityand improve ther mal behavio ur, structures are manufactured where possible fro mone mo nolithic piece .

b) Ho mogeneity . When different materials are used , differential thermal shrink will occur. In order to minimize ther mal effects on the optical alignment of the instrument , all str uctures and reflective optical elements will be made of one material:

aluminium allo yAl 6061 -T 651 . The total thermal shrinkage fro m 300 to 40 K is 0.42 % for this mat e rial. T his ho mo geneous design ensures ho mologo us shrinking, which means that the cold bench internal optical alignment (apart from focus effects in the cameras) is maintained between roo mtemp erature and 40 K.

c) I sostatic mountings . Hyperstatic mo untings can transmit stresses between str ucture s . T he only correct way to avoid this is b y applying isostatic mountings , which constrain each of the six degrees o f freedo mof a co mpo nent o nlyo nce . T his means that no stiffness can be passed on fro mo ne str ucture to another and thus that ever yunit should be stiff in itself. T here are standard mechanical design methods to achieve this. Isostatic mountings are particularly useful in a cr yogenic instr ument like MIDI to avoid problems with differential thermal shri n kage . S tress-fr ee mounting s are also ver yimportant for positioning of the optical elements. Mechanical stress can not only cause displacements but it can defor mthe optical sur faces , resulting in optical quality loss or damage . T he isostatic design strategy is therefore driven b y mechanical, ther mal and optical considerations and it is applied throughout the opto mechanics of the MIDI cold bench .

d) M irror mountings. F or the reflective optics special mo untings are applied , making use of the experience gained in the develop ment o f VISIR, the VLT mid -infrared imager/spectrograph . For the attachment of mir rors with different size and weight different versio ns of the isostatic ` T hree-Point ´ or `Win e glass Foot ´ mo untings are used. T he T hree-Point-Mounting consists of three stress-released lugs at the mirror edge. T he W ine glass F oot M ounting , named after its shape, is a special kind of single point mounting that was also modeled and tested extensively for VISIR b yNFRA in Dwingeloo . In MIDI it is used for the parabolic mirrors. T his kind of stress-free mo unting is attractive because of its simp licity and lo wweight.

e) M ounting of refractive elements. Special attention has to be given to the mounting of the refractive optical elements :

grisms (KRS5) , prism ( NaCl/Ge) , beamco mbiner plate s ( ZnSe) , filters and lenses (Ge) . T her mal expansio n differences are particularlydangerous here and KRS5 is kno wn to be ver ysensitive to stress . T o avoid stress problems , the isostatic mo untings of the se optical elements includ e spring-loaded contact points .

f) Adjust ments . Since the cold optics is mounted inside a vacuum enclosure, it is important to keep the number of mechanisms and adjustments to a minimu m. Using the optical tolerance analysis, we have verified that for nearlyall cold bench co mponents optical and mechanical manufacturing precisio n is sufficient to obtain the required positioning accuracy witho ut provision for fine-adjustment s . T here are three exceptions : parabolic mirrors M1, parabolic mirrors M2 and the detector. T o allo won-line adjustment , the M1 paraboloids and the detector are mounted on focusing stages with external mo tor drives. T he parabolic mirrors M2 have fine-adjustments for alignment during assemblyo f the instrument.

g) Lightweighting. T he instrument will go through many cool -do wn/war m-up cycles during its lifetime. T o decrease cooling and war ming time the total mass o f the instru ment is minimized. Weight reductio n is also desirable fro mthe point of view o f structural flexures . Material choice and light-weighting can acco mplish this weight reductio n. T he 6061 aluminium allo y is a lo w-mass material with a good stiffness/weight ratio. With light-weighting, this ratio is optim i sed.

Further more, fro mextensive testing of 6061 mirrors for the VISI R instrument , we kno w that this allo yis suitable for CNC diamond-cutting of lightweighted mirrors that are accurate and stable at cr yogenic temperatures.

h) Uniformity . Wherever possible, the same constructio n principles will be used for the different mechanisms. T he optics will, as far as possible, get similar mo untings. All mechanisms will have the same motor drives. T his way an orderlydesign is created, and research and develop ment effort can be minimised. Easymaintenance and minimisation of spare parts is another a d vantage of a uniform design.

i) Instrument lifetime . T he expected lifetime of MIDI will co ver about 1000 0 observ ing hours ( tho usand 10-hour nights ) .

T he most frequently used functions ( cold shutter and filter wheel ) are expected to make ~ 10 5 movements over this lifetime .

T his means that instrument wear is not a major design issue .

j) M aterial treat ment . After manufacturing, all mirror blanks and structural cold bench compo nents are stress-released by ther mal treatment. Mirror surfaces will be coated byvacuum-deposited gold coating on a T i bonding layer. Refractive optical elements receive multilayer filter-, beamsplitter- or anti-reflectio n coatings. Baffles will be black-anod ized and a

`alodine´ protective chro mate layer is given to all aluminium structure surfaces.

k) Stability. T he MIDI cold optics is mounted inside a cr yostat on a fixed optical table in the temp erature-stabilized VLT I beamco mb ination roo m. T herefore, i nstability due to temperature variations or orientation-dependent flexure is no t an issue. Ho wever, s ince MIDI is an inter fero meter, it is ver ysensitive to vibrations. Special attentio n is therefore given to eliminatio n of vibrations fro mthe cooling system. For this reaso n the Su mito mo clo sed-cycle cooler , which has been selected for its lo w vibratio n noise, is mo unted on a separate support, mechanicallyde-coupled fro mthe MIDI cold bench.

3. THE MECHANISMS

All mechanisms are driven b y identical electric motors ; the only differences are in the gear ratios of the transmission gear - boxes . T he design of the motor - encoder units is adopted fromthe VLT instrument CONICA. T he units are placed on the outside of the cr yostat wall and magnet o-fluid vacuumfeedthro ughs are used to connect to t he drive shafts inside the cryo stat . T he latter are ther mally linked to the cold bench and isolated fro mthe vacuum chamb er. T he cryogenic bearings used inside the cr yo stat have stainless steel rings and ceramic balls witho ut lubricant, but bearing races will probably be treated with molybdenumbisulp hide . Motor d r ives are foreseen for the follo wing mechanisms:

Nr. Mechanism T ype of mechanism

1 Cold shutter Wheel

2 Focus M1 paraboloids Leaf spring

3 Inter mediate focus apertures Slider

4 Beamco mb iner Slider

5 Filters Wheel

6 Dispersion elements Slider

7 Camera s Slider

8 Detector focus Leaf spring

T able 1. Cold bench mechanisms

3 .1 Focusing mechanism s

T he foci of the M1 paraboloids have to coincide exactly with the inter mediate focus apertures . T he M1 mirrors are therefore mo unted on a focus mechanism with external motor drive . It has a total travel o f 5 mm, so even the length o f an optical fiber feed (expected length ~2 mm) in the focal plane can be compensated. T he two paraboloids are mounted on the focusing platfor m with ` wineglass foot ´ mo unting s. Both the mirrors and the focusing mechanismare made of the same AL-6061 allo y. T he focus mechanism ( see Fig. 3 ) is a two - stage leafspring constructio n to reduce lateral movement and building height. It is manufactured monolithicallyfro mone piece of aluminium b yelectron dischar ge manufacturing (EDM). T he rotation of the drive axle is converted to linear mo vement b yan excenter. T he moving force is a p plied to the middle of the mirror platfor m to exclude tilt deviatio ns. T he direction of linear movement is to and fro mthe inter mediate focus, i.e. in the direction of the outgoing M1 beams.

T he detector focus mechanism is needed primarily to adjust for small focus differences between the different cameras. It is a simpler one-stage version o f the M 1 focus mechanism and is also cut out of o ne piece byEDM manufacturing . Both focus mechanisms are adaptations of the leaf-spring mechanism developed for VISIR .

3 .2 Generic slider mech a nism

T he slid er (see Fig. 4 ) - applied in four mechanisms - is in fact a little cart, rolling on two rails with three ball bearings for wheels. Spring-loaded rollers on an opposite track of the rail eliminate play and prevent the cart jumping out of the rails during an earthq uake . T his gives an isostatic mo unting, which is free in the lo ngitudinal direction of the rails. T he longitudinal mo vement is transferred b ya rotating motor mechanism outside the cr yostat but the accurate positio ning is achieved with a spring-loaded locking mechanism on the rail itself . T he connection to the drive axle must therefore have so me additional freedo m to avoid over determinatio n of the mo vement.

In order to check the perfor mance o f the carriage design, which is most critical for the beam co mbiner m e chanism, a prototype carriage has been manufactured. T he first test results indicate that the accuracy and reproducibilityin the positioning of this mechanism is at the level of less than 2 microns in all coordinates. For the given design this corresponds to a tilt stabilitybetter than 4 arcsec. which is fully within specs.

3 .3 Bea mco mbiner

T o fulfill several functio ns, the beamco mbiner mechanism (see Fig. 5 ) should be able to mo ve to 6 positions. T his is done with a slider type mechanism. T he tolerances on stab i lity and repeatabilityare onlystrict with respect to rotation. T he maximum tilt repeatability error should be less than 5 arcsec in all three rotations. T he requirements on translation errors are not strict at all and can easily be met with standard machining accuracy. T he mechanical design aims for high eigen frequencies to minimize sensitivity to vibrations. T he beamco mbiner optics will be mo unted in stress-free iso static mo untings.

T he carriage is supported bythree wheels in one plane and two in the other. T his ensures isostatic mo unting. T he movement is provided bya rack and pinion drive. T he position accuracyis provided bymechanical stops at each position. T hese mechanical stops are made b yan accurate roller that falls into a V-groove. T he roller is mounted to the carriage with a leafspring. T he reproducibilityof the position in a certain groove depends on the accuracy of the roller, wh ich is in fact a small bearing . T he accuracyof a position depends on the accuracyo f the V-groo ves. T here are mechanical end stops at the end positions.

4 . REFER E NCES

1. A. Glazenborg, Optical Design o f the Cold Bench, ESO-VLT document VLT -SPE-MID-15821-0101, Issue 2.0, 1999.

2. A. Glazenborg, T olerancing analysis for the cold bench, ESO-VLT document VLT -T RE-MID-15821-0102, Issue 2.0,

1999.

3. H. Hanenb urg, Mechanical Design o f the Cold Bench, ESO-VLT document VLT -T RE-MID-15822-0122, Issue 1.0,

2000.

4. C. Leinert, Final design review o f the MIDI instrument Part I: Optics Introduction and overview, ESO-VLT document

VLT -T RE-MID-15821-0100, Issue 1.0, 1999.

5. C.Leinert, Final design review of the MIDI instrument Part II: MIDI in overview, E SO-VLT document VLT -T RE-

MID-15820-0120, Issue 1.0, 2000

Figure 1: T he optical path of MIDI. Onlythe cr yogenic part is sho wn, fro mthe entrance windo w to the detector.

Figure 2: Overview of MIDI. T he cold bench, on which everything is mounted, mirrors M1, the beamco mbiner and filter

wheel can be clearlyseen. I n the top right and botto mleft corners, the motors can be seen. T he feedthroughs are not

included in this picture. T he axles are all placed as lo was possible in order to improve access.

Figure 3: Close-up of the focusing mechanism of the M1 mirrors. T he double leaf-spring minimizes the vertical mo vement

of the mirrors which follo w the path of the outgoing beams..

Figure 4: T he slider mechanism prototype. T he generic slider mechanism consists of a carriage and rail. T he leaf spring and

roller that are used to lock the carriage in position can be seen on the right-hand side.

Figure 5: Close-up part of the cold bench. T he beamco mbiner and the slider with spatial filters can be seen. T he

grism/prism and the camera slider mechanisms are indicated schematicallyo n the right below the filter wheel. T he focusing

unit of the M1 mirrors is o mitted for clarity.